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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 Schrédinger—-Maxwell for-
malism, 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 competi-
tion between EIT and hyper-Raman scattering, and the hy-
per-Raman process is totally dominant when multiphoton
destructive interference is completely suppressed. ©2016
Optical Society of America
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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 process-
ing [9-13]. Recent advances involving these nonlinear optical
processes have resulted in the generation of competition mech-
anisms [14—17], such as competition between electromagneti-
cally 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 com-
petition 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 mag-
netic 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
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and the chiral character of electron states [21-23]. The mag-
neto-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 con-
tinuous-wave (cw) control field [25], our scheme is dependent
upon multiphoton destructive interference involving the pro-
duction and propagation of an internally generated Raman
field. In addition, we reveal that the different competition
situations depend on whether multiphoton destructive interfer-
ence 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 A|n| = £1 (7 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
Aln| = -1 or A|n| = 41 [18], respectively. The eigenenergies
of discrete LLs are €,, = sgn(n) fla)c\/riﬂ with carrier frequency
@, [19,20]. In comparison with LLs of the conventional 2D
electron/hole system with a parabolic dispersion, LLs in gra-
phene are unequally spaced, and their transition energies are
proportional to \/Ey [19,20,26]. In general, a linearly polarized
laser field can be decomposed into two circularly polarized

elements, i.e., EJ = (¢.E; + E'JrEjr) exp(-iw;t + z'/;j )+
ce. (j=p23,4),and ¢ (¢,) corresponds to the unit vector
of the LHC (RHC)-polarized basis, which can be denoted as
¢ =[x-Hl/vV2 (@, =[%+#H]/2). In detail, the optical
field of RHC-polarized component EP+ (EY) with carrier
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Fig. 1. (a) LLs near the Dirac point superimposed on the linear elec-
tron dispersion without the magnetic field £ = fovg|p|. The magnetic
field condenses the original states in the Dirac cone into discrete en-
ergies. (b) Energy level diagram and optical transitions in graphene
interacting with a weak probe pulse (with carrier frequency @,)
and three cw pump fields (with carrier frequency w, 3 4). The states
[1),12), |3), |4), and |5) correspond to the LLs with energy quantum
numbers 7 = -2, -1, 0, 1, 2, respectively. The monolayer graphene is
regarded as a perfect two-dimensional crystal structure in the x—y
plane.

frequency @, (@,) constructs optical transitions |[1)«[2)
(12)«13)), whlle the LHC-polarized component E3 (£) with
carrier frequency @3 (w4) constructs optical transitions
13)=[4) (14)<[5).

We begin our analysis by writing the wave function, i.c.,
ly) =4, |1)+Azf’kf 720+ Ay BRI T|3) 4 Bk h T 4)
Ase’(k k)7 715), where Aj means the time-dependent probabil-
ity amplitude in the corresponding subband |j). Under the ro-

tating wave approximation and electric-dipole approximation, a
set of equations of motion for these probability amplitudes can
be written as

Ay = i(-A, + iy2)As + iQ,A, + i A5 + iQAs, (1)

1213 = i(—A3 + l)/3)A3 + inAz + ZQ;A4, (2)
A4 = i(—A4 + l}/4)/14 + i93A3 + Z'QZAsfiiéI;;, (3)
As = i(—Ai —+ Z}’s)AS + iQRAz + Z‘Q4A4€i5}(:;7, (4)

where corresponding frequency detunings are defined as A, =
(€pm1 = €p=2) /A~y By = (6,20 - €,=2) /1~ (0, + @),
A4:(€n:1_En:—Z)/h_(wp+a)2+w3)’ and Aiz(en:2_€n:—2)/
h-(w,+w,+w3+w,). Corresponding Rabi frequencies for
the relevant laser-driven intersubband transitions are repre-
sented as Q= (i - € )ES [h, Q) = (i3 - ¢ )ES /h,

(ﬂ43 e )E3/h Q; = (ﬂ54 ¢)E;/h, and Qi =
(/452 ¢ )Ex/h, in which [, = (mliln) = e (m|rn) =
zhe

(Wl|UFO'| ) denotes the dipole moments for transition be-

tween states |m2(<>|n). Moreover, 6k = ky + ks + k4 - kp de-
notes a phase mismatching factor and y;(i = 2,3,4,5)
corresponds to the decay rate of states |7).

In an appropriate frame, the initial population is assumed to
occupy in the ground state |1) (i.e., the LL # = -2), which can
be achieved by a doping hole [27,28]. When cw pump fields

satisfy the resonant condition (e, A; = Ay =As=A4A)),
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we can straightforwardly have the steady-state solutions of
Egs. (1)—(4) and slowly varying parts of polarization for weak
probe and generated Raman fields:

Pp = Nuy A A7 [eg = )(pEp’ ()

PR = Nﬂ52A5A§/€0 = PRNL + PIS\II{“CER (6)

Here the symbol ‘N’ is defined as the 2D electron density of
graphene and is also expressed as N = nn,N, = 2/(nl?)
with the magnetic length /,, in which the n, = -2 and n, =
-2 are spin and valley degeneracy [29]. The polarization of
generated Raman field and stimulated Raman scattering
(SRC) are PRt = )(NLEZEZE3E4 and PN = )(IS\IRLCE;, in
which y, = NuZI(Fsﬁz + Q2 -T3TiT) /(e0hS), xR¥F =
Npsapi phasptss(T5Q5 + T5Q7 - T3TTS) /(€,7°S?)  and
AN =Npdo 3 (D314-Q3) (T QAT EQ2ATETETE) /(6013 S?)
with Ty = -A, + iy, T; = -A; + ir;(j = 3,4,5) and S=
(T304-Q3) (1,15 - Q3) + (D45 - Q) (1,175 -Q3) T34l s -
2Re(©,9;9Q,Q%). Besides, the nonlinear susceptibility yR*
(the so-called Raman gain factor) directly contributes to the
Raman field generation, whereas the )(IS\IRLC is used to represent
nonlinear susceptibility of SRC. For a 2D graphene, it makes
sense to introduce the surface polarization Py determined as an
average dipole moment per unit area instead of unit volume. In
principle, the generated Raman field E; is governed by
Maxwell’s equation:

6ZER = ZCURPR/(ZC) (7)

Because the polarization Py is linear with the Raman field Ep,
a general solution for Eq. (7) can be written as Ep =
Ey(e/rP Rsce/(26) _ poibk #). In the limit of boundary condition
Egl,—o =0 and phase matching condition 6k =0, the
generated Raman field can be obtained as

P[I;IL ( £i9rN3 pPRecz/(2Ne) _ 1)
SRC

where Nsp = 2/(Azx/?) = N /Az is the 3D density of elec-
trons in graphene with the thickness Az. When Az ~ 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 p = (Qz/Q

Graphene, which is well- ﬁnown for its linear and nonlinear
effects, including optical saturable absorption and nonlinear re-
fractive index [30,31], has been explored extensively in recent
literature [19,20,29]. Specially for the magnetic field up to 3T,
transition frequency w, dependent on magnetic field intensity
is on the order of @, =~ 10' 5! In this scenario, ws, =~ 2.41 x
10" 57! is located within the IR region. According to the
numerical estimate in Refs. [19,26], decay rates can be esti-
mated to be 7y, =y3 =y5=1y5s = 3x 10 s7!. Based on
the realistic graphene parameters used in experiments
[19,20], one general numerical estimation for the dipole mo-
ment between optical transition |5)«>|2) (|1)<>|2)) is |@s,| ~
hevp/(€,—3 - €,—1) < 1//B (jiiy1|~hevp/(€,—1-€,- 1)
1/+/B). The electron concentration can be estimated to be
N ~5x 102 cm™2 and the substrate dielectric constant turns
out to be ¢, ~ 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 differ-
ent cw amplitude Qg (@) Q4 = 0.57,; (b) Q4 = 57,. Other
parameters are Q, =Q3=5y,, A;=A,=As=A,, v, =y;=y4=
¥s=3x10P 57!, and Q, = 0.01y,.
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Fig. 3. Schematic of the dressed states. (a) Dressed states produced
by states |2), |3), and |4) coupled with state |1) when the amplitude
Q; of the cw pump field is weak. (b) Dressed states produced by states
[2), 13), |4), and |5) coupled with state |1) in the presence of a strong
amplitude Q4 of a cw pump field.

different cw amplitude Q, as shown in Fig. 2. When the cw
pump field amplitude Q4 is weak [see Fig. 2(a)], one can find
that this hyper-Raman process experiences a superluminal char-
acteristic (i.e., anomalous dispersion) with a high absorption
peak around the resonant probe frequency. If € becomes a
strong coherent control field [see Fig. 2(b)], an obvious trans-
parency 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 |1) — |2) mediated by |5)
is 7 out of phase with respect to a competing excitation path-
way |1) = |2) [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 €, 3 4 > Q. First of all, for the case
of Fig. 2(a) with Q, 5 > €, one can safely neglect €, and the
five-state system is decoupled to a four-level ladder-type con-
figuration. Taking |2), |3), and |4) as three excited states, when
they are coupled by two resonant cw pump fields £, 5 to the
ground state |1), these states split into three equivalent dress
states [see Fig. 3(a)] as follows:

=2 - B
/2Tl VAE+R2T
1 Q Q,
|ﬂ:—@m+—i—m+———ﬂﬁm
V2 VO3 + Q3 V3 + 3

where three energy eigenvalues are 1y = +/Q3 + Q3 and
Ao = 0. When the eigenfrequency @y = (€,-0 - €,=_5) /R
couples to the ground state |1), a new dipole-allowed transition
[1) — |0) 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

L0 Q322 (47 - QD4
W) = =5 P+ 2 )
Q,(12 - Q2
+ % 12) (i=1,2,34), (10)

with the term D = Q32(Q7 + 42) + (Q3 + 12)(Q7 - 13)?
and the four energy ecigenvalues of dressed states
Jy= £\ [+ 03+ Q2 £ (@ + 9+ QD) -4,
Due to the superposition of multiple excitation pathways be-
tween 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 detun-
ing, 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 sys-
tem, 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 competi-
tion 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 € is
within low-light intensity (i.e., €4 < 1.5y, ~29 meV), one
can find that a high efficiency of the generated Raman field
coincides with a high probe absorption peak at resonant
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Fig. 4. Polarization of generated Raman field versus probe detun-
ing. (a) Q4 = 0.5y,; (b) Q4 = 5y,. Other parameters are the same as
in Fig. 2.
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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 ,, €3, and Q4. Other
parameters are the same as in Fig. 2.
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Fig. 6. (a) Efficiency of generated Raman field versus the normal-

ized time /7 for different probe detuning. (a) Q4 = 0.57,;
(b) Q4 = 5y,. Other parameters are the same as in Fig. 2.

frequency of the probe field [see Fig. 2(a)]. For this case, the
probe pulse is depleted to support hyper-Raman scattering.
However, as the amplitude of the cw pump field Q is sufficient
enough (i.e., 4 > 1.5y,), the EIT will play an important role
in the optical nonlinearity process, leading to a wide platform of
low efficiency. In other words, the multiphoton destructive
interference driven by a strong cw pump field destroys the
channel for the hyper-Raman process and suppresses the effi-
ciency of the generated Raman field.

Since the probe field and the generated Raman signal are in
the form of optics pulses, it is necessary to simulate a practical
approach. We assume that a Gaussian-shaped light beam 1i.e.,
Q, (1) = Q (O)e( 2/7) with the pulse width 7 is perpendicu-
larly 1nc1dent to the graphene structure under an external mag-
netic field. Before the simulation calculation, the efficiency
needs to be rewritten as p = |Qp(¢) /QP(O)|2 with the pulse
width 7 = 1 ps fixed in graphene. We show the results from
numerical simulations corresponding to a non-EIT and EIT
parameter regions, as shown in Figs. 6(a) and 6(b). Again, it
shows that the maximum efficiency of a generated Raman field
can be achieved at low-light intensity [see Fig. 6(a)] by sup-
pressing the EIT effect. In Fig. 6(b), it implies that the effi-
ciency of generated Raman field increases when the system
is far away from the center of the EIT window by increasing
the probe detuning.

In conclusion, we have performed a competition between
the EIT and hyper-Raman scattering based on the strong non-
linear optical response of graphene under a normal magnetic
field. With the help of a dressed-state explanation, we reveal
that the multiphoton destructive interference driven by a strong

Letter

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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