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Diffraction of monochromatic waves and ultrashort pulses on graphene

gratings in a magnetic field
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The diffraction of electromagnetic waves on a one-dimensional quasi-periodic diffraction grating formed by
graphene ribbons is considered. The magnetic field is applied perpendicular to the substrate plane. Theoretical
research is based on the transition using the Poisson transformation from the spectral representation of fields of a
periodic grating to the spatial representation of a quasi-periodic one. The rearrangement of the plasmon resonance
frequency (PR) by a magnetic field, the rotation of the plane of polarization of the reflected and transmitted waves,

and the presence of additional PR are investigated.
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Introduction

The properties of graphene in a magnetic field are well
described by the Drude model for plasma in a magnetic
field [1]. The elements of the condcitvity matrix ¢ diferent
from zero are expressed as follows

o - 2D | w+i/t
oy = Opy = —— [ ——————————
Yo e —(w+i/r)?
Oy = 2D b Oyx = —0, (1)
R a)g—(a)—i—i/r)z’ e T
where w® — cyclic frequency, D = 200EFr/h,

0p =6.08-1073S, A — reduced Planck constant, Er —
Fermi energy, wp = eBvZ/Ep cyclic cyclotrone
frequency, B — magnetic induction, vr = 10° m/s — Fermi
velocity, 7 — relaxation time. The model error without
magnetic field compared to Kubo formula [2] doesn’t
exceed 5% up to 25 THz [3].

In the terahertz and near-infrared ranges, the cyclotron
frequency wp can be equal to the frequency of plasmon
resonances, which significantly increases the interaction of
the electromagnetic wave with the graphene metasurface.
In this regard, a new scientific field has appeared- magneto-
plasmonics.

The existence of cyclotron resonance in graphene has
been experimentally shown in [4,5], therefore, in the
THz and near-infrared regions, the frequency of plasmon
resonance [3,5-10], the plane of polarization [8,11] can be
adjusted by a magnetic field. One of the widely known
structures of graphene meta-surfaces — are diffraction
gratings (DG) [9,12].
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An effective method for computational modeling of a
graphene layer with magnetic displacement in a magnetic
field is presented in [13]. The effect of surface conduction
anisotropy is modeled and taken into account in the
framework of recursive convolution in a finite-difference
time domain algorithm (FDTD).

A rigorous analytical method for analyzing the grating of
graphene ribbons with magnetic bias is proposed in [14].
The method is based on integral equations describing
induced surface currents in a grating of coplanar graphene
ribbons. The obtained results predict resonant spectral
effects. A closed-form analytical solution for Faraday
rotation in graphene ribbons with magnetic bias is obtained.

In [15], the Fourier-based numerical method in the trans-
mission line formulation (TLF) is generalized to analyze
multilayer periodic structures based on magnetically biased
graphene. The approximate boundary condition proposed
for the fast modal Fourier method developed for periodic
graphene gratings is modified to analyze such structures.

In [16], an improved wave concept iterative process
(WCIP) is outlined for analyzing a new type of tun-
able graphene connector in the THz range with different
physical parameters of graphene. Thanks to a new
technique for implementing anisotropic boundary conditions
in WCIP method, the anisotropic surface conduction matrix
is integrated into this algorithm without using volume
discretization. The results of numerical simulation show
that the characteristics of the connector can be controlled
by changing the chemical potential and magnetic field.

This study comes from the paper [3], where the diffrac-
tion phenomenon was theoreticaly analyzed for the periodic
graphene DG (Fig. 1). A constant magnetic field directed
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Figure 1. Diffraction grating unit cell.

perpendicular to the plane of the substrate is applied
to the DG. The research [3] is based on the numerical
and analytical solution of two types of integro-differential
equations - paired adders with respect to currents on the
strips and volumetric integro-differential ones with respect
to the electric field strength inside the strips.

The studied object is a quasi-periodic DG made of a
finite number of strips. The method of transition from
a two-dimensional periodic DG to a quasi-periodic one
is described in [17] — the transition from the spectral
representation of fields of a periodic grating to the spatial
representation of a quasi-periodic one.

The purpose of the study — modification and verification
of method [17] for calculating 1D, a quasi-periodic DG
formed by (I, — oo) graphene ribbons, and studying the
Kerr effect — rotation of the plane of polarization when a
wave is reflected from DG.

Let the graphene ribbons lie in z = 0 plane. Let’s denote
their surface within the unit cell as S. Figure 1 shows one
rectangle, but the number of rectangles in the program is
arbitrary. Therefore, S — is a surface of all strips. Let’s
the density of currents on the strips are denoted as J. Then
we can find the electromagnetic field generated by these
currents. In particular, [3]:

dd Z ngnoz.]mn

m=—00 n=—00

E(x,y,2) =

X expli(amx + Buy)], (2)

o = / I ) =i (et + By Nds"s I(x',y")

N

— density of surface currents on the strips, g.(z,z’) —
terms of the two-dimensional Floquet series of the Green
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tensor function [3,18],

G(xyzz d Z ngnzz
m=—0o0 n=—0o0
x expli(ant + By)], (3)
Z__-x_-x )7_)7 ya am—zzm"'kxa ‘Bn:2nn+ky’
ky, ky — wave vector components k, Zy — vacuum wave
1mpedance

To move to a finite (non-periodic) grating, you need
to (1), (2) replace the Floquet series with Fourier integrals,
Le.

F(am, By) — F(a, B)dadp.

dd

As a result, we obtain paired integral equations that are
solved in a similar way to solving paired summation
equations (PSE) [3]. Along with that, two problems
arise.  First, numerical integration is a more difficult
task. We used the simplest rectangle formula, while
the integration was reduced to quadrature formulas such
as Floquet series (2),(3), but in which d,,d, are not
periods, but quadrature parameters. At d, > A, d, > 1
quadratures converge quickly. The second problem is more
complicated — computer time is proportional to the square
of the number of strips in the DG. Therefore, the method
from [17] was used to solve this problem.

Let’s apply Poisson transform to (2),(3).
brevity

denote for

F(am, Br) = 8mn(0, 2)jmn exp[i(amx + Bry)],

oo o0

Z Z F(ann ﬁn) =

m=—00 n=—00

dd Z Z //exp2mmu+nu)]

m=—00 n=—00
— 00 —0O0

E(x,y,z) = —iZy

d.d,

lZ()

x F(a(m), B(n), x,y, z)dmdn.

After substitution of variables we get

E(x,y,z Z Zexp i(ukydy + vkydy)]
U=—00V=—00
x Gudy, vd,), (4)
where
1
G(nudX7 de7 -x’ y7 Z) - (2.71)2

X / /exp[i(,udxa—i—vdy,B)]F(a,,B)dad,B. (5)

—0o0 —0O0



974 XllI International symposium ,Optics and bio-photonics®, 30 September-3 October, Saratov, 2025

From a physical point of view, (2) — is a representation
of the diffracted field as a series of spatial harmonics of
DG, and (4) —is the sum of the fields diffracted on the
strips of each unit cell of the DG. Let’s assume in (5)
|u] <M, |[v| <N. In this case, we obtain an expression
for the diffracted field generated by (2M + 1)(2N + 1) unit
cells, assuming that the currents on the strips are the same as
those of the infinite DG, i.e., to solve the diffraction problem,
the infinite DG with the number of strips placed in one unit
cell is still calculated.

The main problem — calculation of integrals in (4) in the
far-field zone kr — oo For this we use the asymptotics of
the integral [19):

8

s [ [ @) ew(-yizh expite -+ py)idads

— 00 — 00

1
~ ik cosOf (—k sinO cos @, —k sin 0 sin @) exp[—ikr| T
ar
where r, 0, @ — coordinates of the observation point in the
spherical coordinate system.
As a result, we’ll obtain in the far-field zone

exp(—ikr
E(r.9,0)~ S g )
where
M N
®(p, 0) = ikcosO Z Z
pu=—Mv=—N

x exp i (ud.(a + ki) +vdy (B + ky))}l:?(a, B).
a = —ksinfOcos@, B = —ksinfsin . Far field
Dy = cos (P, cosp + D, sing) — D, sinb,

®, = —D, singp + P, cos p.
For the 1D DG there’s no series in (4)

M
E(x,z) = Z exp|—iukyd;|H(ud,, x, z),
u=—M
.
H(ud,,x,z) = 7 /exp[zydxa]F(a,x,z)dcx.

The integral asymptotics is found by the saddle-point
method. For the reflected wave

17 exp(iax —pz) ) 1
I(kr) = — a) ———da ~2if(a
k) =5 [ fla) =EEE o) <=
7T
i ._)’
Xexp( Ikr +1 2
where v =+va?—k?, r=+/x2+y2 «ay= —ksinb,

f(a) = kexpliud.a]E(a).

In this paper, we present the results for the reflection
of a wave from the one-dimensional periodic DGs, in
which /, — oco. The plane of incidence is perpendicular
to graphene ribbons — @ = 0 Designations of polarization
of the incident wave as in optics: p-polarization —
electrical field intensity vector E(x, z) is perpendicular to
the graphene ribbons, and vector H(x,z) is parallel to
them, s-polarization — vector H(x, z) is perpendicular to
the graphene ribbons, vector e(x, z) is parallel to them. In
the absence of a magnetic field in 1D DG, the reflected and
transmitted waves do not change their polarization.

Substrate parameters — layer with a thickness of 100 um
with reflection index n = 1.5, semi-infinite dielectric with
n=1.77. Width of the graphene ribbons [, = 40um.
Graphene parameters (except for Fig. 4) Er = 0.25eV,
T = 1ps.

To compare the diagrams of light scattering (DLS) with
a different number of N strips, the figures show the values
of ®/N.

Fig. 2 shows comparison of the two methods of calcu-
lation of reflected fields in the far zone 1d of DG, p —
polarization. Distance between the centers of ribbons —
dy =50um, incidence angle 30°, B =0.5T, frequency
f =1THz is selected close to the plasmon resonance
frequency of the infinite DG. ®, — DLS component in
the incidence plane, and ®, in orthogonal plane. @,
are normalized to the maximum of DLS of the main
polarization.

Fig. 2 shows that even for the 5-ribbon DG, the two
methods for calculating the directional patterns of the final
DG are close, and for the 11-ribbon DG, they practically
coincide. It should be noted that the order of SLAE
(system of linear algebraic equations) in the first method is,
N times greater than in the second. Therefore, the results of
calculations given in Fig. 6—8, were obtained by the second
method.

Fig. 3,4 illustrate the results for the infinite DG with a
period d = 50 um at two levels of Fermi energy. Figures
in the left — s-polarization of the incident wave, in the
right — p-polarization. Solid lines — components of the
electric field strength, the direction of which coincides with
the direction of the vector of the electric field strength
of the incident wave, dashed lines — cross-polarization.
The amplitude of the incident wave is assumed to be one.
Incident angle 55°. Digits in the curves — values of B, [T].
It can be seen that the angle of rotation of the polarization
plane of the reflected wave is greater for p polarization,
which has a plasmon resonance of the cross current. For s
polarization, the cross current also appears in the magnetic
field of DG, but the plasmon resonance is weakly expressed.
Parameter ¢ — shift phase between E, and E,. The
reflected wave is elliptically polarized. By changing the
value of Ef, B, circular polarization of the reflected wave
can be achieved. At B =0, o, = 0y, and, consequently,
the frequency of the plasmon resonance decreases with the
decline in Er (1). At B # 0 a parallel process occurs —
increase of the cyclotronic frequency wsg.

Technical Physics, 2026, Vol. 71, No. 5
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Figure 2. Two calculation methods compared. Number of ribbons N = 5 (black curves) and N = 11 (red curves. Lines without

symbols — first method, with symbols — second method.
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Figure 3. The amplitude of the wave reflected from the periodic DG. Er = 0.25¢eV.

Fig. 5—7 shows the results for diffraction of only p-
polarized wave. The angle of incidence 55° (except for
Fig. 8) is close to Brewster angle, equal 560. In all
figures of the reflected wave DLS, the figure on the left —
®, in the plane of incidence, on the right — ®, in the

Technical Physics, 2026, Vol. 71, No. 5

perpendicular plane. The spacing between the strips centers
was d, = 80 um.

Figure 5 illustrates rotation of the polarization plane of
a reflected wave when exposed to magnetic field. The
selected frequency is close to the plasmon resonance fre-
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Figure 4. The amplitude of the wave reflected from the periodic DG. Er = 0.2¢V. The curves are designated similar those in Fig. 3.
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Figure 5. Scattering diagram of DG in 101-th strip at various B, T: 0 — black, 0.5 — red, 1 — green curves. f = 1.1 THz.

quency f, = 1.12THz at B = 0.5T. A growth of magnetic
induction naturally decreases the field component in the
plane of incidence and increases it in the perpendicular
plane.

At magnetoplasmic resonance frequency, there’s maxi-
mum angle of rotation of the polarization plane (Fig. 6,7).
Interestingly, the frequency shift to the right from f),
reduces the cross-polarization. An increase in the number

Technical Physics, 2026, Vol. 71, No. 5
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Figure 6. The scattering diagram of the DG from the 41st strip at different frequencies. B = 0.5T. f, THz: 0.75 — black, 1.0 — red,
1.25 — green curves. d, = 80 um.
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Figure 7. The scattering diagram of the DG from the 101-st strip at different frequencies. B = 0.5T. f, THz: 0.75 — black, 1.0 — red,
1.25 — green curves. dy = 80 um.

of ribbons has little effect on the normalized value ®, and angle (ie., the maxima of @, and ®,) closer to the angle of
®,, but, naturally, narrows DLS and brings the reflection incidence.

22 Technical Physics, 2026, Vol. 71, No. 5
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Figure 8. The scattering diagram of the DG from the 101-st strip at different angles of incidence. f = 1.1THz. B = 0.5T. d. = 80 um.
Digits on curves — incident angles in degrees.
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Figure 9. Reflection of a rectangular EMR from the infinite DG with a period of d, = 50 um. Carrier frequency fo = 1.6 THz, T = 2ps.
B=05T

The angle of rotation of the polarization plane of the increases, then @, first decreases due to rotation of
reflected wave @,/®, greatly depends on the angle of  polarization plane, at the angle of incidence 45° ®, ~ 0,
incidence (Fig. 8). If ®, rises smoothly as the angle then @, starts to grow.
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Apart from the diffraction of a monochromatic wave, the
diffraction of electromagnetic pulses, the duration of which
is several periods of oscillation of the carrier, was also
studied. The problem’s solution was associated with the
frequency domain. Due to the strong dependence of the
reflection coefficient, there is naturally a strong distortion of
the pulse (Fig. 9).

Conclusions

1. The solution of the boundary value problem of plane
electromagnetic wave diffraction on a periodic diffraction
grating based on graphene ribbons in a magnetic field was
obtained by two methods:

— in the first method — PSE were solved where the
unknown function was current density in the graphene
ribbons;

— in the second method, an integro-differential equation
with respect to the electric field strength inside graphene
strips was solved.

2. For DG with a finite number of ribbons in the formulas
obtained, the Floquet series shall be replaced by Fourier
integrals.

3. When calculating the DG with a large number of
ribbons, a transition was made using the Poisson transform
from the spectral representation of the fields of a periodic
grating to the spatial representation of a quasi-periodic one.
The asymptotics in the far-field zone was obtained.

4. The method outlined in this paper can be ex-
tended to analyze and design other tunable terahertz non-
interchangeable devices, such as insulators, circulators,
phase shifters, and switches [20]. The findings may have
potential applications in the design of magnetic field sensors
and tunable devices based on the Kerr effect [21].
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