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A theoretical investigation of spin-orbit coupling effect on magnetotransport of a monolayer 
graphene system having the geometry of Aharonov–Bohm interferometer is presented. The spin-
orbit interaction is considered in the form of Rashba spin-orbit (RSO) coupling. The problem is studied 
within atomistic tight-binding approximation in combination with non-equilibrium Green’s functions 
formalism. The influence of RSO coupling on quantum interference effects is investigated within 
linear response limit in terms of transmission function and magnetoconductance as functions of Fermi 
energy, RSO coupling, magnetic flux and the number of transmission-modes as well as beyond this 
limit in terms of current-flow, under finite bias conditions. The Fourier power spectra of corresponding 
response functions are also obtained. The possibility of an effective control the two-terminal spin 
resolved resistances of the system and the spin polarization of equilibrium charge current as well 
as a nonequilibrium net current by means of RSO coupling and magnetic flux through the system, 
leading to an increase of the functionality of graphene in potential electronic applications, has been 
demonstrated.

Oscillatory phenomena in mesoscopic systems can be regarded to as the hallmark of the quantum world and they 
are interesting themselves, but also provide a basis for exploring other effects, where electron phase modulation 
leads to a change in the measurable interference pattern. The AB effect appears in this case as an orthodox 
example of a oscillatory phenomenon exhibiting quantum interference1–3. In recent time, the AB effect has 
attracted significant attention in the field of mesoscopic physics in connection with the study, among others, the 
electron transport in two-dimensional materials. The reason for this is that the observable magnetoconductance 
oscillations being a result of interference of electron waves are very sensitive to the change in magnetic flux. 
On the other hand, direct numerical simulation leads to the observation that the effect of a magnetic field on 
transmission function of a graphene nanoribbon with a regular geometry is very weak, for typical magnetic 
fields, used in the laboratory. To obtain observable effect on the transport properties of a graphene nanoribbon, 
it is necessary to use magnetic fields at least of several hundred of teslas. The use of a graphene ring coupled to 
graphene electrodes changes the situation significantly, because interference effects are involved, which are very 
sensitive to even small changes in the magnetic field, but not depend on its value. In this way, the importance 
of the magnetic field as a factor that can influence the transport properties of a graphene, increases and thus 
increases up the functionality of graphene. As an example of the system, in which tunable breaking of valley 
degeneracy can be performed by means of magnetic flux, an isolated graphene ring i.e. not connected to external 
electrodes has been considered4. The rings of circular and hexagonal geometries have been there investigated. 
The effect of magnetic field, the shot noise power and related quantities for the AB rings and the Corbino disks 
in graphene, have been studied analytically within continuum model of the graphene5. The Aharonov–Bohm 
effect and valley polarization in nanoscopic graphene ring were studied in a tight-binding model of graphene6. 
In this context, a quantum Hall analogue of the Fabry–Pérot interferometer, utilizing the AB effect, has been 
proposed recently as a tool for detection fractionally charged quasiparticles, known as skyrmions7–10. Interplay 
of the AB effect and Klein tunneling in graphene has been investigated using a TB model with nearest-neighbor 
couplings11. Electron transport through the Corbino disk in graphene has been studied in the presence of 
uniform magnetic fields at the Dirac point within analytical approach12.

Another important area of interest in mesoscopic physics are spin-related effects, including the spin-orbit 
interaction. Among others, effects induced by RSO coupling in low-dimensional systems are of particular interest 
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due to possibility of controlling the electron dynamics by its spin orientation manipulation13. The intensity of the 
RSO coupling can be tuned due to built-in electric field induced by inversion asymmetry of the nanostructure 
or by the gate voltage change. Many investigations have been performed for the RSO induced effects on various 
properties in different systems14–31.

The purpose of this paper is a theoretical investigation the influence of the spin-orbit interaction in the 
form of RSO coupling on AB effect in graphene. To this end, coherent transport regime is supposed which 
requires the electron coherence length to be comparable with the graphene ring size. We note that the AB 
conductance oscillations in a graphene ring has been observed experimentally at temperatures below 1K and 
there was estimated that the electron coherence length is comparable or larger than the size of the ring having the 
inner and outer radii of 350 and 500 nm, respectively32. This fact justifies used in the present paper assumption 
regarding to the coherent transport regime. The problem is studied within linear response limit where RSO 
coupling effect on equilibrium transmission and spin dependent characteristics of the system for different types 
of electrodes edges is determined as well as beyond this limit where the RSO effect and finite temperature effect 
on current–volatage characteristics of the system under finite bias are investigated.

The model
The system under study is sketched in Fig. 1. Although there are many other configurations, defining the AB 
system we confine ourselves to the cases, in which the width of the central graphene ring, defined as relevant 
radii difference, is the same as the width of external graphene electrodes, oriented along the zigzag or armchair 
direction. This configuration is characterized by well defined number of transmission modes related to the 
electrodes width and does not introduced additional scattering due to eventual contractions in the contact 
regions. The external magnetic field perpendicular to the plane of the system and the RSO coupling are applied 
to the central ring as well as to the semi-infinite leads.

TB Hamiltonian
The Hamiltonian of the system is constructed within a single-orbital TB approximation. The single orbital is the 
pz  atomic orbital of carbon, that is decoupled from the in-plane σ orbitals (formed by s, px and py  orbitals). 
Using the first-nearest-neighbors approximation the Hamiltonian including spin-orbit interaction and external 
magnetic field may be written in the form H = H0 + HSO, where

 
H0 = −

∑
⟨mn⟩µ

tµµ
mn|mµ⟩⟨nµ| +

∑
m,µ

εmµ|mµ⟩⟨mµ|, (1)

is the single-orbital (including spin), semi-empirical TB Hamiltonian, where εmµ is the on-site energy and tµµ
mn is 

the transfer (spin–diagonal) hopping energy. Using the restriction of electron hopping only between first-nearest 
neighbors, the hopping parameters without the magnetic field are supposed to be all equal and reduced to 
tµµ
mn = t0 = 2.8eV. In the presence of RSO coupling also spin-off-diagonal hoppings tµν

mn (µ ̸= ν) are non zero. 
In the presence of a magnetic field the hopping parameters are modified according to the Peierls substitution, 
described below. In order to simplify the formulation, on-site energies are conventionally set to zero, εmµ = 0
. The Zeeman term is not explicitly included here but it is taken into account in the context of spin resolved 

Fig. 1. Sketch of the system under study. The width of the ring and semi-infinite leads denoted as lead0 and 
lead1 is defined as W = Ro − Ri, where Ri and Ro are the inner and outer radii of the ring, respectively. The 
leads are oriented along zigzag direction in the graphene.
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characteristics of the system. The Rashba spin-orbit coupling within first-nearest-neighbors approximation is 
represented by the operator33

 
HSO = iα

∑
⟨mn⟩µν

êz · (σµν × dmn)|mµ⟩⟨nν|, (2)

where êz  is unit vector pointing in z-direction and dmn is unit vector pointing from site m to site n. In the 
above formula, α denotes RSO coupling strength (in units of eV) and σ denotes vector of Pauli matrices. Thus, 
in order to incorporate RSO coupling into TB Hamiltonian it is sufficient to define spin-dependent hoppings 
according to tµν

mn = iα(σx
µνdy

mn − σy
µνdx

mn). Note that since Pauli matrices σx and σy  are off-diagonal, 
hoppings with µ = ν are not modified. The magnetic field is represented by in-plane vector potential, in the 
Landau gauge A = (−By, 0). The interaction with the magnetic field is introduced by Peierls substitution34, 
tµν
mn → tµν

mneiϕmn , where phases

 
ϕmn = 2π

Φ0

∫ Rn

Rm

dr · A, (3)

are spin-independent and Φ0 = h/e ≈ 4.14 × 10−15 Wb is the flux quantum (FQ). For a graphene lattice, after 
simple calculations one obtains

 
ϕnm = 2π

√
3Φp

9Φ0
(xm − xn)(ym + yn), (4)

where Φp = 3
√

3Ba2/2 is magnetic flux through the area of benzene ring, where a ≈ 0.142nm is the distance 
between two neighbor carbon atoms. In the formula (4) numbers (xm, ym) indicate lattice points coordinates, 
given in units of a. The numbers are dimensionless.

Phase difference quantization
It is convenient for the analysis of phase difference quantization to rewrite the vector potential in polar 
coordinates,

 
A = (Ar, Aφ) = B

(
− 1

2r sin 2φ, r sin2 φ
)
. (5)

Phase shift along any path γ is given by the real number ∆θ = 2πδ/Φ0, where

 
δ =

∫

γ

dr · A =
∫

γ

Ar dr + Aφ dφ. (6)

For closed path one obtains, δ =
∮

A · dl =
∫

B · dS = Φ, where Φ is the magnetic flux piercing the surface 
limited by the closed path γ. For a strictly one-dimensional circular ring, with the radius R (see Fig. 2a) we 
obtain, for the upper arm δ1 =

∫ 0
π

Aφ dφ = −Φ/2 and for the lower arm δ2 =
∫ 2π

π
Aφ dφ = Φ/2, where 

Φ = BS with S = πR2. This gives the phase difference for conjugated trajectories summing to a one full cycle, 
∆θ1 = 2π(δ2 − δ1)/Φ0 = 2πΦ/Φ0. In general, for conjugated trajectories summing to N full cycles, one 
obtains, the quantization condition for the phase difference, ∆θN = 2πNΦ/Φ0. When this phase difference 
happen for some magnetic field, for which Φ = nΦ0/N , then ∆θ = 2πn. This means that any characteristic of 
the system, reflecting interference effects induced by magnetic flux change, such as transmission or conductance 
being a function of Φ, should include superpositions of sinusoidal signals, having periods ΦN = Φ0/N  or 
equivalently, having characteristic frequencies ΩN = NΦ−1

0 . Note that for extremely thin ring the frequency 
Φ−1

0  is dominant or equivalently the period of oscillations is Φ0. In the other words, for a very thin ring the higher 
number of cycles performed by trajectories propagating along two arms of the interferometer is less probably due 
to high probability of the interference after one cycle. For the ring having a finite width (see Fig. 2b) the phase 
difference quantization condition remains valid in an average sense. In this case however higher harmonics in 
the Fourier power spectra are also expected. For an arbitrary (non-intersecting) trajectory γ, laying in the region 
between Ri and Ro, we have Φi ≤ Φγ ≤ Φo, where in the case of uniform magnetic field, Φi(o) = πR2

i(o)B
. For any γ we can find such Rγ , between Ri and Ro, giving Φγ = πR2

γ . For N full cycles performed by closed 
trajectories γk(k = 1, ..., N) we can write ∆θN = 2πNΦγ/Φ0, where Φγ = (Φγ1 + ... + ΦγN )/N ≈ Φ, 
where Φ = (Φi + Φo)/2. Numerical calculations presented in this paper show that this approximation works 
very well, giving peaks in Fourier transform of conductance as function of (Φi + Φo)/2 exactly at positions 
NΦ−1

0 . This means that Φ accurately represents the effective flux through the finite width ring. In further part 
of the work, the average value Φ is simply denoted by Φ. Other trajectories, not summing to full cycles, lead to 
broadening of peaks appearing in the Fourier power spectrum.
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Transport formalism
The quantum transport properties of the system with geometry presented in Fig. 1 are investigated using 
atomistic TB model coupled to the NEGF technique35,36. As we can see in Fig. 1, the entire system is divided 
into three parts: semi-infinite left lead, the central region (device) having the geometry of graphene ring and 
semi-infinite right lead. The leads are taken in the form of zigzag graphene nanoribbons of the width equal to 
the width of the central ring. We note that transport properties of the system are mainly determined by number 
of transmission modes which in turn are dependent on the size W, but not on particular values of Ri and Ro. 
The magnetic field and the RSO coupling are applied to whole the system. The leads are supposed to be strictly 
periodic structures, with respect to the transport direction. The Hamiltonian matrix of the entire system can be 
written in the block form

 
H =

[
HL T †

DL 0
TDL HD TDR

0 T †
DR HR

]
, (7)

where HD  and HL(R) denote the Hamiltonian matrix of the device and left (right) lead, respectively. The matrix 
TDL(R) is the hopping matrix responsible for the coupling between the device and the left (right) lead. All 
the matrices are given in TB representation. The electron transmission function at energy E within the NEGF 
formalism is given by36

 T(E) = Tr(ΓLGDΓRG†
D), (8)

where ΓL(R) = i(ΣL(R) − Σ†
L(R)) is the broadening matrix and ΣL(R) = TDL(R)G

(0)
L(R)T

†
DL(R) denotes 

self-energy matrix, describing the effect of coupling to the left (right) lead. The matrix G(0)
L(R) represents the 

Green’s function of an isolated left (right) lead. The matrix GD  is the Green’s function of the device including the 
coupling to semi-infinite leads

Fig. 2. Phase difference quantization diagrams: (a) splitted electron waves along two arms of one-dimensional 
AB interferometer and phase shifts for conjugated trajectories summing to a one full cycle; (b) splitted electron 
waves along AB interferometer with finite width and phase shifts for conjugated trajectories summing to a one- 
and two full cycles, respectively.
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 GD = [E + iη − HD − ΣL − ΣR]−1, (9)

where an infinitesimal positive number η is introduced to incorporate appropriate boundary conditions for 
retarded Green’s function36. The Green’s functions of the device region and semi-infinite leads were calculated 
numerically, using recursive techniques presented in37. We note that equilibrium conductance is directly 
obtained from the transmission function as G(E) = (e2/h)T(E). In further part of the work the Fermi energy 
in most cases is fixed. Thus, we will write explicitly only the dependence on RSO coupling and the magnetic field.

Results and discussion
We start our analysis from the discussion of some general transport properties of the AB interferometer, based 
on a graphene ring. First, it is necessary to find the energy range in which the comparison of energy-dependent 
quantities for the system under different external conditions, is possible. We should therefore estimate whether 
the considered energy range giving nonzero transmission function does not change significantly when changing 
the model parameters. Figure 3a shows conductance as a function of Fermi energy, in field-free limit. The central 
graphene ring (Ro = 15nm) and semi-infinite zigzag-edge graphene leads are taken with the width W = 1
nm, which gives (2 × 5) transmission modes (including spin). The energy range corresponding to nonzero 
conductance of the system is related to the subbands structure of isolated leads. As we can see this range is stable 
versus the RSO coupling variation. The presence of energy gap in the transmission spectrum is due to nonuniform 
geometry of the entire system and disappears for a single semi-infinite zigzag-shaped graphene nanoribbon. 

Fig. 3. Results for AB system with (2 × 5)-transmission modes: (a) conductance spectra for several values 
of RSO coupling (in units of eV) and B = 0 (to distinguish the curves artificial shifts are added; in fact, the 
flat parts in every curve correspond to vanishing conductance); (b) conductance oscillations in function of 
effective magnetic flux through the central ring, with Fermi energy E = 3eV; (c) color map of conductance 
as a function of magnetic flux and RSO coupling for E = 4eV; (d) color map of magnetoconductance as a 
function of magnetic flux and RSO coupling for E = 4eV.
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Nonuniform geometry enhances scattering processes, leading to strong oscillations of conductance in function 
of energy. For the uniform graphene nanoribbon well known regular step-like behavior of conductance spectrum 
can be observed. Figure 3b shows the conductance as a function of effective magnetic flux through the central 
ring, for several RSO coupling constants. We can see that almost perfect periodicity of conductance oscillations 
is observed, with the fundamental period Φ0. Particularly interesting is that the period does not depend on RSO 
coupling. We can see that RSO coupling leads to damping of the amplitude of the conductance oscillations, but 
it may lead to increase or decrease of an average value of the conductance. In general, the dependence G(α) is 
strongly nonmonotonic and discloses nonperiodic oscillations. This is well demonstrated in Fig. 3c, in which 
the density map of G as function of α and Φ is given. We see that along the Φ-axis the conductance oscillates 
approximately with the period Φ0 while along the α-axis oscillations are nonperiodic. There are islands in the 
map characterized by high conductance surrounded by regions with low conductance. One should be noted, that 
for α ≳ 0.4 the amplification of G is observed, for a half-integer multiple of Φ (in units of Φ0). Figure 3d presents 
the density map for magnetoconductance, defined as the difference ∆G(α, B) = G(α, B) − G(α, 0). We can 
see that RSO coupling generates well defined regions localized between subsequent Φ = NΦ0, corresponding 
to positive or negative magnetoconductance, depending on α-value. For Φ = NΦ0, there are regions in the map 
with ∆G ≈ 0 for arbitrary RSO coupling.

In Fig. 4a are plotted conductance spectra of field-free system having (2 × 14) transmission modes, 
corresponding to the characteristic width W = 3nm (Ro = 15nm) of the zigzag-edge electrodes. In comparison 
to the narrow ring discussed above, the system with W = 3nm is characterized by approximately three-times 
higher conductance. In this case, the central transmission gap becomes closed due to the presence of peaks 
induced by RSO coupling. One can also be observed that the magnetic field does not change the energy range 

Fig. 4. Results for AB system with (2 × 14)-transmission modes: (a) conductance spectra for several values 
of RSO coupling (in units of eV) and B = 0 (to distinguish the curves artificial shifts are added; in fact, the 
flat parts in every curve correspond to vanishing conductance); (b) conductance oscillations in function of 
effective magnetic flux through the central ring, with Fermi energy E = 3eV; (c) color map of conductance 
as a function of magnetic flux and RSO coupling for E = 4eV; (d) color map of magnetoconductance as a 
function of magnetic flux and RSO coupling for E = 4eV.
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corresponding to the non-zero-transmission of the system. This allows for consideration the continuous 
evolution of the system with increasing magnetic field at Fermi level fixed on the value corresponding to the 
nonvanishing conductance in field-free limit. Figure 4b shows the conductance for E = 3eV as a function of 
the effective magnetic flux, for several strengths of RSO coupling. We can see that increasing transverse size of 
the system leads to increase of conductance with approximately the same oscillation amplitudes, as in a case of 
narrow ring. Almost perfect periodicity in conductance oscillations is also observed. One should be noted here 
that the RSO coupling gives amplification (α = 0.1) or damping (α = 0.25) of the conductance, relatively to the 
system without spin-orbit interaction. Continuous distributions of G and ∆G in a (α, Φ)-plane are presented 
in Fig. 4c and d, respectively. The Fermi level is fixed at E = 4eV. As we can see in Fig. 4c, the RSO coupling 
significantly changes the amplitude of G-oscillations giving regions with large (α ≲ 0.4) and low amplitudes 
(α ≈ 0.2). The influence of magnetic field on conductance in terms of ∆G is demonstrated in Fig. 4d. We 
can see that similarly to a few-mode AB interferometer, the RSO coupling introduces irregular oscillations in 
magnetoconductance. In particular, it is possible to set the difference ∆G to be positive, negative or zero by 
proper choice of α.

Figure 5 presents spin resolved equilibrium characteristics of the AB systems with graphene nanoribbon 
electrodes having different types of edges. In Fig. 5a are shown low-bias spin resolved resistances R↑ and R↓ as 
functions of magnetic flux through the system with zigzag shaped electrodes (W = 3nm). In the linear response 
approximation, the spin resolved resistances can be defined as R↑ = 1/(G↑↑ + G↑↓) and R↓ = 1/(G↓↓ + G↓↑)
, where spin resolved conductances Gσσ′  are proportional to the spin resolved transmission function, given 
by Tσσ′ (E) = Tr(Γσ

LGr
σσ′ Γσ′

R Ga
σ′σ), where Gr(a)

σσ′ = [E ± iη − HD − Σσ
L − Σσ′

R ]−1 is retarded (advanced) 
Green’s function of the device and coupling matrices Γσ

L(R) are defined as non-hermitian parts of corresponding 
spin-diagonal self-energies33,38,39. The spin resolved transmission gives the probability that an electron with 
energy E and spin σ in the left lead reaches right lead with spin σ′. One can be observed that R↓(B) = R↑(−B)

Fig. 5. Equilibrium spin-dependent characteristics of the system (W = 3nm) as functions of magnetic flux for 
equilibrium electrochemical potential E = 3eV and for several α-values: (a) and (c) spin-resolved resistances 
R↑ (solid) and R↓ (dashed) for zigzag- and armchair shaped graphene electrodes, respectively; (b) and (d) 
spin polarization of source to drain charge current P = (I↑ − I↓)/(I↑ + I↓) for zigzag- and armchair shaped 
graphene electrodes, respectively.

 

Scientific Reports |        (2024) 14:31554 7| https://doi.org/10.1038/s41598-024-83584-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


, which gives R↓ = R↑, for B = 0. These properties are a consequence of Kramer’s degeneracy theory, which 
states that for a time-reversal symmetric system with half-integer spin, for every energy eigenstate, the time 
reversed state has the same energy. Since time reversal reverses spins, by reversing spins for B = 0 we obtain the 
same system and R↓ = R↑. On the other hands, if B ̸= 0 the time reversal symmetry is broken and R↓ ̸= R↑
. Since states with opposite spins are related by time inversion and a magnetic field change the sign under time 
reversal (when it is consider as a part of the system) we expect the symmetry R↓(B) = R↑(−B), which is 
really observed. We can see that the difference between both spin components of the system resistance strongly 
depends on the RSO coupling. The presence of the difference ∆R = R↑ − R↓ determines the difference in 
charge currents I↑ and I↓, defined by R↑ and R↓, respectively. This means that initially unpolarized charge 
current flowing from left to right contact becomes partially spin polarized in the right contact. In the low-bias 
limit, the currents are proportional to the source-drain voltage VDS , I↑ = VDS/R↑ and I↓ = VDS/R↓. Thus, the 
spin polarization of the charge current may be defined as P = (I↑ − I↓)/(I↑ + I↓) = (R↓ − R↑)/(R↓ + R↑)
. Note that this definition directly follows from the definition of spin polarization of the conductance33. Figure 
5b shows the effect of spin polarization of the charge current, modulated by AB interference effects, for several 
values of RSO couplings. We can see that for low magnetic fields (important for experimental investigations) 
a significant amplification of spin polarization (with respect to the z-direction) is generated by increasing 
RSO coupling and the polarization reaches the value of about 10%, for α = 0.4. In Fig. 5c are shown low-bias 
spin resolved resistances R↑ and R↓ as functions of magnetic flux through the system with armchair shaped 
electrodes. We can observe that contrary to the zigzag case, the system resistances increase with increasing α, for 
a weak magnetic field. Figure 5d presents the effect of spin polarization of the charge current for increasing RSO 
couplings. We can see that the polarization increases rapidly for α = 0.4 and reaches the value of about 20% in 
the weak magnetic field limit.

Figure 6a,b show conductance of AB system with W = 1nm and zigzag-edge graphene electrodes as a 
function of average magnetic flux Φ, for α = 0 and α = 0.3, respectively. The conductances are plotted for 
several values of Fermi energy. Corresponding Fourier power spectra (absolute values) are given in Fig. 6c,d. 

Fig. 6. Conductance as a function of magnetic flux for several Fermi energies and corresponding Fourier 
spectra for AB systems: (a) and (c) with α = 0; (b) and (d) with α = 0.3eV. The number of transmission 
modes is (2 × 14).
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One can see that ∆G-curves significantly differs in the shape and amplitude depending on E and α, but they 
disclose the same periodicity in function of Φ. This periodicity property is reflected in the Fourier power spectra, 
calculated using DFT method40. We can also see that the peaks in the Fourier spectrum are located perfectly 
at frequencies NΦ−1

0 , which is in agreement with the semi-qualitative discussion given in previous section. In 
other words, the existence of peaks in Fourier power spectrum is the evidence of the fact that the conductance 
(signal) treated as function of Φ (time domain) is composed mainly from waves with discrete values of Φ−1 
(frequency domain). In turn, this is a consequence of phases difference quantization induced by AB effect and 
it is expected for any ring system in a magnetic field on the ground of semiclassical trajectories consideration, 
discussed in the section “The model”. The amplitudes between peaks are small but non-zero, which means that 
not only trajectories with well-defined quantized phases difference contribute to the transport but also other 
ones with arbitrary phases. Therefore, periodicity of conductance should also be expected for the net current, as 
a function of the magnetic flux through the system. The net current for the two-terminal device is defined by the 
integral of transmission function over the transport window, defined by bias voltage35

 
IDS = q

h

∫ µ1

µ2

T(E)[f(E, µ1) − f(E, µ2)]dE, (10)

where f(E, µ) = [exp(E − µ)/kT + 1]−1 is Fermi distribution function and q is absolute value of the 
electron charge. Supposing symmetric bias VDS , the electrochemical potentials of the leads are taken as 
µ1 = µ0 + VDS/2 and µ2 = µ0 − VDS/2, respectively. Here kT denotes thermal energy, that is supposed to 
be close to zero.

Figure 7a,b show the maps of the net current calculated using Eq. (10) for the two-terminal device with the ring 
geometry and zigzag-edge electrodes, for α = 0 and α = 0.2 respectively. As expected, with increasing bias, the 
current increases. Particularly important is that the current discloses periodicity in the Φ-direction. We can see 
that maxima of IDS  are localized around integer multiples of Φ0. On the other hand, the minima are localized 
around half-integer multiples of Φ0. As can be seen in Fig. 7b, the maxima become more localized for non-zero 
α. The voltage-resolved currents as functions of Φ are shown in Fig. 7c,d, for α = 0 and α = 0.2, respectively. 
We see that broadened maxima corresponding to the system without spin-orbit interactions become more 
sharp if RSO coupling is present. This property is of particular interest from the point of view of potential 
application of the system as a sensor of magnetic field intensity. The presence of well defined distances between 
successive maxima allows for an accurate determination of the change in magnetic flux corresponding to one 
FQ. Importantly, this can be done by current–voltage measurement.

Figure 8a,b show the maps of the net current for extremely thin ring (Ro = 10nm, W = 0.3nm) with (2 × 1
)-transmission modes. The maps correspond to α = 0 and α = 0.2, respectively. The effect of the spin-orbit 
interaction manifests itself in this case as a shift of the current maxima centred at integer multiple of the FQ to 
positions corresponding to the half-integer multiple of the FQ. Figure 8c,d give the voltage-resolved currents for 
the cases α = 0 and α = 0.2, respectively. We can see that in the case of quasi-one-dimensional system the local 
minima of IDS  are perfectly localized while local maxima become well localized when the bias voltages increase. 
One should be noted that for α = 0 and Φ = (2N + 1)Φ0/2, the voltage-resolved currents take minima but for 
α = 0.2 they take local maxima, according to the previous observation. For Φ = NΦ0 the situation is reversed. 
In the other words, the resistance of the system is strongly correlated with RSO coupling due to presence of 
interference effects induced by magnetic field. One should be added here that minimum values of IDS  in the case 
of nonzero RSO coupling corresponding to Φ = NΦ0 are only weakly dependent on bias voltage. On the other 
hand, in the system without spin-orbit interaction the minima of the currents at Φ = (2N + 1)Φ0/2 significantly 
increase with increasing VDS . We can also observe that by changing magnetic flux from Φ = 0 to Φ = Φ0/2
, the resistance of the system with α = 0 increases while for the system with α = 0.2 decreases. This indicates 
that the spin-orbit correlation significantly affects the electronic properties of the AB system. The correlation 
may be detected by the charge-current experimental measurements. We considered the system in a coherent 
transport regime, which means that effects of inelastic scattering have been neglected. This approximation is in 
accordance with experimental situation until the temperature is close to zero. At higher temperatures the effects 
of electron scattering on phonons increase and to model transport properties of the system, taking into account 
these effects within NEGF formalism, it is necessary to include into the device Green’s function an additional 
self-energy term, responsible for inelastic scattering. However, in the low-temperatures limit we can estimate the 
influence of the temperature effect on transport properties of the system utilizing only temperature dependence 
of the Fermi distribution function. Figure 8e,f present temperature effect on IDS − Φ characteristic at fixed bias 
VDS = 1.75V, for α = 0 and α = 0.2, respectively. We can see that in general the temperature effects modify 
the maxima of the net current, without significant change the shape of the characteristic. In particular, for α = 0 
we can observe non-monotonic decrease of IDS  with increasing temperatures, while for α = 0.2, IDS  discloses 
at maxima an monotonic increase for increasing kT.

Summary
We have shown that the Rashba spin-orbit coupling significantly modifies coherent transport properties 
of the graphene system of Aharonov–Bohm interferometer geometry. The problem has been investigated 
theoretically in combination with numerical simulation of the quantum transport based on a single-orbital 
atomistic TB approximation and NEGF method. The influence of RSO coupling on the amplitude and the range 
of conductance oscillations for various system geometries, manifested by a different number of transmission 

Scientific Reports |        (2024) 14:31554 9| https://doi.org/10.1038/s41598-024-83584-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


modes, was demonstrated. Results for different sets of characteristic model parameters were presented. One 
of the main results obtained is the observation that the equilibrium resistance of the system becomes spin-
dependent when the magnetic field is applied. The interplaying of the AB geometry and RSO coupling yields 
a significant difference between spin-resolved resistances which leads to spin polarization of the initially 
unpolarized charge current. In the low-magnetic fields limit, important from the point of view of experimental 
investigations, the spin polarization of the equilibrium charge current is mainly determined by RSO coupling 
The polarization strongly depends on the type of the graphene electrodes and for the armchair type electrodes, 
in weak magnetic field, the increase of the polarization is more efficient with increasing RSO coupling than for 
the zigzag type electrodes. It is also important to note that quantum oscillations in conductance translate into 
nonequilibrium net current oscillations as a function of the magnetic flux through the system. This is possible 
because the Fourier power spectra of conductance at different energies cover the same frequencies for a wide 
range of Fermi energies. In turn, the current is proportional to the integral of the transmission function over 
the energy range, defined by an external bias voltage. In this way, the oscillations of the electron transmission 
function are transformed into oscillations of the net current as a function of the magnetic flux. One should be 
pointed out that, current–voltage measurements provide a bridge between theory and experiment and allows 
for experimental verification of theoretical predictions regarding the impact of various effects on the transport 
properties of the system. The example of the relationship between classical characteristics of the system such as 
current–voltage characteristic and fundamental microscopic phenomena as quantum interference effects has 
been presented in this paper. In conclusion, we can say that the use of a graphene ring in the nanotransistor-like 
structure increases functionality of the graphene nanoribbons in potential electronic applications by utilizing the 
quantum interference effect and RSO coupling.

Fig. 7. Color maps of the net current as a function of magnetic flux and bias voltage and corresponding 
voltage-resolved currents: (a) and (c) with α = 0; (b) and (d) with α = 0.2eV. The number of transmission 
modes is (2 × 5), the equilibrium electrochemical potential µ0 = 3eV.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
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Fig. 8. Color maps of the net current as a function of magnetic flux and bias voltage and corresponding 
voltage-resolved currents: (a) and (c) with α = 0; (b) and (d) with α = 0.2eV; (e) temperature dependence 
of the net current for α = 0 and VDS = 1.75V; (f) temperature dependence of the net current for α = 0.2eV 
and VDS = 1.75V. The number of transmission modes is (2 × 1), the equilibrium electrochemical potential 
µ0 = 3eV.
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