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In this work, we theoretically investigate the propagation of terahertz (THz) waves through a

graphene-loaded metal grating under external magnetic field. It is found that resonant modes in the

system can be converted between transverse-electric and transverse-magnetic polarizations due to

Hall conductivity of graphene. As a consequence, asymmetric transmission of THz waves through

this graphene-loaded metal grating is achieved. Furthermore, by adjusting either the external

magnetic field or the Fermi level of graphene, such asymmetric wave propagation can be

significantly tuned. The investigations may provide a unique way to achieve the graphene-loaded

optodevices for THz waves. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891818]

In recent years, there has been considerable interest in

asymmetric wave propagation.1–20 Several approaches have

been proposed. One typical way is to break time-reversal

symmetry in the system,1–8 as is achieved in Faraday isola-

tors.21 It is known that time-reversal operation on the electro-

magnetic fields can be carried out by conjugation of complex

amplitudes and the inversion of wave vectors. Thus, in a

gyrotropic medium,22 the Jones matrix of electromagnetic

waves in one direction is not transposed to that of the reverse

direction, which directly leads to asymmetric transmission,

or more specifically, to non-reciprocity in the wave propaga-

tion. Another approach for achieving asymmetric wave prop-

agation is to break the inversion symmetry in the system.9–13

For example, if a system has different periods of slits on two

sides, the diffracted beams will emanate from one surface

only, thus one-way resonant diffraction grating is pro-

duced.9,10 In addition, nonlinearity has also been introduced

into the system in order to generate asymmetry in the wave

propagation.14–18

Asymmetric wave propagation has many potential appli-

cations in developing photonic materials and opto-devices,

such as optical isolators and optical diodes, particularly for

optical integrated circuits. Most works in this area are

explored at visible, infrared, and microwave regimes.

However, little attention has been paid to asymmetric trans-

mission of terahertz (THz) waves. The THz waves, which

cover the frequencies from 1011 to 1013 Hz, can bridge the

gap between the infrared and the microwaves in the electro-

magnetic spectrum. The THz technology23–25 has been

applied in information and communications, imaging and

sensing, biology and medical sciences, homeland security,

and so on. In order to contribute to these applications, one of

the key points is to manipulate the transmission of THz

waves efficiently and actively, yet many challenges still need

to be overcome. For example, few THz devices could realize

one-way transmission up to now, which is particularly

desired for THz wave isolators. In this work, we propose an

approach to achieve asymmetric transmission of THz waves

based on a graphene-loaded structure. It is known that gra-

phene is becoming a promising platform for photonics and

plasmonics.26–28 By applying an external magnetic field,

graphene has presented Hall conductivity and Faraday rota-

tion.29–33 Here, we try to realize one-way transmission for

polarized THz waves by relying on Faraday effect in gra-

phene. We will demonstrate that in a graphene-loaded

metal grating, the transverse-electric (TE) modes are con-

verted to the transverse-magnetic (TM) modes in the forward

transmission; but fail in the backward propagation. Thus,

asymmetric transmission of THz waves through this

graphene-loaded metal grating is achieved. Furthermore, by

adjusting either the external magnetic field or the Fermi level

of the graphene, asymmetric wave propagation can be signif-

icantly tuned in the system. The theoretical investigations

may provide a unique approach to actively control the propa-

gation of THz waves and have potential applications on the

graphene-loaded optodevices at THz regime.

As schematically illustrated in Fig. 1, we intentionally

arrange a single-layer graphene on one side of a perfect elec-

tric conductor (PEC) grating, and apply an external magnetic

field perpendicular to the graphene. In Fig. 1, the grey area

indicates the PEC grating with the stripes along the x axis,

and a graphene sheet is located on the left side of the PEC

grating (parallel to xy plane). A magnetic field B (indicated

by a grey arrow) is applied along the z axis. For simplicity,

we assume that all the dielectrics in the system are vacuum.

The period, thickness, and width of the grating slits are

denoted as p, h, and d, respectively. The spacing between

graphene and grating is denoted as D. For simplicity, we

define the wave propagation toward the þz axis as the for-

ward transmission; while the wave propagation toward the

�z axis is defined as the backward transmission.

TE-polarized and TM-polarized waves will propagate

asymmetrically through the system we have designed.

Physically, if TE-polarized THz waves are incident from

region I (the left side) of the system (as shown in Fig. 1(a)),
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due to the Faraday rotation of graphene, the TE modes will

be partially converted into TM modes, thereafter, the TM

modes will go through the PEC grating and finally contribute

to the forward transmission. However, if TE-polarized THz

waves are incident from region III (the right side) of the sys-

tem, the PEC grating will stop their propagation and then

reflect them back, thus no backward transmission will be

observed (as shown in Fig. 1(b)). In this way, asymmetric

transmission for the TE-polarized waves can be realized. As

for TM-polarized THz waves, the physical process is as fol-

lows. When TM-polarized waves are incident from region I,

graphene will convert some of the TM modes into TE

modes, but those TE modes cannot go through the PEC gra-

ting. As a result, along the forward direction (i.e., þz axis),

TM modes can be detected but no TE modes will be

observed. On the other hand, if TM-polarized waves are inci-

dent from region III, the TM modes will go through the PEC

grating, and then some of the TM modes will be converted

into TE modes. Thereafter, along the backward direction

(i.e., �z axis), both TM modes and TE modes will be

observed. Therefore, asymmetric transmission for the TM-

polarized waves can also be realized.

The above wave propagation can be analyzed based on

the S-matrix method.1,2 The S matrix of the whole system

can be derived by using iteration process based on the wave

propagation through both graphene and grating. First, we

consider the THz waves going through graphene. In the THz

region, graphene can be treated as an infinitesimally thin

conductive layer that has a two-dimensional conductivity

tensor29–33

r$ ¼ rxx rxy

ryx ryy

� �
¼ rl rh

�rh rl

� �
; (1)

if a static magnetic field is applied perpendicularly to the gra-

phene plane. Here, rl and rh are the longitudinal conductivity

and the Hall conductivity of the graphene, respectively. Due to

the symmetry, the two diagonal terms are identical while the

two off-diagonal terms have opposite signs. In the presence of

Hall conductivity, the Faraday effect may arise, which will mix

the x and y polarizations and cause polarization conversion. In

order to calculate the transmission of THz waves through gra-

phene, the traditional S matrix must be extended into a vector

form. We derive the S matrix of graphene by imposing two

boundary conditions: one, that the tangential components of

the electric field are continuous across the graphene; and two,

that the discontinuity of the magnetic field at two sides of the

graphene equals the surface current. Thus, we have

~E
Ið Þ

F þ~E
Ið Þ

B ¼ ~E
IIð Þ

F þ~E
IIð Þ

B ;

~H
Ið Þ

F þ ~H
Ið Þ

B � ~H
IIð Þ

F � ~H
IIð Þ

B ¼
1

2
Tr
$ð~E Ið Þ

B þ~E
Ið Þ

F þ~E
IIð Þ

B þ~E
IIð Þ

F Þ;

8><
>:

(2)

where ~E
ðiÞ
F /~H

ðiÞ
F and ~E

ðiÞ
B /~H

ðiÞ
B are the electric/magnetic fields

propagating forward and backward in the region i (i¼ I or

II), respectively. Here, the subscripts “F” and “B” are for for-

ward and backward propagating waves, respectively. The

matrix T is defined as

T ¼ 0 �1

1 0

� �
: (3)

The magnetic fields in forward and backward directions in

region i (i¼ I or II) can be derived by

H
ðiÞ
x;F

H
ðiÞ
y;F

0
@

1
A¼T

ðiÞ
he;F

E
ðiÞ
x;F

E
ðiÞ
y;F

0
@

1
A; H

ðiÞ
x;B

H
ðiÞ
y;B

0
@

1
A¼T

ðiÞ
he;B

E
ðiÞ
x;B

E
ðiÞ
y;B

0
@

1
A; (4)

respectively. Here, T
ðiÞ
he;F and T

ðiÞ
he;B are the matrices that trans-

form the forward and backward propagating electric fields into

the corresponding magnetic fields, respectively. By solving

Eqs. (2) and (4), the S matrix of graphene can be derived as

~E
ðIÞ
B

~E
ðIIÞ
F

0
@

1
A ¼ S11 S12

S21 S22

� �
~E
ðIÞ
F

~E
ðIIÞ
B

0
@

1
A; (5)

where the four elements of the S matrix are S11 ¼ ðTðIÞhe;B

�T
ðIIÞ
he;F � Tr

$Þ�1ðTðIIÞhe;F � T
ðIÞ
he;F þ Tr

$Þ, S12 ¼ ðTðIÞhe;B � T
ðIIÞ
he;F

�Tr
$Þ�1ðTðIIÞhe;B � T

ðIIÞ
he;FÞ, S21 ¼ ðTðIÞhe;B � T

ðIIÞ
he;F � Tr

$Þ�1ðTðIÞhe;B

�T
ðIÞ
he;FÞ, and S22 ¼ ðTðIÞhe;B � T

ðIIÞ
he;F � Tr

$Þ�1ðTðIIÞhe;B � T
ðIÞ
he;B

þTr
$Þ, respectively.

Now we consider a PEC grating and derive the S matrix

for the grating. In the case where both the grating period and

the slit width are much smaller than the wavelength, only the

TM-polarized waves can be partially transmitted through the

FIG. 1. Schematics of asymmetric propagation of the TE-polarized waves

through the system with graphene loaded on a PEC grating if the external

magnetic field (B) is applied. (a) Forward propagation of the wave at normal

incidence from region I; (b) Backward propagation of the wave at normal

incidence from region III. For simplicity, all the dielectrics in the system

(including region II) are assumed to be vacuum.
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grating while the TE-polarized waves are completely

reflected. For simplicity, we only consider the zero-order dif-

fraction. In the graphene-loaded grating system (shown in

Fig. 1), mainly due to the fact that under normal incidence

these two types of polarizations are not coupled in the gra-

ting, we can calculate the S matrices for x components and y
components of the electric fields independently and then we

recombine them into a vector form. In the grating, the x com-

ponents of electric fields follow:

E
ðIIÞ
x0;F þ E

ðIIÞ
x0;B ¼ 0;

E
ðIIIÞ
x0;Feik

ðIIIÞ
zn h þ E

ðIIIÞ
x0;Be�ik

ðIIIÞ
zn h ¼ 0;

8<
: (6)

where E
ðiÞ
x0;F and E

ðiÞ
x0;B denote the x components of the electric

fields during forward and backward propagation of the zero-

order diffracted waves in the i (i¼ II or III) region at the two

sides of the grating, respectively. By solving for E
ðIIÞ
x0;F and

E
ðIIIÞ
x0;B in Eq. (6), one can determine the S matrix for the x com-

ponents of the electric field. As for the y components, we must

consider the TM modes in the grating slits.34–38 By solving

these equations, one can derive the S matrix for the grating as

E
ðIIÞ
x0;B

E
ðIIÞ
y0;B

E
ðIIIÞ
x0;F

E
ðIIIÞ
y0;F

0
BBBBBB@

1
CCCCCCA
¼

STE
11 0 STE

12 0

0 STM
11 0 STM

12

STE
21 0 STE

22 0

0 STM
21 0 STM

22

0
BBBB@

1
CCCCA

E
ðIIÞ
x0;F

E
ðIIÞ
y0;F

E
ðIIIÞ
x0;B

E
ðIIIÞ
y0;B

0
BBBBBB@

1
CCCCCCA
: (7)

More explicitly, we have

STE ¼
STE

11 STE
12

STE
21 STE

22

 !
¼
�1 0

0 �1

 !
(8)

and

STM ¼
STM

11 STM
12

STM
21 STM

22

 !
¼

r0 t0

t0 r0

 !
; (9)

where r0 and t0 are the reflection and transmission coeffi-

cients for the zero-order diffracted TM-polarized waves,

respectively.

Based on the S-matrix approach described above, we

carry out the numerical calculations for THz transmission in

the graphene-loaded grating system. In the following calcu-

lations, all of the values for the conductivity tensors in

graphene are obtained by using the formulas in Ref. 29. The

temperature is set at Ttemp¼ 300 K and the damping constant

is set at U¼ 6.8 meV. Spatial dispersion is neglected because

we focus on the low THz region.32 In order to thoroughly

explore the asymmetric features of the transmission, we have

defined four transmission components: Txx, Txy, Tyx, and Tyy.

Here, Tij (i¼ x,y and j¼ x,y) indicates the ratio of the trans-

mitted intensity of the j-polarized wave to the incident inten-

sity of the i-polarized wave, i.e., Tij ¼ jEjj2=jEij2.

As shown in Figs. 2(a) and 2(b), if the TE-polarized

(i.e., x-polarized) THz waves are incident on region I, gra-

phene converts some of these TE modes into TM (i.e.,

y-polarized) modes. Thereafter, the remaining TE modes are

stopped by the PEC grating, which leads to all Txx being zero

(see Fig. 2(a)); but the TM modes can go through the PEC

grating, which contributes to nonzero forward transmission,

e.g., Txy� 0.08 at 1.5 THz (see Fig. 2(b)). However, if the

TE-polarized THz waves are incident on region III, the PEC

grating stops their propagation and reflects them back, thus

no backward transmission can be observed (as shown in

Figs. 2(a) and 2(b)). Therefore, as demonstrated by Txy in

Fig. 2(b), asymmetric transmission for the TE-polarized THz

waves is achieved in the graphene-loaded grating system. On

the other hand, if the TM-polarized (i.e., y-polarized) waves

are incident on region I, some of them are converted into the

TE modes by the graphene, but those TE modes fail to go

through the PEC grating. As a result, along the forward

direction, no TE modes are observed, which leads to all Tyx

being zero (see Fig. 2(c)), but the remaining TM modes are

detected (see Fig. 2(d)). While if TM-polarized waves are

incident from the region III, the TM modes go through the

PEC grating, and then some of the TM modes are converted

into TE modes. Thereafter, along the backward direction,

both TM and TE modes are observed. Thus, as demonstrated

by Tyx in Fig. 2(c), asymmetric transmission for the TM-

polarized THz waves is also achieved in this system.

In order to provide more evidence of asymmetric propa-

gation in the system, we have calculated the THz transmis-

sion and reflection spectra for x/y-polarized incident waves

(as shown in Fig. 3). It is shown that asymmetric transmis-

sion indeed happens for the x-polarized THz waves (see

Fig. 3(a)), but such asymmetric effect becomes extremely

weak for the y-polarized waves (see Fig. 3(b)). However,

asymmetric reflection occurs for both x-polarized and

y-polarized THz waves (see Figs. 3(c) and 3(d)). If we

denote that Tf and Tb are the transmission intensities for for-

ward and backward propagation, respectively, the contrast

between the forward and backward transmissions can be

defined as C ¼ ðTf � TbÞ=ðTf þ TbÞ � 100%. Obviously, for

the x-polarized incident waves, only forward propagation is

permitted, therefore the contrast between forward and back-

ward transmission can reach 100%. But for the y-polarized

incident waves, the contrast is much lower, about 6.7% at

1.53 THz, mainly because high transmission is achieved for

both the forward and backward directions. It should be noted

that the forward transmission shown in Figs. 2(b) and 3(a) is

very limited due to monolayer graphene. Although Graphene

has giant Hall conductivity, Faraday rotation is limited in

monolayer graphene because the rotation angle is propor-

tional to the distance travelled by the light. For example, for

a graphene sheet on SiC, the rotation angle is about 0.1 rad

under an applied magnetic field B¼ 7 T and a temperature

T¼ 5 K.30,31 To enlarge the Faraday rotation, one may use

N-layer graphene sheets instead of monolayer graphene,

which can enhance the conductivity to be N multiples. In this

way, the polarization conversion can be significantly

improved. There are other ways to enhance the Faraday rota-

tion such as increasing the Fermi level and fabricating gra-

phene metasurfaces with different shapes.32 Further studies

are still carried on to obtain stronger forward transmission

by increasing the Faraday rotation in the system.

One advantage of graphene over other materials is that it

can be easily tuned either by the external magnetic field or

041114-3 Zhou et al. Appl. Phys. Lett. 105, 041114 (2014)
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by the Fermi level, thus remarkably changes its response to

the electromagnetic waves. This feature enables us to design

tunable graphene-loaded THz devices. As we know, gra-

phene possesses both longitudinal conductivity and Hall con-

ductivity under magnetic field. By tuning the conductivity

tensor of graphene, the polarization conversion of the THz

wave can be changed, thus asymmetric transmission can be

actively tuned in our system. Figure 4 shows the transmis-

sion component Txy at the first three peaks in the forward

propagation for different magnetic fields and Fermi levels.

Under specific magnetic field, increasing the Fermi level will

enhance the asymmetric transmission of the THz waves (as

shown in Fig. 4(a)). This enhancement can be attributed to

the increasing of electron density and the conductivity of

graphene which leads to stronger electromagnetic responses.

Actually such external tuning effect can be performed over

GHz frequencies. On the other hand, varying the magnetic

field will also tune the resonant transmissions, see Fig. 4(b).

The peaks and nodes in the Txy spectra actually originate

from the Fabry-Perot (FP) resonances in the structure. There

mainly exist two FP resonances: one is within the grating

and the other is between the graphene and the grating. Thus,

the resonant peaks and nodes can be easily tuned by adjust-

ing the geometry parameters. Here, we change the spacing

between graphene and grating, denoted as D, and the thick-

ness of grating, denoted as h. As shown in Fig. 5, the reso-

nant peaks and nodes are significantly modified in the

transmission spectra by increasing the grating thickness h
and the spacing D. These FP resonances can be employed to

maximize the asymmetric transmission at specific frequen-

cies. Particularly, the position of the asymmetric transmis-

sion peaks can be tuned by the grating thickness h, and the

intensity of the asymmetric transmission peaks can be maxi-

mized by tuning the spacing D. In this way, asymmetric

propagation of THz wave can be significantly tuned in our

graphene-loaded PEC grating.

FIG. 2. The transmission components

as a function of frequencies in the

graphene-loaded PEC grating system:

(a) Txx, (b) Txy, (c) Tyx, and (d) Tyy. Red

curves show the forward propagation

(along the þz direction) and blue

curves show the backward propagation

(along the �z direction). Here, the gra-

ting in the system has the period

p¼ 50 lm, the thickness h¼ 100 lm,

and the slit width d¼ 10 lm. The spac-

ing between graphene and grating is

D¼ 80 lm. The applied magnetic field

is B¼ 5 T and the Fermi level of the

graphene is l¼ 0.3 eV.

FIG. 3. Transmission spectra for differ-

ent polarizations in the graphene-loaded

PEC grating system: (a) x-polarized

(i.e., TE waves); and (b) y-polarized

(i.e., TM waves). And reflection spectra

for different polarizations in the same

system: (c) x-polarized; and (d) y-polar-

ized. Red curves show the forward

propagation and blue curves show the

backward propagation. The geometric

parameters in the system are the same

as those in Fig. 2.
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In summary, we have theoretically demonstrated asym-

metric propagation of THz waves through a graphene-loaded

metal grating under external magnetic fields. By relying on

the Faraday effect of graphene, the resonant modes in the

system can be converted between TE and TM polarizations;

as a result, asymmetric transmission and reflection of THz

waves are achieved. Furthermore, by adjusting either the

external magnetic field or the Fermi level of graphene, asym-

metric wave propagation can be significantly tuned. These

investigations offer a unique approach to manipulate the

propagation of THz waves, which has potentially applica-

tions in the design of the graphene-loaded tunable devices

such as THz isolators and diodes.
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FIG. 5. (a) Transmission component Txy as a function of frequencies in the graphene-loaded PEC grating systems with different grating thicknesses (h). Here,

p¼ 50 lm, d¼ 10 lm, and D¼ 80 lm. (b) Transmission component Txy as a function of frequencies in the systems with different spacing (D) between gra-

phene and grating in the systems. Here, p¼ 50 lm, h¼ 100 lm, and d¼ 10 lm. Please note that all cases are in forward propagation under the magnetic field

B¼ 6 T and the Fermi level of the graphene l¼ 0.3 eV.

FIG. 4. (a)The transmission compo-

nent Txy at the lowest three resonant

peaks as a function of the Fermi levels

of graphene (l) under different mag-

netic fields (B). (b) The transmission

component Txy at the lowest three reso-

nance peaks as a function of the mag-

netic fields (B) under different Fermi

levels of graphene (l). The geometric

parameters in the system are the same

as those in Fig. 2. Please note that all

cases are in forward propagation.
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