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Effective hyper-Raman scattering via inhibiting
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We propose and analyze an effective scheme to generate
hyper-Raman scattering via inhibiting electromagnetically
induced transparency (EIT) in a monolayer graphene under
a magnetic field. By solving the Schrödinger–Maxwell formalism, we derive explicitly analytical expressions for linear
susceptibility, nonlinear susceptibility, and generated
Raman electric field under the steady-state condition.
Based on dressed-state theory, our results show a competition between EIT and hyper-Raman scattering, and the hyper-Raman process is totally dominant when multiphoton
destructive interference is completely suppressed. © 2016
Optical Society of America
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Multiphoton processes; (190.5650) Raman effect.
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The study of nonlinear optics phenomena, including optical
solitons [1,2], multiwave mixing process [3,4], high-order
harmonic generation [5,6], and Raman scattering [7,8], has
shown tremendous interest due to their potential applications
in optical communications and quantum information processing [9–13]. Recent advances involving these nonlinear optical
processes have resulted in the generation of competition mechanisms [14–17], such as competition between electromagnetically induced transparency (EIT) and Raman processes [14,15],
and between multiphoton ionization processes and four-wave
mixing [16]. In particular, it is of interest to explore the competition between the EIT and hyper-Raman processes that may
be used for generation of short-wavelength coherent radiation,
conversion of frequency, and nonlinear spectroscopy.
To date, the monolayer graphene under an external magnetic field appears to be a good candidate for providing an
intriguing optical nonlinearity in the infrared (IR) region
[18–20]. As a purely two-dimensional material, graphene
has unique electronic and optical properties originating from
the linear, massless dispersion of electrons near the Dirac point
0146-9592/16/122891-04 Journal © 2016 Optical Society of America

and the chiral character of electron states [21–23]. The magneto-optical properties of graphene and thin graphite layers can
give rise to multiple absorption peaks and particular selection
rules between Landau levels (LLs) [18,19,24]. Motivated by
these properties, this graphene may be more valuable for
manipulating a nonlinear competitive process. In this Letter,
we present a theoretical investigation that enables us to study
the competition between EIT and hyper-Raman scattering
in monolayer graphene under an external magnetic field.
Different from using destructive interference induced by a continuous-wave (cw) control field [25], our scheme is dependent
upon multiphoton destructive interference involving the production and propagation of an internally generated Raman
field. In addition, we reveal that the different competition
situations depend on whether multiphoton destructive interference is quenched or well-developed, where hyper-Raman
scattering can be totally dominant by inhibiting EIT.
The 2D graphene crystal structure with complete energy
levels under an external magnetic field is shown in Fig. 1, where
the original linear dispersion relation of graphene is replaced by
the discrete LLs. Because of the special selection rules in present
graphene, optical transitions within these appointed energy
levels are dipole allowed via the relation Δjnj  1 (n is the
energy quantum number). According to this selection rule,
right-hand circularly (RHC) or left-hand circularly (LHC)
polarized photons could be absorbed under the condition of
Δjnj  −1 or Δjnj  1 [18], respectively.
The eigenenergies
pﬃﬃﬃﬃﬃﬃ
of discrete LLs are ϵn  sgnnℏωc jnj with carrier frequency
ωc [19,20]. In comparison with LLs of the conventional 2D
electron/hole system with a parabolic dispersion, LLs in graphene are unequally
pﬃﬃﬃ spaced, and their transition energies are
proportional to B [19,20,26]. In general, a linearly polarized
laser field can be decomposed into two circularly polarized
⃗
elements, i.e., E⃗ j   ⃗e − E −j  ⃗e  E 
j  exp−iωj t  i k j · ⃗r  
c:c: j  p; 2; 3; 4, and ⃗e − ( ⃗e  ) corresponds to the unit vector
of the LHC (RHC)-polarized
basis,
can be denoted as
pﬃﬃﬃ
pﬃﬃwhich
ﬃ
⃗e −  x̂ − iŷ∕ 2 ( ⃗e   x̂  iŷ∕ 2). In detail, the optical

field of RHC-polarized component E 
p (E 2 ) with carrier
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we can straightforwardly have the steady-state solutions of
Eqs. (1)–(4) and slowly varying parts of polarization for weak
probe and generated Raman fields:

Fig. 1. (a) LLs near the Dirac point superimposed on the linear electron dispersion without the magnetic field E  υF jpj. The magnetic
field condenses the original states in the Dirac cone into discrete energies. (b) Energy level diagram and optical transitions in graphene
interacting with a weak probe pulse (with carrier frequency ωp )
and three cw pump fields (with carrier frequency ω2;3;4 ). The states
j1i, j2i, j3i, j4i, and j5i correspond to the LLs with energy quantum
numbers n  −2; −1; 0; 1; 2, respectively. The monolayer graphene is
regarded as a perfect two-dimensional crystal structure in the x–y
plane.

frequency ωp (ω2 ) constructs optical transitions j1i↔j2i
(j2i↔j3i), while the LHC-polarized component E −3 (E −4 ) with
carrier frequency ω3 (ω4 ) constructs optical transitions
j3i↔j4i (j4i↔j5i).
We begin our analysis by writing the wave function, i.e.,
⃗
⃗
⃗
⃗
⃗
⃗
jψiA1 j1iA2 e ikp ·r⃗ j2iA3 e ikp k2 ·r⃗ j3iA4 e ikp k2 k3 ·r⃗ j4i
⃗
⃗
A5 e ikp kR ·r⃗ j5i, where Aj means the time-dependent probability amplitude in the corresponding subband jji. Under the rotating wave approximation and electric-dipole approximation, a
set of equations of motion for these probability amplitudes can
be written as
A_ 2  i−Δp  iγ 2 A2  iΩp A1  iΩ2 A3  iΩR A5 ;

(1)

A_ 3  i−Δ3  iγ 3 A3  iΩ2 A2  iΩ3 A4 ;

(2)

⃗
A_ 4  i−Δ4  iγ 4 A4  iΩ3 A3  iΩ4 A5 e −iδk· ⃗r ;

(3)

⃗
A_ 5  i−Δ5  iγ 5 A5  iΩR A2  iΩ4 A4 e iδk· ⃗r ;

(4)

where corresponding frequency detunings are defined as Δp 
ϵn−1 − ϵn−2 ∕ℏ − ωp , Δ3  ϵn0 − ϵn−2 ∕ℏ − ωp  ω2 ,
Δ4ϵn1−ϵn−2 ∕ℏ−ωp ω2ω3 , and Δ5ϵn2−ϵn−2 ∕
ℏ−ωpω2ω3ω4 . Corresponding Rabi frequencies for
the relevant laser-driven intersubband transitions are repre
sented as Ωp   ⃗μ21 · ⃗e  E 
p ∕ℏ, Ω2   ⃗μ32 · ⃗e  E 2 ∕ℏ,
−
−
Ω3   ⃗μ43 · ⃗e − E 3 ∕ℏ, Ω4   ⃗μ54 · ⃗e − E 4 ∕ℏ, and ΩR 
 ⃗μ52 · ⃗e − E −R ∕ℏ, in which ⃗μmn  hmj ⃗μjni  e · hmj ⃗rjni 
iℏe
ϵn −ϵm hmjυF ⃗σjni denotes the dipole moments for transition between states jmh↔jni. Moreover, δk⃗  k⃗ 2  k⃗ 3  k⃗ 4 − k⃗ R denotes a phase mismatching factor and γ i i  2; 3; 4; 5
corresponds to the decay rate of states jii.
In an appropriate frame, the initial population is assumed to
occupy in the ground state j1i (i.e., the LL n  −2), which can
be achieved by a doping hole [27,28]. When cw pump fields
satisfy the resonant condition (i.e., Δ3  Δ4  Δ5  Δp ),

P p  N μ21 A2 A1 ∕ϵ0  χ p E p ;

(5)

NL
P R  N μ52 A5 A2 ∕ϵ0  P NL
R  P SRC E R :

(6)

Here the symbol ‘N ’ is defined as the 2D electron density of
graphene and is also expressed as N  ns nν N ϕ  2∕πl 2c 
with the magnetic length l c , in which the ns  −2 and nν 
−2 are spin and valley degeneracy [29]. The polarization of
generated Raman field and stimulated Raman scattering
NL 2
NL
NL 2
(SRC) are P NL
R  χ R E p E 2 E 3 E 4 and P SRC  χ SRC E p , in
2
2
2
which χ p  N μ21 Γ5 Ω3  Γ3 Ω4 − Γ3 Γ4 Γ5 ∕ϵ0 ℏS, χ NL
R 
2
2
2
5
2
N μ52 μ21 μ32 μ43 μ54 Γ5 Ω3  Γ3 Ω4 − Γ3 Γ4 Γ5 ∕ϵ0 ℏ S  and
2 2
2
2
2
3 2
χ NL
SRCN μ52 μ21 Γ3 Γ4−Ω3 Γ5 Ω3Γ3 Ω4Γ3 Γ4 Γ5 ∕ϵ0 ℏ S 
with Γ2  −Δp  iγ 2 , Γj  −Δj  iγ j j  3; 4; 5 and S 
Γ3 Γ4 −Ω23 Γ2 Γ5 −Ω2R Γ4 Γ5 −Ω24 Γ2 Γ3 −Ω22 −Γ2 Γ3 Γ4 Γ5 −
2ReΩ2 Ω3 Ω4 ΩR . Besides, the nonlinear susceptibility χ NL
R
(the so-called Raman gain factor) directly contributes to the
Raman field generation, whereas the χ NL
SRC is used to represent
nonlinear susceptibility of SRC. For a 2D graphene, it makes
sense to introduce the surface polarization P R determined as an
average dipole moment per unit area instead of unit volume. In
principle, the generated Raman field E R is governed by
Maxwell’s equation:
∂z E R  iωR P R ∕2c:

(7)

Because the polarization P R is linear with the Raman field E R ,
a general solution for Eq. (7) can be written as E R 
NL
E 0 e iωR P RSC z∕2c − e −iδk·z . In the limit of boundary condition
E R jz0  0 and phase matching condition δk  0, the
generated Raman field can be obtained as
NL

P NL e iωR N 3D P RSC z∕2N c − 1
ER  R
;
P NL
SRC

(8)

where N 3D  2∕Δzπl 2c   N ∕Δz is the 3D density of electrons in graphene with the thickness Δz. When Δz ∼ z, the
above equation is effective for the 2D graphene system. In order
to give a visualization for the intensity of the generated Raman
field, we define the conversion efficiency of the generated
Raman field as ρ  ΩR ∕Ωp 2 .
Graphene, which is well-known for its linear and nonlinear
effects, including optical saturable absorption and nonlinear refractive index [30,31], has been explored extensively in recent
literature [19,20,29]. Specially for the magnetic field up to 3T,
transition frequency ωc dependent on magnetic field intensity
is on the order of ωc ≃ 1014 s−1 . In this scenario, ω52 ≃ 2.41 ×
1014 s−1 is located within the IR region. According to the
numerical estimate in Refs. [19,26], decay rates can be estimated to be γ 2  γ 3  γ 4  γ 5  3 × 1013 s−1 . Based on
the realistic graphene parameters used in experiments
[19,20], one general numerical estimation for the dipole moment between optical transition
pﬃﬃﬃ j5i↔j2i (j1i↔j2i) is j ⃗μ52 j ∼
ℏeυpF ﬃﬃﬃ
∕ϵn2 − ϵn−1  ∝ 1∕ B (jμ⃗ 21 j∼ℏeυF ∕ϵn−1 −ϵn−2 ∝
1∕ B ). The electron concentration can be estimated to be
N ≃ 5 × 1012 cm−2 and the substrate dielectric constant turns
out to be ϵr ≃ 4.5 [32].
Within the above practical parameter set, we first plot the
linear susceptibility of probe field versus probe detuning for
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Fig. 2. Susceptibility of probe field versus probe detuning for different cw amplitude Ω4 ; (a) Ω4  0.5γ 2 ; (b) Ω4  5γ 2 . Other
parameters are Ω2  Ω3  5γ 2 , Δ3  Δ4  Δ5  Δp , γ 2  γ 3  γ 4 
γ 5  3 × 1013 s−1 , and Ωp  0.01γ 2 .

different cw amplitude Ω4 , as shown in Fig. 2. When the cw
pump field amplitude Ω4 is weak [see Fig. 2(a)], one can find
that this hyper-Raman process experiences a superluminal characteristic (i.e., anomalous dispersion) with a high absorption
peak around the resonant probe frequency. If Ω4 becomes a
strong coherent control field [see Fig. 2(b)], an obvious transparency window with a subluminal characteristic (i.e., normal
dispersion) is observed. The above interesting results come
from the multiphoton quantum destructive interference caused
by multiple excitation pathways between excited subbands and
the ground state. This interference modifies the neighboring
transitions and thus affects the absorption–dispersion property
of the medium [2,3]. When the cw pump fields reach threshold
value, a feedback excitation pathway j1i → j2i mediated by j5i
is π out of phase with respect to a competing excitation pathway j1i → j2i [25]. Such a process simultaneously leads to the
suppression for probe absorption.
Furthermore, these optical responses of linear susceptibility
in a hyper-Raman process can be explained by dressed- states
theory. To achieve a better Raman resonance, the cw pump
fields are tuned exactly to the resonance frequencies and satisfy
weak probe approximation Ω2;3;4 ≫ Ωp . First of all, for the case
of Fig. 2(a) with Ω2;3 > Ω4 , one can safely neglect Ω4 and the
five-state system is decoupled to a four-level ladder-type configuration. Taking j2i, j3i, and j4i as three excited states, when
they are coupled by two resonant cw pump fields E 2;3 to the
ground state j1i, these states split into three equivalent dress
states [see Fig. 3(a)] as follows:
Ω2
Ω3
ﬃ j4i − pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ j2i;
j0i  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
Ω2  Ω3
Ω22  Ω23


1
Ω3
Ω2
ﬃ j4i  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ j2i ; (9)
ji  pﬃﬃﬃ j3i  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
Ω22  Ω23
Ω22  Ω23
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where three energy eigenvalues are λ   Ω22  Ω23 and
λ0  0. When the eigenfrequency ω0  ϵn0 − ϵn−2 ∕ℏ
couples to the ground state j1i, a new dipole-allowed transition
j1i → j0i induced by the cw pump fields creates the third
absorption peak. For the second case of Fig. 2(b), as all of
the cw pump fields are of sufficient intensity, its dress states
can be immediately obtained as
λ2 − Ω24 λi
Ω Ω λ
Ω λ2
jλi i   3 4 i j5i  3 i j4i  i
j3i
D
D
D
Ω λ2 − Ω24 
 2 i
j2i
i  1; 2; 3; 4;
D

Fig. 3. Schematic of the dressed states. (a) Dressed states produced
by states j2i, j3i, and j4i coupled with state j1i when the amplitude
Ω4 of the cw pump field is weak. (b) Dressed states produced by states
j2i, j3i, j4i, and j5i coupled with state j1i in the presence of a strong
amplitude Ω4 of a cw pump field.

with the term D  Ω23 λ2i Ω24  λ2i   Ω22  λ2i Ω24 − λ2i 2
and the qfour
energy eigenvalues of dressed states
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2
λi   pﬃﬃ Ω2  Ω23  Ω24  Ω22  Ω23  Ω24 2 − 4Ω22 Ω24 .
2

Due to the superposition of multiple excitation pathways between a given set of optically coupled states, three transparency
windows [see Fig. 3(b)] are expected to be established as a result
of multiphoton destructive interference. This kind of linear
optical response can be seen as an EIT-related phenomenon.
Now we pay our attention to the polarization that associates
with the generation of the Raman field. Therefore, we plot the
polarization of the generated Raman field versus probe detuning, as shown in Fig. 4. For a quantitative comparison between
Figs. 4(a) and Fig. 4(b), a steep real part of polarization and a
larger negative imaginary polarization imply that polarization of
the generated Raman field is well-developed in the non-EIT
window [see Fig. 4(a)]. However, the polarization is suppressed
with the existence of EIT, as shown in Fig. 4(b). Physically, this
polarization, resulting from the interaction between all optical
fields and graphene, contributes to the hyper-Raman process.
When a strong EIT changes the overall system response, the
probe pulse no longer participates in the interaction of the system, and then the nonlinear Raman process is cut off. As a
matter of fact, this is a consequence of the competition between
the EIT effect and the hyper-Raman scattering process.
To give a better insight on the above mentioned competition behavior between two nonlinearity processes, in Fig. 5, we
plot the efficiency of the generated Raman field as a function of
three amplitudes of cw pump fields. According to the analysis
of dressed states, when the amplitude of cw pump field Ω4 is
within low-light intensity (i.e., Ω4 < 1.5γ 2 ≃ 29 meV), one
can find that a high efficiency of the generated Raman field
coincides with a high probe absorption peak at resonant
−5

4

−5

x 10

8

(a)
2
0
−2
Im[PNL]
R
NL
Re[PR ]

−4
−6
−10

−5

0

Δ /γ
p

(10)

2

5

10

PNL
(arb.units)
R

−0.02
−10

Re[χp]

NL

p

Re[χp]

PR (arb.units)

Im[χ ]

−0.01

x 10

NL

(b)

Im[PR ]
Re[PNL
]
R

4
0
−4
−8
−10

−5

0

Δ /γ
p

5

10

2

Fig. 4. Polarization of generated Raman field versus probe detuning. (a) Ω4  0.5γ 2 ; (b) Ω4  5γ 2 . Other parameters are the same as
in Fig. 2.
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cw pump field plays a significant role in this competition
between the EIT and the hyper-Raman process, in which an
effective hyper-Raman scattering can be achieved via inhibiting
EIT at a low-light intensity.
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Fig. 5. Contour maps of the efficiency of generated Raman field as
a function of the amplitudes of cw pump fields Ω2 , Ω3 , and Ω4 . Other
parameters are the same as in Fig. 2.
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