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Abstract—In this work we propose and numerically analyze a
new type of electromagnetic circulator operating in THz region.
The circulator is based on graphene and dielectric substrates.
The structure resembles a known three-port microstrip circulator
based in edge guided mode. The circulation behaviour is provided
by application of a DC magnetic field normal to the graphene
plane. In the frequency band (2 = 7) T H z the isolation loss of
our ultra wideband circulator is — (15 <+ 50) dB, the insertion
loss is —(2--5) dB and return loss is better than —10 dB. The
chemical potential of the graphene is 0.1 eV and DC magnetic
field is 2 T.

I. INTRODUCTION

Circulators are electronic devices with three or more doors.
In a three-port circulator for example the signal can be directed
at port 1 to port 2 or port 1 to port 3 depending on the signal
of the applied DC magnetic field [1]. One can find in the
literature circulators operating in the region of THz based on
photonic crystals [2], [3] and graphene [4], [5].

Graphene with a hexagonal two-dimensional crystalline
structure (honeycomb lattice), was the first 2D material ob-
tained experimentally [6]. This material has unique electrical,
mechanical and transport properties. The charge carrier density
in graphene can be changed by external electrostatic field, and
this allows one to control it’s optical conductivity, i. e. to
fulfill dynamical control in real time. Besides, the conductivity
of graphene can be modified by magnetic field, allowing a
possibility to produce non-reciprocal devices [7].

In this work we propose and numerically analyze an ultra
wideband electromagnetic circulator based on edge—guided
mode waves on graphene supported by a dielectric substrate.
The signal circulation behaviour is achieved due to magneti-
zation of the structure.

II. GEOMETRY AND SIMULATION METHOD
A. Geometry of circulator

The schematic geometric representation of the circulator is
shown in Fig.1. The circulator is formed by layers of silicon,
silica and graphene. W is the width of the strip, L; is the
length of the guide, Lo is the Length of the guide to the
center of the magnetized region and R defines the curvature
of the circulator. The dimensions of the layers are Air h 4,
graphene d, silica hg;o, and silicon hg;. The permittivity of
the dielectrics are €g;02 = 2.09 and €g; = 11.9, respectively.
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Fig. 1: Schematic of graphene circulator (a) Top view, (b) front
view.

B. Numerical modeling of graphene

To model the conductivity of graphene in this work, we use
the semiclassical approach, based on the Boltzmann transport
equation. This model is described by simple equations and fits
well in the THz frequency region. This approach was presented
by [8].

The parameters for the graphene conductivity tensor are
given by [9]:

A Vit
ST 9 - (i)

e))

and
_ a2 | e Q.

7h? Q2 —(w+i/7)?
where g. represents the charge of the electron, h is reduced
Planck constant, ). the cyclotron frequency, 7 relaxation time,
w the angular frequency of electromagnetic wave and . the
chemical potential. The cyclotron frequency is given by
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where B represents the value of the magnetic field and vp the
Fermi speed.

The graphene conductivity tensor is:
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In numerical calculus, we use the commercial software
Comsol Multiphysics, based on the finite element method.



Electromagnetic solvers in general do not allow to model a
surface conductivity, described by tensor (3). For this reason
an artificial thickness was adopted for the graphene in such a
way that a volumetric conductivity could be used in the form:
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where d is the thickness of the graphene sheet. The thickness
used in this work is 20 nm.

IIT. NUMERICAL RESULTS

The propagation of plasmonic waves in graphene strip
can be classified into two groups: central mode and edge
mode plasmonic guided waves [10]. Edge modes can also
be separated into asymmetric and symmetric. Fig. 2 shows
the fundamental, edge and center modes calculated for the
graphene waveguide with the width ranging from 10 nm to
900 nm.
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Fig. 2: (a) E, component of 3 modes studied: the fundamental
mode (1), edge mode (2) and the central mode (3). (b) depen-
dence of the effective index on the width of the waveguide.

In Fig. 2b we show the interval of the widths of the graphene
strip (from 10 nm to 200 nm) where only the fundamental
mode (Blue region) exists for chemical potential 0.15 eV and
frequency of 10 THz. By applying a DC magnetic field the
fundamental mode is transformed into edge mode.

The width for the strip was chosen by taking into con-
sideration the region where only the fundamental mode can
propagate, as shown in Fig. 2 and 3. The effective index is
defined as n.py = [/ko, where ko is the free space wave
number and S is the propagation constant of the mode [11].

Fig. 3 demonstrates the frequency band where only the
fundamental mode exists. We are interested in this single mode
regime.
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Fig. 3: Frequency dependence of effective index for the ribbon
width of 500 nm.

A. Influence of dielectric substrate

The graphene is deposited on a substrate. The choice of the
silica and silicon substrate was made on the basis of references
[12 - 20].
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Fig. 4: Coefficients of (a) reflection and (b) transmission for
substrate (Si02 e Si) and without substrate, with W =
500 nm, hair = hsio, = 2000 nm, hg; = 1000 nm and
pe =0.15 eV.



Fig. 4 shows the reflection and transmission coefficients for
the graphene strip waveguide with and without substrate. Fig. 5
shows the magnetic field | H| in the circulator, described below,
in graphene-dielectric interface, the exponencial decay of the
curve shows that the device is based on plasmonic waves.
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Fig. 5: z-dependence of ac magnetic field |H| in circulator
calculated in the center of the magnetized region.

B. Circulator characteristics

The values for the parameters used in the circulator are
W = 500 nm, L1 = 1500 nm, hSi = 1000 nm, hS'L’Og =
h i = 2000 nm, d = 20 nm and pu. = 0.15 eV.
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Fig. 6: |E,| distribution at 5.16 THz and magnetic field for
excitation in port 1 (a), port 2 (b), port 3 (c) and for magnetic
field of — By with excitation by port 1 (d).
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Fig. 7: Transmission, reflection and isolation coefficients for
the structure with (a) Bo =0 T and (b) By =2 T.

From Fig. 7 one can see that, in the band of (2+8) T'H z, the
circulator has a good matching, |S71| is better than —10— dB.
At the level of isolation —15 dB the device has the fractional
bandwidth BW = 9THz/2THz = 4.5. However, at high
frequencies starting from the frequency 7 T H z, the insertion
loss acquires an inadmissible value of —5 dB. Thus, the real
fractional bandwidth is about 3.5.

IV. CONCLUSION

In this work, a 3-port graphene-based circulator operating
in TH z region is proposed and numerically analysed. In the
frequency band (2 =+ 7) THz the isolation loss of this ultra
wideband circulator is —(15 + 50) dB, the insertion loss is -
(2+5) dB and return loss is better than —10 dB. The typical
extinction ratio is (20 <+ 30) dB. The chemical potential is
0.1 eV and DC magnetic field is 2 T'.
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