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Phonon‑assisted nearly pure spin 
current in DNA molecular chains: 
a multifractal analysis
S. Fathizadeh 

Motivated by the development of molecular spintronics, we studied the phonon-assisted spin 
transport along a DNA chain in the presence of environmental-induced dephasing using multifractal 
analysis. The results demonstrate that a nearly pure spin current is generated in the presence of the 
voltage gate. The pure spin current is enhanced by increasing thermal effects. The vibration modes due 
to the thermal phonon bath assist in generating the spin current, so the spin state is more delocalized 
in strong electron-phonon coupling. The phonon chirality can translate to the electron spin to create a 
nontrivial spin texture, including spin currents. The spin states become more extended by increasing 
the phonon temperature. On the other hand, the spin states are less localized in longer chains as the 
spin selectivity is higher in longer chains than in short ones. Therefore, we can engineer a molecular 
spintronic device by controlling phonon effects on the storage and transport of binary digits.

Spintronics uses the spin degree of freedom of electrons, rather than their charge, for potential quantum sensing 
and quantum measurement applications. The critical components of spintronics are the creation, injection, trans-
fer, measurement, and control of spin currents, including the pure spin current and the spin-polarized charge 
current1,2. The pure spin current helps achieve spin accumulation and spin transport in nanodevices due to its 
ability to modify the spin state in the device region with no significant charge transfer3. In low-dimensional struc-
tures, spin-orbit (SO) interaction, especially the Rashba SO interaction, induces an electric potential that could 
break the space inversion symmetry4,5. Then, it is possible to manipulate the spin state by electrical stimulation. 
The use of organic materials as electronic components, rather than conventional silicon-based semiconductors, 
is a topic of intense interest for researchers and manufacturers. Organic materials offer potential benefits for 
spintronics, as they have specific properties that differ from conventional materials6–8. Organic materials have low 
costs, high chemical reactivity, mechanical adaptability, and simple fabrication methods7. Molecular spintronics 
appeared from the investigation of possible uses of molecules or the improvement of existing spintronics devices 
with novel organic materials. DNA, an organic material, has various functional and unique features, including 
self-organization, long-distance electron movements, the possibility of creating artificial chiral systems with 
DNA, spin-dependent transport, and spin polarization that make it suitable for spintronics applications in nano 
scales9. The models incorporating the electron-phonon coupling to describe the spin selectivity in chiral mol-
ecules can offer more insight into the chiral-induced spin selectivity (CISS) effect than simplified models10,11. The 
chiral structure undergoes spin polarization in response to the charge transport. The charge transport dynamics 
reveals that CISS is a phenomenon of the excited state that, in the transient regime, can be partly accounted for 
by a simple single-particle description. In the steady-state limit, electron correlations, such as electron-vibration 
interactions, are critical in preserving an inherent spin anisotropy that can lead to nonvanishing spin selectivity12.

Recently, several model computations have resulted in large spin polarization considering polaron charge 
transport10 or phonon resonance effects11,13. Moreover, the reports suggest that the CISS mechanism must include 
some extra functions, as a correlation was observed between the degree of spin polarizations, chiral molecules, 
and their optical activity14,15. Recent theoretical advances highlight the significant role of electronic interac-
tions and indicate the need to consider CISS from an excited state perspective10,11,13,16–18. The concept of excited 
states encompasses virtual excitations, electron dispersions induced by temporal fluctuations, and vibrational 
excitations of molecules that couple with electrons and alter their electronic structures. Various interactions, 
including Coulomb19 and electron-vibration interactions20, polarons10, photoexcitations16, time dependence17, 
and dissipation21, result in CISS measurable effects.

Spin-phonon coupling influences electron transport properties since it is used in spin mechanics setups for 
quantum science and technology. Then, the ability to manipulate them is of particular interest22. Spin-phonon 
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interaction is essential because phonons can drive spin-lattice relaxation, which results in a reduction of coher-
ence time, one of the main concerns for quantum computing23.

In this regard, we have chosen the DNA chain as a chiral biological molecule to study its spin transport prop-
erties in the presence of phonon effect. We have considered the general Hamiltonian to describe the spin-phonon 
interaction and its influence on spin currents in DNA molecules. Multifractal analysis is a standard method in 
studying localization-delocalization transition24. We use the multifractal analysis to reveal the critical behavior 
of the system. Using the multifractal analysis, we can obtain novel results and verify the earlier experimental 
findings. The electron-phonon coupling and thermal effects on the spin transport of DNA are theoretically 
examined. Therefore, we can find the range of control parameters for the localization/delocalization of a spin 
current. Such localized/delocalized spin currents can be used for designing an optoelectrical device based on 
DNA biomolecules to save, transport, and process information.

Model
We model a DNA chain sandwiched between left and right metal leads and indicate all relevant structural 
parameters. Following Hamiltonian can capture the spin transport:

Hchain is the Hamiltonian of the DNA molecular chain and includes the following terms:

where, He is a Hamiltonian term that accounts for the electron transport in an N-base pair DNA ladder model, 
including the spin degree of freedom as follows25,26:

where, c†n,m =
(
c†n,m,↑, c

†
n,m,↓

)
 and cn,m =

(
cn,m,↑, cn,m,↓

)T are the creation and annihilation operators of a spinor 
in site n of strand m of DNA. ǫn,m is the on-site energy of an electron in site (n, m) chosen as ǫn,1 = 0 and 
ǫn,2 = 0.3 eV . t(m)

n,n+1 and � are the longitudinal and transverse hopping constants between the neighboring bases, 
respectively, are taken as t(2)n,n+1 = 0.1 eV , � = −0.08 eV and t(1)n,n+1 = −xt

(2)
n,n+1 , where x = 1.4 is an additional 

parameter to describe the asymmetry between two helicoidal chains11,27. When the DNA molecule is subjected 
to a perpendicular electric f ield,  the on-site energy of site (n ,   m)  is  corrected as 
εn,m = ε0n,m − (−1)meVg cos[(n− 1)�ϕ] , where ε0n,m is the on-site energy in the absence of gating voltage 
( Vg = Eg2R ). Here, Eg is the perpendicular electrical field, and 2R is the effective distance between the comple-
mentary bases.

Hso demonstrates a Rashba-like spin-orbit coupling (SOC) generated through the inversion symmetry break-
ing due to creating an internal field in the DNA double strand. When an electron with mass me , charge e, and 
momentum operator �̂P moves in the electrostatic potential V, the SOC arises as Hso =

�

4m2
e c

2∇V .(σ̂ × �̂P) , 
σ̂ = (σx , σy , σz) are Pauli matrices27. In second quantization representation, Hso is written as follows25:

where, t(m)
so  is SOC taken as t(1)so = 0.01 eV and t(2)so = x t

(1)
so  . The term σ (m)

n+1 = σz cos θ − (−1)m[σx sin ϕ − σy

cosϕ] sin θ , with θ = 0.66 rad as the helix angle, ϕ = n�φ the cylindrical coordinate, and �φ = π/5 the twist 
angle27,28.

Hph and He−ph characterize the phonon energy with phonon frequency ω0 and interaction between electrons 
and phonon with site-independent strength � as follows29:

where, � is reduced to �0 for on-site electrons and M1 and M2 , for intrachain and interchain nearest neighbor 
hopping electrons of the DNA chain, respectively30. It is reasonable to suppose M1(2) < �0 in a double-stranded 
DNA chain. For our calculations, we set M1 = M2 = 0.2�0

30. We have connected the central molecular system 
to the right and left real electrodes with potential difference Vb along the chain. Hlead and Hchain−lead describe 
the Hamiltonian of leads and interaction of leads with the molecule, respectively, as follows31,32:

(1)H = Hchain +Hlead +Hchain−lead +Hd

(2)Hchain = He +Hso +Hph +He−ph

(3)He =
∑

n

[
∑
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εn,mc

†
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†
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)
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]
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]
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∑
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†
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∑
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∑
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cN ,m +H .c.
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where a†βk,m(aβk,m)
 and β = L,R is the creation (annihilation) operator in site k of strand m in lead β , εβk,m is the 

on-site energy of leads, and tβ is the hopping energy between the leads and central DNA molecule33.
To describe the dephasing processes caused by the electrons’ inelastic scattering with the electrons, the 

phonons, the counterions, and the adsorbed impurities, we introduce the dephasing term Hd as follows27,34:

where the phase-breaking processes can be modeled by connecting each site of the DNA molecule to a Büttiker’s 
virtual lead with d†n,m,k as the creation operator of mode k and td as the coupling between the DNA molecule and 
the virtual lead. A simple schematic illustration of the model is presented in Fig. 1.

The strong electron-phonon coupling leads to the small polaron transport. To describe the phonon effects, 
we use Lang-Firsov unitary transformation as H̃ = e−V

HeV  with V = �0

ω0

∑
n,m c†n,mcn,m(b

†
0 − b0)+

∑
n,m(

M1

ω0
c†n,mcn+1,m + M2

ω0
c†n,1cn,2)(b

†
0 − b0

)
35. Therefore, the Hamiltonian is transformed to the following form36,37:

and

where, in the transformed Hamiltonian ε̃n,m = εn,m −
�2

0
ω0

 , t̃n,n+1 = tn,n+1 −
2�0M1
ω0

 , �̃ = �− �0M2
ω0

 , 

t̃so = tso −
2�0M1
ω0

 , ̃εβk,m = εβk,m −
�2

0
ω0

 , ̃εn,m,k = εn,m,k −
�2

0
ω0

 , and ̃tL(R,d) = tL(R,d) exp

[
−
(
�0
ω0

)2(
N0 +

1
2

)]
 . Here, 

N0 =
1

e
ω0
KT −1

 is the equilibrium Boson distribution with the temperature T.

Results
Studies on the CISS effect require a measurable quantity sensitive to the electron’s spin. Spin-dependent currents 
are the proper quantities to monitor the spin selectivity in the system.

Spin‑dependent currents

(8)Hd =
∑

n,m,k

[
εn,m,kd

†
n,m,kdn,m,k + tdd

†
n,m,kcn,m +H .c.

]

(9)H̃ = H̃chain + H̃lead + H̃chain−lead + H̃d

(10)H̃chain = H̃e + H̃so

(11)

Î↑(t) =
∑

n

{∑

m

[
(̃tn,n+1 + 2ĩtSO cos θ)c†n+1,m,↑cn,m,↑ −

(̃
tn,n−1 − 2ĩtSO cos θ

)
c†n−1,m,↑cn,m,↑

− (−1)mDn,n+1c
†
n+1,m,↑cn,m,↓ + (−1)mD∗

n−1,nc
†
n−1,m,↑cn,m,↓

+ t̃L
∑

k

δn,1

(
c†n,m,↑aLk,m − a†Lk,mcn,m,↑

)
− t̃R

∑

k

δn,N

(
c†n,m,↑aRk,m − a†Rk,mcn,m,↑

)

+ t̃d
∑

k

(
c†n,m,↑dn,m,k − d†n,m,kcn,m,↑

)]
+ �̃

(
c†n,2,↑cn,1,↑ − c†n,1,↑cn,2,↑

)}

Figure 1.   A schematic illustration of a DNA chain connected to the left and right leads and immersed in a 
vibrational phonon bath. Each base of the DNA chain is connected to one Büttiker’s virtual lead. The blue circle 
on the DNA chain shows DNA bases. The red and black circles are presented as the sites of metal leads and 
virtual leads, respectively. All hopping parameters and couplings between DNA and leads are shown.
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where, Dn,n+1 = ĩtSO sin θ(sin nφ + sin(n+ 1)φ + i cos nφ + i cos(n+ 1)φ).
We have obtained the spin-dependent currents concerning the bias voltage (Vb) applied to the DNA chain. 

Generating the pure spin current is a preferred method to transport information without Ohmic dissipation. The 
pure spin current with the null charge current can be generated as eVb changes. Figure 2a displays the spin-up 
and spin-down currents for different values of bias voltage. We have changed eVb in the range [−20− 20]ω0 to 
observe the spin-up current (I↑) and spin-down current (I↓) variations. For some voltage values, I↑ and I↓ flow in 
opposite directions. The opposite spin-dependent currents are more noticeable for negative voltage values, where 
the applied voltage direction is reversed. It is observed that DNA can operate as a spin current rectifier roughly.

The other measures for investigation of the spin-dependent currents are the net spin current (Is) and the net 
charge current (Ic) defined as follows:

We have investigated the variation of the net spin and charge currents for different values of voltage bias eVb in 
Fig. 2b. Ic is diminished almost to zero in a vast region of device voltage settings, implying that a nearly pure spin 
current is achieved in the device. These properties suggest that we achieve an efficient way to read the correspond-
ing spin states without any energy loss since the charge current is prohibited while the nearly pure spin current is 
generated. We can report the phenomenon of spin current rectification in a helix, subjected to a transverse elec-
tric field, within a tight-binding framework. In the presence of gate voltage Vg , associated with the electric field 
Eg (Vg = 2EgR) , the site energies are modulated through the relation εn,m = ε0n,m − (−1)meVg cos[(n− 1)�ϕ] . 

(12)

Î↓(t) =
∑

n

{∑

m

[(̃
tn,n+1 − 2ĩtSO cos θ

)
c†n+1,m,↓cn,m,↓ −

(̃
tn,n−1 + 2ĩtSO cos θ

)
c†n−1,m,↓cn,m,↓

− (−1)mD∗
n,n+1c

†
n+1,m,↓cn,m,↑ + (−1)mDn−1,nc

†
n−1,m,↓cn,m,↑

+ t̃L
∑

k

δn,1

(
c†n,m,↓aLk,m − a†Lk,mcn,m,↓

)
− t̃R

∑

k

δn,N

(
c†n,m,↓aRk,m − a†Rk,mcn,m,↓

)

+ t̃d
∑

k

(
c†n,m,↓dn,m,k − d†n,m,kcn,m,↓

)]
+ �̃
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c†n,2,↓cn,1,↓ − c†n,1,↓cn,2,↓

)}

(13)
Is =I↑ − I↓

Ic =I↑ + I↓
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Figure 2.   (a) The spin-dependent currents I↑ and I↓ versus bias voltage (eVb) , (b) the net spin current (Is) 
and charge current (Ic) versus bias voltage (eVb) , for a N = 50 bp DNA chain ( ω0 = 0.5 eV , eVg = 0.1 ω0 , 
KT = 0.1 ω0 , �0 = 0.1 ω0).
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This site energy expression looks similar to the well-known cosine form that is used in the Aunry-André-Harper 
(AAH) model. Vg breaks the symmetry among up and down spin currents and yields different spin-specific 
junction currents in two bias polarities, resulting in a spin current rectification.

In the following, we have calculated the spin-dependent currents for different values of phonon temperature. 
The phonon temperature (KT) is varied from low temperatures to 1000ω0 (ω0 = 0.5 eV) (Fig. 3a,b). It is evident in 
Fig. 3a that until KT = 700 ω0 the spin currents are negligible. Spin currents rise due to increasing temperature. 
From KT = 800 ω0 , the spin-up and spin-down currents flow oppositely. Therefore, it is feasible that a nearly pure 
spin current is generated. To compare the generating of the pure spin current, we obtain the net spin and charge 
currents in our setup (Fig. 3b). It is observed that until KT = 700 ω0 , Ic ≈ 0 and Is is low. When KT increases, 
the net spin current reaches higher negative values. From Fig. 3b, one can infer that the dominant spin current 
belongs to up spins flowing opposite the down spins.

The effect of gate voltage on Multifractal properties of the system
In molecular spintronics, it is possible to generate a spin crossover in a molecular nano device exerting voltage. 
This means that electric current can influence the spin-orbit interaction, which can be adjusted by using gate 
voltage. Gate voltage can be used to tune the spin-orbit interaction38,39. We have explored how gate voltage affects 
the multifractal features of DNA setup, which can show different localization-delocalization behaviors depending 
on the gate voltage. We have calculated the density of states (DOS) for different values of applied voltage. Figure 4 
shows the DOS for eVg = 0.1 ω0 (black color), eVg = 1 ω0 (red color), and eVg = 10 ω0 (blue color). The figure 
indicates that the DOS is extended as the gate voltage increases and the spin states become more delocalized. 
This implies that a transition from localization to delocalization happens when eVg increases.

We have used the multifractal analysis to confirm the results for DOS at various voltages. We have studied 
how the phonon energy of a N = 50 bp DNA lattice and the gate voltage affect the multifractal features of the 
system together. The singularity spectrum (f (α)) and the fractal dimension (Dq) at ω0 = 0.1 eV for various 
values of eVg are shown in Fig. 5a2. The figure shows that the f (α) width becomes smaller until eVg = 10 ω0 eV 
(Fig. 5a1). This implies that the spin states become more delocalized as the voltages increase at low voltage ranges. 
However, when eVg reaches eVg = 10 ω0 eV , the voltage effect changes, and the f (α) width becomes larger as 
the gate voltage increases to high values. The fractal dimension also decreases for negative values of q as the gate 
voltage increases at low values of eVg (Fig. 5a2). However, when the gate voltage reaches eVg = 10 ω0 eV , the 
fractal dimension increases as the gate voltage increases. We have examined f (α) and Dq for various values of 
eVg at ω0 = 0.05 eV (Fig. 5b1,b2). The f (α) diagram shows that the spin state becomes more delocalized as the 
voltage increases until eVg = 10 ω0 eV , but after that, the spin state becomes more localized as the gate voltage 

200 300 400 500 600 700 800 900 1000
KT (

0
)

-25

-20

-15

-10

-5

0

5

10

15

I 
(n

A
)

I
I

(a)

200 300 400 500 600 700 800 900 1000
KT (

0
)

-35

-30

-25

-20

-15

-10

-5

0

5

I 
(n

A
)

I
s

I
c

(b)

Figure 3.   (a) The spin-dependent currents I↑ and I↓ versus phonon temperature (KT), (b) the net spin current 
(Is) and charge current (Ic) versus phonon temperature (KT), for a N = 50 bp DNA chain ( ω0 = 0.5 eV , 
eVg = 0.1 ω0 , �0 = 0.1 ω0).
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increases. The results for Dq also show that the fractal dimension decreases as the singularity spectrum narrows 
in low voltages, and the fractal dimension increases as the singularity spectrum becomes wider in higher volt-
ages (Fig. 5b2). We have also studied how the gate voltage affects the multifractal properties of DNA spin states 
at ω0 = 0.5 eV (Figs. 5c1,c2). The f (α) diagram shows that the multifractality increases when the gate voltage 
reaches eVg = 1 ω0 eV or higher (Fig. 5c1). This means the DNA spin state is more localized at eVg = 5 ω0 eV 
and higher voltages. The Dq diagram shows an increase in fractal dimension at negative q values when the gate 
voltage becomes higher than eVg = 1 ω0 eV (Fig. 5c1). The results indicate a critical value for the gate voltage, 
below which the multifractality decreases as the voltage increases. In this case, the f (α) becomes narrower, and 
the spin states are more delocalized. However, above the critical gate voltage, the multifractality increases as the 
voltage increases, and the spin states become more localized. The delocalized states correspond to lower fractal 
dimensions and vice versa. As already pointed out, the change of Vg regulates the spin-dependent energy spectra, 
and therefore, by adjusting Fermi energy at suitable places on the band spectra, we can have favorable responses.

The electron‑phonon coupling and multifractal analysis
In molecular arrays and soft-hard interfaces, in general cases, the system is coupled to electron-phonon inter-
actions. To study the spin transport in different nanodevices, it is crucial to consider the electron-phonon 
interaction. It is assumed that the vibrational mode interacts with a thermal reservoir of phonons with a strong 
enough coupling to maintain the thermal equilibrium of the phonon throughout the process. We have considered 
the multifractal properties of a N = 50 bp DNA chain with phonon energy ω0 = 0.5 eV at eVg = 0.1 ω0 , and 
KT = 0.1 ω0 for various values of electron-phonon coupling (�0) (Fig. 6a,b). The results show that the singular-
ity spectrum (f (α)) becomes narrower when �0 is higher than �0 = 0.1 ω0 (Fig. 6a). This implies that a strong 
electron-phonon coupling enables phonon-assisted spin transport. The spin states become more delocalized when 
the electron-phonon coupling is higher than �0 = 0.1 ω0 . The fractal dimension of the system also decreases 
significantly at negative values of q, when �0 increases (Fig. 6b). Therefore, a strong electron-phonon coupling 
leads to a phonon-assisted spin current and delocalized spin states in the system.

The thermal effect and localization‑delocalization transition
The temperature dependence of the CISS effect demonstrates that temperature is a fundamental factor in spin 
transport in DNA. We have studied the temperature effect on the localization properties of spin states through 
multifractal analysis. The singularity spectrum divides the temperature ranges into intervals (Fig. 7a). The mul-
tifractality is the same for temperatures in the interval KT ∈ [0.1− 100]ω0 . The multifractality becomes weaker 
as the phonon temperature decreases. Therefore, the temperatures in KT ≥ 100 ω0 up to KT ≈ 500 ω0 have 
weaker multifractality than low temperatures. This trend continues until the temperatures in KT ≥ 500 ω0 up 
to KT ≈ 1000 ω0 have the weakest strength of multifractality. The weaker strength of multifractality means less 
spin state localization. So, the spin states become more delocalized as the phonon bath temperature increases. 
Previous experiments have shown that the spin polarization increases as temperature increases. We find that the 
spin states become more delocalized with increasing the temperature. If we assume these two results are related, 
we can infer that the more delocalized spin states lead to higher spin selectivity of the system. The Dq diagram 
at different thermal ranges shows the same order for the fractal dimensions of the system (Fig. 7b). The fractal 
dimensions decrease as the temperature increases, which confirms the reduction in the strength of multifractality. 
The same results have been experimentally reported in previous studies.

The effect of chain length on spin states
The charge transport and conductivity of a nanodevice is influenced by its length. Similarly, the spin selectivity 
of a chiral chain depends on the length of the system. In this regard, we have investigated the effect of molecular 
chain length on the localization-delocalization properties of DNA. The singularity spectrum shows a decrease in 
the strength of multifractality in longer chains (Fig. 8a). Thus, the spin states are more extended in longer DNA 
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Figure 4.   The spin density of states (DOS) versus the energy (E) for a N = 50 bp DNA chain at low voltages 
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sequences as spin polarization is higher for longer chiral molecular chains. A similar result is obtained from the 
Dq diagram (Fig. 8b). The fractal dimensions decrease with increasing the chain length. Therefore, the spin states 
are less localized for longer sequences, as is verified in spin transport experiments.

Discussion
Spin filtering, the selective transmission of electrons with different spin orientations, has been observed in various 
chiral molecules and their aggregates, such as DNA, amino acids, oligopeptides, and helicenes. There is a large 
variety of experimental evidence of spin-selective transport in chiral organic molecules40–42. In the chirality-
induced spin selectivity (CISS) experiments, the nonmagnetic molecule respects time-reversal symmetry. Dif-
ferent approaches have proposed a model to study spin transport in chiral chains, such as DNA, that assumes an 
electron moving in a double helical path under the effect of a helical electrostatic potential25,43,44. To achieve high 
spin selectivity, it is required a mechanism that disrupts the electronic phase by interacting with virtual Büttiker 
leads. When an electron is transmitted through the molecular system, it may experience inelastic scattering 
events, which lead to the loss of phase memory. This can be simulated by attaching each site of the molecule 
to a Büttiker’s virtual electrode. Büttiker’s virtual probes method is a helpful tool for studying the dephasing 
effect in a quantum system. Now, it is widely employed in topological insulators and spin systems45–47. Büttiker’s 
virtual electrode is similar to the real one, because their Hamiltonians are identical to each other. However, 
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Figure 5.   Multifractal analysis of spin states of a N = 50 bp DNA chain ( KT = 0.1 ω0 , �0 = 0.1 ω0 ). The 
singularity spectrum f (α) versus α is presented for different gate voltages (eVg ) at (a1) ω0 = 0.1eV , (b1) 
ω0 = 0.05 eV , and (c1) ω0 = 0.5 eV . The fractal dimensions Dq versus q are shown for different gate voltages at 
(a2) ω0 = 0.1eV , (b2) ω0 = 0.05 eV , and (c2) ω0 = 0.5 eV.
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Figure 6.   Multifractal analysis of spin states of a N = 50 bp DNA chain ( ω0 = 0.5 eV , KT = 0.1 ω0 , 
eVg = 0.1ω0 ). (a) The singularity spectrum f (α) versus α is presented for different electron-phonon couplings 
(�0) . (b) The fractal dimensions Dq versus q are shown for different electron-phonon couplings (�0).
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Figure 7.   Multifractal analysis of spin states of a N = 50 bp DNA chain ( ω0 = 0.5 eV , �0 = 0.1 ω0 , 
eVg = 0.1ω0 ). (a) The singularity spectrum f (α) versus α is presented for different phonon temperatures (KT). 
(b) The fractal dimensions Dq versus q are shown for different phonon temperatures (KT).
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with Büttiker’s probes, zero current flow must be enforced through them in order to have current conservation, 
because the probes are not necessarily physical terminals but mathematical artifacts to induce dephasing48. 
Therefore, a small dephasing is necessary for the existence of the spin polarization. Indeed, it is reasonable to 
assume a small dephasing because the dephasing occurs inevitably in the experiment. In fact, the dephasing 
has two effects: (i) it promotes the openness of the two-terminal device and generates spin polarization49; (ii) 
it makes the charge loses its phase and spin memory. On the one hand, the dephasing improves the openness 
of the molecule by coupling each site to a Büttiker virtual lead, which gives rise to the spin selectivity effect49. 
This role of the dephasing is dominant when it is not quite strong, and then polarization increases with dephas-
ing strength at first. On the other hand, the dephasing, which is introduced to simulate the inelastic-scattering 
events, leads to the loss of the electron phase memory and subsequently suppresses the spin selectivity effect. 
The second role of the dephasing competes with the first one and becomes dominant in the strong dephasing 
regime. In this situation, spin selectivity slowly declines by further increasing dephasing strength. As a result, the 
dependence of spin polarization on dephasing strength is not monotonic. However, additional factors besides 
spin-orbit coupling are needed for spin-dependent electrical properties. To obtain spin-dependent electrical 
properties, one must artificially violate time reversal symmetry50, two energy levels per site, and have different 
electronic-coupling elements between the channels51. The electron is modeled by a wave packet, and the criteria 
for the emergence of a persistent spin-current and the desirable spin-splitting are determined. We focus on the 
case where there is spin-transfer without charge transport. It is demonstrated that spin-orbit coupling does not 
lead to an unbalanced spin-polarized current, but it induces a spatial separation between spin-up and spin-down 
components. The spin-orbit coupling makes the opposite spin polarization move with opposite velocities along 
the molecule, resulting in a finite spin-current. This spatial separation of the spin components implies that heli-
coidal molecules can be used as spin filters in spintronic devices.

Moreover, the DNA structure can change and create the phonon, affecting charge transmission. Recent 
theoretical studies have shown that spin polarization can be enhanced by polarons10, electron correlation52, and 
phonons53. The transport properties of soft biological systems can be significantly influenced by their vibrational 
modes, which are abundant at room temperature54. Therefore, charge transfer often occurs via polarons55–57. The 
environment is polarized by the polaron motion along the molecule, which leads to complex charge dynam-
ics. Each polaron has a phonon cloud that makes its mass much larger than the electronic one. The polaron 
band becomes narrower due to phonons, but the SOC does not change. Therefore, the energy window showing 
CISS covers a more significant fraction of band energies. It was found that the polaron spin is polarized as it 
moves through the chiral system10,58. Moreover, a significant asymmetry in the magnetoresistance due to a spin-
dependent interaction between electrons and chiral phonons is reported13. These phonon modes, common in 
chiral molecules, depend on the geometrical structure of the system like the ordinary acoustic modes. However, 
most of the vibrational modes in molecules are localized. It was demonstrated that localized modes also enable 
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Figure 8.   Multifractal analysis of spin states of a DNA chain ( ω0 = 0.5 eV , �0 = 0.1 ω0 , Vg = 0.1ω0 , 
KT = 250 ω0 ). (a) The singularity spectrum f (α) versus α is presented for different chain lengths (N). (b) The 
fractal dimensions Dq versus q are shown for different chain lengths (N).
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the CISS effect13. When the polarons move along the molecule, they create local distortions in the surrounding 
vibrations by emitting and absorbing phonons. This enables them to access various levels in the energy space, 
including the region of states that show strong spin selectivity. Besides polarizing the current, they also undergo 
large fluctuations as they move along the molecule, which results in nonlinear current-voltage relations. We 
have studied CISS in the presence of electron-phonon interactions. In the strong electron-phonon regime, the 
polarons carry both the charge and the spin, which cause significant polarization of the environment. Polaron 
fluctuations lead to clear evidence of CISS in spin-dependent measurements. The critical point is that the mol-
ecule’s chiral structure only affects the (unperturbed) electronic spectrum, while the phonons can be simple 
like the optical modes are studied. We have observed a phonon-assisted spin state delocalization, which leads 
to a phonon-assisted spin current. The phonon-assisted spin current was generated in single molecular systems, 
previously59. Chiral phonons are a novel phenomenon that can carry angular momentum, which can be added 
as a magnetic contribution to the total moment. Chiral phonons can create a nontrivial spin texture in a non-
magnetic electronic structure. By modeling a system with electron-phonon interaction, it is shown that chiral 
phonons can transfer their angular momentum to the electrons, which become spin-polarized as a result60. An 
electric field makes the site energies of the helix aperiodic as in the Aunry-André-Harper (AAH) form, which 
breaks the symmetry among up and down spin currents. Under this condition, a finite bias drop along the helix 
yields different spin-specific junction currents in two bias polarities, resulting in a spin current rectification61. 
In the absence of either helicity or electric field, no such behavior is observed. Following the pioneering work of 
Aviram and Ratner62, a considerable amount of work, theoretically63,64 and experimentally65,66, has been made 
on how to get charge current rectification at the molecular scale level67–69. However, the studies related to spin 
current rectification70 (SCR) are relatively scarce. The fundamental requirements for SCR are: (i) finite mismatch 
between up and down spin energy channels and (ii) asymmetric transmission line shapes in two bias polarities. 
Breaking the symmetry, we can have a finite mismatch among the two different spin-dependent energy chan-
nels, and thus, we can get spin-specific electron transport. In a helix system, we can do it by applying an electric 
field perpendicular to the helix axis. In presence of this field, the system becomes a correlated disordered one, 
analogous to the well-known Aubry-André-Harper form71,72, and changing the field strength and its direction, 
we can selectively monitor the transport behavior. When a finite bias is applied across the helix, an additional 
field dependence occurs, which further modifies the site energies of the helix. Depending on the potential drop, 
the site energies get modified, and together with the correlated disorder, we get different transmission spectra for 
positive and negative bias polarities, which results in a finite spin current rectification. No such phenomenon can 
be observed in the absence of helicity or external electric field. Therefore, the spin transfer can be justified by a 
gate voltage indirectly34,73. The spin-orbit interaction and an external electric field can create additional overlap 
pathways between the electron-bearing orbitals because they couple intra-atomic orbitals74,75. These pathways 
can control the spin transport properties of the system76. Moreover, the experiments demonstrated that time-
reversal symmetry is broken by an external voltage77. So, the applied voltage (breaks time-reversal symmetry) 
causes spin selectivity due to the coupling of the direction of electron motion with the spin orientation. Thus, 
the bias direction selects an electron spin polarization78.

The magnitude of spin polarization is higher for longer chiral molecular chains because they experience more 
spin-selective scattering from chiral potentials in such systems79, 80,10. It was established that for a certain group 
of oligomers, like peptides or DNA, the spin polarization changes nearly linearly to the length of the oligomer for 
the initial few nanometers26,40,81. A pioneer experimental work was presented the length-dependent spin polariza-
tion in dsDNA40. They showed that increasing the length of the dsDNA tends to increase the absolute value of 
electron spin polarization. Also, the experimental data based on the results of spin selective transport obtained 
with magnetic conducting atomic force microscopy (mc-AFM) present the length-dependence of the spin current 
measured for dsDNA82. The spin polarization depends linearly on the length. The favored spin is transmitted 
more efficiently as a length function than the unfavored spin83. These results support the notion that due to the 
coupling between the electron’s linear momentum and its spin, the backscattering of the favored spin is reduced. 
A possible way to achieve the large CISS is an interplay between SOC and electron-phonon coupling20,53,84. CISS 
increases with temperature due to electron-phonon coupling. It is proposed that a mechanism involving spin-
orbit and electron-phonon coupling in CISS leads to nonequilibrium spin accumulation on the molecule85. The 
experimental results investigated that the CISS is enhanced with increasing temperature85. The manifestation of 
the CISS effect in scattering experiments can be explained by the emergence of chirality-dependent correlations 
between the electron spin and its direction of propagation. The SOC of organic structures, which is on the order 
of a few meV, is much smaller than the coupling between neighboring sites. Consequently, the downturn of the 
polarization occurs well above room temperature10. Recently, it has been shown that the CISS effect possesses 
unexpected dependencies on the temperature. Experiments performed on such organic compounds indicate 
that such magnetic properties are not only strong and stable at room temperature, but also the same properties 
dramatically wane as the temperature drops toward 0 K. In other words, these compounds become magnetically 
stabilized, and even reinforced, with increasing temperature, which is quite the opposite of the predictions that 
can be made using the conventional theory for magnetism86. Therefore, our theoretical results can be used to 
explain the related experimental results. Vibrations can play a crucial role in explaining the phenomenon, as 
pointed out by Fransson13,52. It is proposed to exploit CISS to lock spin, and charge. This CISS-mediated spin-
charge locking does not rely on the small Zeeman energy scale87 and, it therefore could work at much higher 
temperatures than those employed in semiconductor quantum dots or impurity spins88. Although the coherence 
time is not the current limiting factor, it could be further enhanced, by controlling phonon-mediated relaxation 
and dephasing processes (which dominate at relatively high temperatures). This can be done through a careful 
design of the molecular structure (coordination geometry, ligand rigidity), electronic gaps, and spin-phonon 
couplings, as suggested previously23,89–92. An essential point for quantum technology applications is related to 
the temperature dependence of the CISS effect and to the possibility of tuning it by engineering the molecular 
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structure. Indeed, recent results suggest that CISS efficiency increases with temperature, whereas coherence 
times of molecular qubits typically decrease. However, coherent manipulations of molecular qubits had been 
performed even at room temperature. This temperature resilience could be further increased by engineering 
ligands and removing neighboring nuclear spins. In the hopping regime, carriers get more delocalized as tem-
perature increases due to the interaction between electrons and phonons93,94. In this regime, resistance decreases 
as the rate of electron-phonon scattering increases93. In the transport phenomena, the electron-phonon cou-
pling, which leads to thermal and decoherence effects in transport, is constrained by symmetry in the presence 
of spin polarization. We have used multifractal analysis to investigate the localization-delocalization transition 
in spin states of DNA chains.95. Multifractal analysis can characterize the critical behavior in biomolecules96. 
Anderson localization, a theory that describes how waves are scattered and trapped in disordered media, has 
been applied to various fields of physics, such as condensed matter physics97, chaos theory98, and photonics99. It 
is demonstrated from the multifractal analysis that the spin states are extended when the singularity spectrum is 
narrow. In this condition, the fractal dimensions get lower values. The obtained result for localized/delocalized 
spin states concerning the applied voltage, thermal effect and, length of polymer confirms the discussed matter.

Conclusion
The manuscript proposed a novel and intriguing spintronic nanodevice based on a flexible bio-material that 
originating DNA chains. The sensitivity, selectivity, and challenges of localization of spin states are discussed. 
We have theoretically studied the spin transport properties using multifractal analysis. The results show a nearly 
pure spin current in DNA chains and a rectified spin behavior concerning a gate voltage. The results demon-
strated the control parameters as a critical tool for modulating the spin state localization/delocalization. Using 
the external stimuli, we can justify the transition regions in our spin device. The controlled transmission of spins 
through organic DNA molecules has potential applications in molecular and molecular-nano hybrid spintronics 
and sensors.

Methods
Multifractal analysis
Energy eigenstates are crucial components in quantum mechanical systems100. Statistical analysis of the eigen-
state coefficient is a suitable method to identify the critical behaviors of the transitions between localized and 
delocalized states in disordered systems101. The distribution of eigenstates was investigated directly for quantum 
maps102, many-body systems103,104, quantum billiards105,106, and random-matrix ensembles107,108.

The fluctuations in eigenfunctions can be described by a set of multifractal dimensions Dq that depend on 
the scaling of the inverse mean eigenfunction participation numbers with the system size N95:

where q is a parameter, and 〈...〉 is the average over some eigenstates within an eigenvalue window and over the 
ensemble. It is known that the multifractal phenomenon occurs in a quantum system. The multifractality of quan-
tum states indicates the statistical properties of states. It plays an essential role in studying the phase transitions 
of various quantum systems109,110. To examine the localization/delocalization regimes, one can apply multifractal 
analysis of eigenstates. It is confirmed that the wave functions of the system in the localization-delocalization 
transition exhibit multifractal fluctuations111. The fractal dimension Dq can be defined through the mass expo-
nent τq as τq = Dq(q− 1) . In Anderson localized phase, since each eigenstate is confined to a finite number of 
sites, the fractal dimension is zero ( Dq = 0 ). On the other hand, ergodic quantum eigenstates are those states 
for which at least a finite fraction of the coefficients in the given basis have an enormous contribution, and thus, 
Dq = d , where d is the topological dimension of the system.

The singularity spectrum f (α) is written via the Legendre transformation as follows101:

Based on the definition of the singularity spectrum f (α) , it is clear that multifractal time series are characterized 
by a broad f (α) , while monofractal ones have a narrow f (α) . In other words, the strength of the multifractality 
can be seen as the width of f (α) , �α = αmax − αmin , such that as �α → 0 , we have a loss of multifractality. The 
singularity spectrum can measure the degree of electron state localization. The singularity diagram of the system 
shrinks to be narrow when the electron states become more extended.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.

Received: 23 July 2023; Accepted: 28 November 2023

References
	 1.	 Žutić, I., Fabian, J. & Sarma, S. D. Spintronics: Fundamentals and applications. Rev. Mod. Phys. 76, 323 (2004).
	 2.	 Bader, S. D. & Parkin, S. S. P. Spintronics. Annu. Rev. Condens. Matter Phys. 1, 71 (2010).
	 3.	 Wu, H. N., Wang, X. & Gong, W. J. Highly-polarized spin currents through protein-like single-helical molecules. Chem. Phys. 

Lett. 677, 131–136 (2017).

〈
N∑

i=1

|ψi|
2q

〉
∼ N−(q−1)Dq

(14)f (α) = αq− τq.



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21281  | https://doi.org/10.1038/s41598-023-48644-x

www.nature.com/scientificreports/

	 4.	 Nitta, J., Akazaki, T., Takayanagi, T. & Enoki, T. Gate control of spin-orbit interaction in an inverted In 0.53Ga 0.47 As/In 0.52 
Al 0.48 as heterostructure. Phys. Rev. Lett. 78, 1335 (1997).

	 5.	 Grundler, D. Large Rashba splitting in InAs quantum wells due to electron wave function penetration into the barrier layers. 
Phys. Rev. Lett. 84, 6074 (2000).

	 6.	 Sanvito, S. Molecular spintronics. Chem. Soc. Rev. 40, 3336–3355 (2010).
	 7.	 Rocha, A. R. et al. Towards molecular spintronics. Nat. Mater. 4, 335–339 (2005).
	 8.	 Garagozi, M., Fathizadeh, S. & Nemati, F. Investigation and control of strain-induced spin-dependent current in a DNA chain: 

A piezospintronic approach. J. Phys. Chem. B 126, 1709–1718 (2022).
	 9.	 Winogradoff, D. et al. Chiral systems made from DNA. Adv. Sci. 8, 2003113 (2021).
	 10.	 Zhang, L., Hao, Y., Qin, W., Xie, S. & Qu, F. Chiral-induced spin selectivity: A polaron transport model. Phys. Rev. B 102, 214303 

(2020).
	 11.	 Du, G.-F., Fu, H.-H. & Wu, R. Vibration-enhanced spin-selective transport of electrons in the DNA double helix. Phys. Rev. B 

102, 035431 (2020).
	 12.	 Fransson, J. Charge and spin dynamics and enantioselectivity in chiral molecules. J. Phys. Chem. Lett. 13, 808–814 (2022).
	 13.	 Fransson, J. Vibrational origin of exchange splitting and chiral-induced spin selectivity. Phys. Rev. B 102, 235416 (2020).
	 14.	 Kulkarni, C. et al. Highly efficient and tunable filtering of electrons’ spin by supramolecular chirality of nanofiber-based materi-

als. Adv. Mater. 32, 1904965 (2020).
	 15.	 Mondal, A. K. et al. Spin Filtering in Supramolecular Polymers Assembled from Achiral Monomers Mediated by Chiral Solvents. 

J. Am. Chem. Soc. 143, 7189–7195 (2021).
	 16.	 Fay, T. P. & Limmer, D. T. Origin of chirality induced spin selectivity in photoinduced electron transfer. Nano Lett. 21, 6696–6702 

(2021).
	 17.	 Hoff, D. A. & Rego, L. G. C. Chirality-induced propagation velocity asymmetry. Nano Lett. 21, 8190–8196 (2021).
	 18.	 Dianat, A. et al. Role of exchange interactions in the magnetic response and intermolecular recognition of chiral molecules. 

Nano Lett. 20, 7077–7086 (2020).
	 19.	 Alwan, S. & Dubi, Y. Spinterface origin for the chirality-induced spin-selectivity effect. J. Am. Chem. Soc. 143, 14235–14241 

(2021).
	 20.	 Bian, X. et al. Modeling nonadiabatic dynamics with degenerate electronic states, intersystem crossing, and spin separation: A 

key goal for chemical physics. J. Chem. Phys. 154, 110901 (2021).
	 21.	 Volosniev, A. G. et al. Interplay between friction and spin-orbit coupling as a source of spin polarization. Phys. Rev. B 104, 024430 

(2021).
	 22.	 Li, P. B., Zhou, Y., Gao, W. B. & Nori, F. Enhancing spin-phonon and spin-spin interactions using linear resources in a hybrid 

quantum system. Phys. Rev. Lett. 125, 153602 (2020).
	 23.	 Lunghi, A. & Sanvito, S. How do phonons relax molecular spins?. Sci. Adv. 5, eaax7163 (2019).
	 24.	 Mishra, A., Bandyopadhyay, J. N. & Jalan, S. Multifractal analysis of eigenvectors of small-world networks. Chaos Solitons Fract. 

144, 110745 (2021).
	 25.	 Behnia, S., Fathizadeh, S. & Akhshani, A. DNA spintronics: Charge and spin dynamics in DNA wires. J. Phys. Chem. C 120, 

2973–2983 (2016).
	 26.	 Salimi, M., Fathizadeh, S. & Behnia, S. Molecular spin switch triggered by voltage and magnetic field: Towards DNA-based 

molecular devices. Phys. Scr. 97, 055005 (2022).
	 27.	 Guo, A. M. & Qing-feng, S. Spin-selective transport of electrons in DNA double helix. Phys. Rev. Lett. 108, 218102 (2012).
	 28.	 Simchi, H., Esmaeilzadeh, M. & Mazidabadi, H. Double-stranded DNA field effect transistor and logical cells. J. Appl. Phys. 113, 

074701 (2013).
	 29.	 Zhai, G., Zhu, Y., Jiang, F., Yan, Y. & Wang, S. Spin-selective thermoelectric transport along a vibrating α-helical protein molecule. 

J. Phys. Condens. Matter 34, 475301 (2022).
	 30.	 Du, G. F., Fu, H. H. & Wu, R. Vibration-enhanced spin-selective transport of electrons in the DNA double helix. Phys. Rev. B 

102, 035431 (2020).
	 31.	 Chen, Z.-Z., Lü, R. & Zhu, B. F. Effects of electron-phonon interaction on nonequilibrium transport through a single-molecule 

transistor. Phys. Rev. B 71, 165324 (2005).
	 32.	 Fathizadeh, S., Behnia, S. & Ziaei, J. Engineering DNA molecule bridge between metal electrodes for high-performance molecular 

transistor: An environmental dependent approach. J. Phys. Chem. B 122, 2487–2494 (2018).
	 33.	 Malakooti, S., Hedin, E. R., Kim, Y. D. & Joe, Y. S. Enhancement of charge transport in DNA molecules induced by the next 

nearest-neighbor effects. J. Appl. Phys. 112, 094703 (2012).
	 34.	 Pan, T. R., Guo, A. M. & Sun, Q. F. Effect of gate voltage on spin transport along α-helical protein. Phys. Rev. B 92, 115418 (2015).
	 35.	 Lang, I. & Firsov, Y. A. Kinetic theory of semiconductors with low mobility. J. Exp. Theor. Phys. 16, 1301 (1963).
	 36.	 Lu, H. Z., Lü, R. & Zhu, B. F. Tunable Fano effect in parallel-coupled double quantum dot system. Phys. Rev. B 71, 235320 (2005).
	 37.	 Jiang, F., Jin, J. S., Wang, S. K. & Yan, Y. J. Inelastic electron transport through mesoscopic systems: Heating versus cooling and 

sequential tunneling versus cotunneling processes. Phys. Rev. B 85, 245427 (2012).
	 38.	 Prins, F., Monrabal-Capilla, M., Osorio, E. A., Coronado, E. & van der Zant, H. S. Room-temperature electrical addressing of a 

bistable spin-crossover molecular system. Adv. Mater. 23, 1545–1549 (2011).
	 39.	 Liang, D. & Gao, X. P. Strong tuning of Rashba spin-orbit interaction in single InAs nanowires. Nano Lett. 12, 3263–3267 (2012).
	 40.	 Göhler, B. et al. Spin selectivity in electron transmission through self-assembled monolayers of double-stranded DNA. Science 

331, 894–897 (2011).
	 41.	 Mondal, P. C., Fontanesi, C., Waldeck, D. H. & Naaman, R. Field and chirality effects on electrochemical charge transfer rates: 

Spin dependent electrochemistry. ACS Nano 9, 3377–3384 (2015).
	 42.	 Ben Dor, O. et al. Magnetization switching in ferromagnets by adsorbed chiral molecules without current or external magnetic 

field. Nat. Commun. 8, 14567 (2017).
	 43.	 Di Ventra, M. & Pershin, Y. V. DNA spintronics sees the light. Nat. Nanotech. 6, 198–199 (2011).
	 44.	 Behnia, S., Fathizadeh, S. & Akhshani, A. Modeling spin selectivity in charge transfer across the DNA/Gold interface. Chem. 

Phys. 477, 61–73 (2016).
	 45.	 Jiang, H., Cheng, S. G., Sun, Q. F. & Xie, X. C. Topological insulator: A new quantized spin hall resistance robust to dephasing. 

Phys. Rev. Lett. 103, 036803 (2009).
	 46.	 Chen, J. C., Zhang, H., Shen, S. Q. & Sun, Q. F. Dephasing effect on transport of a graphene p–n junction in a quantum hall 

regime. J. Phys. Condens. Matter 23, 495301 (2011).
	 47.	 Pan, T. R., Guo, A. M. & Sun, Q. F. Spin-polarized electron transport through helicene molecular junctions. Phys. Rev. B 94, 

235448 (2016).
	 48.	 Guo, A. M. et al. Contact effects in spin transport along double-helical molecules. Phys. Rev. B 89, 205434 (2014).
	 49.	 Sun, Q. F. & Xie, X. C. Spontaneous spin-polarized current in a nonuniform Rashba interaction system. Phys. Rev. B 71, 155321 

(2005).
	 50.	 Hunter, L. Molecular biology for computer scientists. Artif. Intel. Mol. Biol. 177, 1–46 (1993).
	 51.	 Chowdhury, S. Y., Shatabda, S. & Dehzangi, A. idnaprotes: Identifcation of DNA-binding proteins using evolutionary and 

structural features. Sci. Rep. 7, 1–14 (2017).



13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21281  | https://doi.org/10.1038/s41598-023-48644-x

www.nature.com/scientificreports/

	 52.	 Fransson, J. Chirality-induced spin selectivity: The role of electron correlations. J. Phys. Chem. Lett. 10, 7126–7132 (2019).
	 53.	 Wu, Y. & Subotnik, J. E. Electronic spin separation induced by nuclear motion near conical intersections. Nat. Commun. 12, 700 

(2021).
	 54.	 Behnia, S., Nemati, F. & Fathizadeh, S. Modulation of spin transport in DNA-based nanodevices by temperature gradient: A 

spin caloritronics approach. Chaos Solitons Fract. 116, 8–13 (2018).
	 55.	 Warshel, A., Chu, Z. T. & Parson, W. W. Dispersed polaron simulations of electron transfer in photosynthetic reaction centers. 

Science 246, 112–116 (1989).
	 56.	 Nitzan, A. Chemical Dynamics in Condensed Phases: Relaxation, Transfer, and Reactions in Condensed Molecular Systems (Oxford 

University Press, Oxford, 2006).
	 57.	 Blumberger, J. Recent advances in the theory and molecular simulation of biological electron transfer reactions. Chem. Rev. 115, 

11191–11238 (2015).
	 58.	 Díaz, E., Contreras, A., Hernáandez, J. & Domínguez-Adame, F. Effective nonlinear model for electron transport in deformable 

helical molecules. Phys. Rev. E 98, 052221 (2018).
	 59.	 Niu, P. B., Shi, Y. L., Sun, Z., Nie, Y. H. & Luo, H. G. Phonon-assisted spin current in single molecular magnet junctions. Chin. 

Phys. Lett. 32, 117201 (2015).
	 60.	 Fransson, J. Chiral phonon induced spin polarization. Phys. Rev. Res. 5, L022039 (2023).
	 61.	 Gupta, D. D. & Maiti, S. K. Spin current rectification in a helical magnetic system with vanishing net magnetization. Ann. Phys. 

454, 169343 (2023).
	 62.	 Aviram, A. & Ratner, M. A. Molecular rectifiers. Chem. Phys. Lett. 29, 277 (1974).
	 63.	 Martin, A. S., Sambles, J. R. & Ashwell, G. J. Molecular rectifier. Phys. Rev. Lett. 70, 218 (1993).
	 64.	 Troisi, A. & Ratner, M. A. Conformational molecular rectifiers. Nano Lett. 4, 591–595 (2004).
	 65.	 Roth, S. et al. Molecular rectifiers and transistors based on π-conjugated materials. Synth. Met. 94, 105–110 (1998).
	 66.	 Kitagawa, K., Morita, T. & Kimura, S. Molecular rectification of a helical peptide with a redox group in the metal-molecule-metal 

junction. J. Phys. Chem. B 109, 13906–13911 (2005).
	 67.	 Taylor, J., Brandbyge, M. & Stokbro, K. Theory of rectification in tour wires: The role of electrode coupling. Phys. Rev. Lett. 89, 

138301 (2002).
	 68.	 Andriotis, A. N., Menon, M., Srivastava, D. & Chernozatonskii, L. Rectification properties of carbon nanotube “Y-junctions’’. 

Phys. Rev. Lett. 87, 066802 (2001).
	 69.	 Tarequzzaman, M. et al. Broadband voltage rectifier induced by linear bias dependence in CoFeB/MgO magnetic tunnel junc-

tions. Appl. Phys. Lett. 112 (2018).
	 70.	 Prokopenko, O. et al. Noise properties of a resonance-type spin-torque microwave detector. Appl. Phys. Lett. 99 (2011).
	 71.	 Ganeshan, S., Sun, K. & Sarma, S. D. Topological zero-energy modes in gapless commensurate Aubry–André–Harper models. 

Phys. Rev. Lett. 110, 180403 (2013).
	 72.	 Li, X., Li, X. & Das Sarma, S. Mobility edges in one-dimensional bichromatic incommensurate potentials. Phys. Rev. B 96, 085119 

(2017).
	 73.	 Kang, D. W., Hao, X. P., Li, X. Z., Li, L. B. & Xie, S. J. Spin polarized current through Cu-DNA modulated by a gate voltage. Appl. 

Phys. Lett. 102, 072410 (2013).
	 74.	 Huertas-Hernando, D., Guinea, F. & Brataas, A. Spin-orbit coupling in curved graphene, fullerenes, nanotubes, and nanotube 

caps. Phys. Rev. B 74, 155426 (2006).
	 75.	 Konschuh, S., Gmitra, M. & Fabian, J. Tight-binding theory of the spin-orbit coupling in graphene. Phys. Rev. B 82, 245412 

(2010).
	 76.	 Guo, A. M. & Sun, Q. F. Enhanced spin-polarized transport through DNA double helix by gate voltage. Phys. Rev. B 86, 035424 

(2012).
	 77.	 Xie, Z. et al. Spin specific electron conduction through DNA oligomers. Nano Lett. 11, 4652–4655 (2011).
	 78.	 Varela, S., Mujica, V. & Medina, E. Effective spin-orbit couplings in an analytical tight-binding model of DNA: Spin filtering 

and chiral spin transport. Phys. Rev. B 93, 155436 (2016).
	 79.	 Fransson, J. Charge redistribution and spin polarization driven by correlation induced electron exchange in chiral molecules. 

Nano Lett. 21, 3026–3032 (2021).
	 80.	 Liu, Y., Xiao, J., Koo, J. & Yan, B. Chirality-driven topological electronic structure of DNA-like materials. Nat. Mater. 20, 638–644 

(2021).
	 81.	 Waldeck, D. H., Naaman, R. & Paltiel, Y. The spin selectivity effect in chiral materials. APL Mater. 9, 040902 (2021).
	 82.	 Chiesa, A. et al. Chirality-induced spin selectivity: An enabling technology for quantum applications. Adv. Mater. 2300472 

(2023).
	 83.	 Mishra, S. et al. Length-dependent electron spin polarization in oligopeptides and DNA. J. Phys. Chem. C 124, 10776–10782 

(2020).
	 84.	 Chandran, S. S., Wu, Y., Teh, H.-H., Waldeck, D. H. & Subotnik, J. E. Electron transfer and spin-orbit coupling: Can nuclear 

motion lead to spin selective rates?. J. Chem. Phys. 156, 174113 (2022).
	 85.	 Das, T. K., Tassinari, F., Naaman, R. & Fransson, J. Temperature-dependent chiral-induced spin selectivity effect: Experiments 

and theory. J. Phys. Chem. C 126, 3257–3264 (2022).
	 86.	 Fransson, J. Temperature activated chiral induced spin selectivity. J. Chem. Phys. 159, 084115 (2023).
	 87.	 Morello, A. et al. Single-shot readout of an electron spin in silicon. Nature 467, 687–691 (2010).
	 88.	 Yang, C. H. et al. Operation of a silicon quantum processor unit cell above one kelvin. Nature 580, 350–354 (2020).
	 89.	 Albino, A. et al. Temperature dependence of spin-phonon coupling in [VO (acac) 2]: A computational and spectroscopic study. 

J. Phys. Chem. C 125, 22100–22110 (2021).
	 90.	 Lunghi, A. Toward exact predictions of spin-phonon relaxation times: An ab initio implementation of open quantum systems 

theory. Sci. Adv. 8, eabn7880 (2022).
	 91.	 Amdur, M. J. et al. Chemical control of spin-lattice relaxation to discover a room temperature molecular qubit. Chem. Sci. 13, 

7034–7045 (2022).
	 92.	 Garlatti, E. et al. The critical role of ultra-low-energy vibrations in the relaxation dynamics of molecular qubits. Nat. Commun. 

14, 1653 (2023).
	 93.	 Gogolin, A. A., Melnikov, V. I. & Rashba, E. I. Conductivity in a disordered one-dimensional system induced by electron-phonon 

interaction. J. Exp. Theor. Phys. 42, 168 (1975).
	 94.	 Rahman, M. W., Firouzeh, S., Mujica, V. & Pramanik, S. Carrier transport engineering in carbon nanotubes by chirality-induced 

spin polarization. ACS Nano 14, 3389–3396 (2020).
	 95.	 Carrera-Núñez, M., Martínez-Argüello, A. M. & Méndez-Bermúdez, J. A. Multifractal dimensions and statistical properties of 

critical ensembles characterized by the three classical Wigner-Dyson symmetry classes. Phys. A 573, 125965 (2021).
	 96.	 Sefidkar, N., Fathizadeh, S., Nemati, F. & Simserides, C. Energy transport along α-Helix protein chains: External drives and 

multifractal analysis. Materials 15, 2779 (2022).
	 97.	 Billy, J. et al. Direct observation of Anderson localization of matter waves in a controlled disorder. Nature 453, 891–894 (2008).
	 98.	 Fishman, S., Grempel, D. R. & Prange, R. E. Chaos, quantum recurrences, and Anderson localization. Phys. Rev. Lett. 49, 509 

(1982).



14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21281  | https://doi.org/10.1038/s41598-023-48644-x

www.nature.com/scientificreports/

	 99.	 Schwartz, T., Bartal, G., Fishman, S. & Segev, M. Anderson localization of light. Nature 446, 52 (2007).
	100.	 Bäcker, A., Haque, M. & Khaymovich, I. M. Multifractal dimensions for random matrices, chaotic quantum maps, and many-

body systems. Phys. Rev. E 100, 032117 (2019).
	101.	 Evers, F. & Mirlin, A. D. Anderson transitions. Rev. Mod. Phys. 80, 1355 (2008).
	102.	 Bäcker, A. Numerical aspects of eigenvalues and eigenfunctions of chaotic quantum systems. in The Mathematical Aspects of 

Quantum Maps Lecture Notes in Physics 91 (Springer, 2003)
	103.	 Beugeling, W., Bäcker, A., Moessner, R. & Haque, M. Statistical properties of eigenstate amplitudes in complex quantum systems. 

Phys. Rev. E 98, 022204 (2018).
	104.	 De Luca, A. & Scardicchio, A. Ergodicity breaking in a model showing many-body localization. Europhys. Lett. 101, 37003 

(2013).
	105.	 Shapiro, M. & Goelman, G. Onset of chaos in an isolated energy eigenstate. Phys. Rev. Lett. 53, 1714 (1984).
	106.	 Samajdar, R. & Jain, S. R. Exact eigenfunction amplitude distributions of integrable quantum billiards. J. Math. Phys. 59, 012103 

(2018).
	107.	 Bogomolny, E. & Sieber, M. Eigenfunction distribution for the Rosenzweig-Porter model. Phys. Rev. E 98, 032139 (2018).
	108.	 Truong, K. & Ossipov, A. Statistical properties of eigenvectors and eigenvalues of structured random matrices. J. Phys. A 51, 

065001 (2018).
	109.	 Macé, N., Alet, F. & Laflorencie, N. Multifractal scalings across the many-body localization transition. Phys. Rev. Lett. 123, 

180601 (2019).
	110.	 Solórzano, A., Santos, L. F. & Torres-Herrera, E. J. Multifractality and self-averaging at the many-body localization transition. 

Phys. Rev. Res. 3, L032030 (2021).
	111.	 Burmistrov, I. S., Gornyi, I. V. & Mirlin, A. D. Multifractality and electron-electron interaction at Anderson transitions. Phys. 

Rev. B 91, 085427 (2015).

Author contributions
 S.F. conceived the basic idea of phonon-assisted spin transport in DNA chains, performed the results, and wrote 
the manuscript.

Competing interests 
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Phonon-assisted nearly pure spin current in DNA molecular chains: a multifractal analysis
	Model
	Results
	Spin-dependent currents
	The effect of gate voltage on Multifractal properties of the system
	The electron-phonon coupling and multifractal analysis
	The thermal effect and localization-delocalization transition
	The effect of chain length on spin states

	Discussion
	Conclusion
	Methods
	Multifractal analysis

	References


