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High-order sideband nonlinear optical properties in a DNA–quantum dot coupled system are investigated
theoretically here. In this paper, we demonstrate the significant enhancement of the third- and fifth-order optical
nonlinear properties of the system by applying the pump-probe technique with pump-exciton detuning tuned to
zero. It is shown clearly that these phenomena cannot occur without the DNA–quantum dot coupling, implying
some potential applications like DNA detection. We can also obtain and tune the significantly amplified sideband
beams at frequencies ωp � 2ωD. This research could provide people a deeper insight into the nonlinear optical
behaviors in coupled DNA–quantum dot systems. © 2013 Chinese Laser Press
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1. INTRODUCTION
Numerous investigations on high-order nonlinear optical
properties, theoretically or experimentally, have been per-
formed. High-order optical nonlinearities in various materials,
such as nanoparticles [1–3], InN thin films [4], chalcogenide
glasses [5], chalcone and its derivatives [6], BSO and BGO
crystals [7], and C60- and C70- toluene solutions [8–10] have
been exhibited. Among the wide varieties of materials, bioma-
terials are some of the most attractive, since they repeatedly
present special properties that are not easily detected in inor-
ganic or even organic materials and are usually biodegrada-
ble. A type of biomaterial, namely DNA, always appeals to
the attention of researchers as an optoelectronic material.
With its large dielectric constant and large bandgap [11], a thin
film of DNA-cetyltrimethylammonium is utilized in applica-
tions as a cladding and host material in nonlinear optical
devices, organic light-emitting diodes, and organic field-effect
transistors. DNA-based polymers are employed in optically
pumped organic solid-state lasers [12]. A more profound com-
prehension of the high-order nonlinear optical features of
DNA will offer more probabilities for new applications. There-
fore, voluminous explorations on nonlinear optical properties
of DNA materials have been carried out. Samoc et al. have
considered the nonlinear refractive index and the two-photon
absorption coefficient of native (sodium salt) DNA [13].
Krupka et al. examined the third-order nonlinear optical
properties of thin films of DNA-based complexes with an
optical third-harmonic generation technique [14]. Nonlinear
optical properties of different materials based on DNA are
underway currently.

In this article, we intend to analyze some high-order non-
linear optical properties in a DNA–quantum dot (DNA-QD)
coupled system theoretically, which have remained unex-
plored to date. Since quantum-dot-assisted DNA detection
is a promising method for rapid and highly sensitive detection

of DNA [15] and even more interesting applications could be
exploited, it is important to gain a deeper insight into the high-
order nonlinearities of a DNA-QD system. DNA molecules
coupled to the peptide quantum dot are driven by pump
and probe beams. Several groups have realized a pump-probe
technique [16–20], indicating the probability for experimental
implementation.

Since metallic quantum dots applied in biological assays are
always noxious, the peptide quantum dot, which has no nox-
iousness to the environment and biological tissues, is a better
choice [21,22]. Most recently, the coherent optical spectrum in
such a DNA-QD system has been discussed by Li and Zhu [23].

In the present system, the vibration mode of DNA mole-
cules makes such a great contribution that the high-order
optical properties could be enhanced significantly. These
properties would also be switched by altering the intensity
of the pump beam, and the other parameters remain un-
changed. In sight of these novel features, we state briefly a
potential approach to measure the frequency of the vibration
mode of DNA molecules.

2. THEORY
We investigate one of the large amounts of DNA-QDs in an
actual reagent, which is displayed in Fig. 1. A strong pump
field and a weak probe field act on the DNA-QD system.
The Hamiltonian of this system in a rotating frame at ωp

can be expressed as [23]
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Ωp � μEp∕ℏ is the Rabi frequency, and δ � ωs − ωc is the
probe-pump detuning.

Then we can obtain the equations of motion for sz, s−, and ϑ
via the Heisenberg equation and introduce some damping
parameters (Γ1, Γ2 and τD [24]) just as we usually do. Γ1 is
the exciton relaxation rate, and Γ2 is the dephasing rate.
τD is the vibrational lifetime of DNA. According to [25–28],
Γ1 and Γ2 could be expressed as Γ1 � ν1�1� 2N�ωeg��∕ℏ
and Γ2 � ν1�1� 2N�ωeg��∕2ℏ� 2ν2�1� 2N�0��∕ℏ, where ν1 �
2πDx�ωeg�, ν2 � 2πDz�0�, Dx and Dz are the spectral densities
of the respective environments coupled through sx and sz to
the exciton, andN�ω� � 1∕�exp�ℏω∕kBT� − 1� is the Boltzman–
Einstein distribution of the thermal equilibrium environments.
Provided the pure dephasing coupling term is neglected
(ν2 � 0), Γ1 and Γ2 have the relation Γ1 � 2Γ2, which we adopt
in this report. Introducing the corresponding damping and
noise terms [29,30], then the equations are as follows:

dsz
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2
D� is the coupling strength of DNA

molecules and the quantum dot. In the relatively small volume
of aqueous solution here, the longitudinal vibration modes of
DNA decay much slower than the other vibration modes [31].
Furthermore, the only longitudinal vibration modes with high
frequency should remain since longitudinal vibration modes
with low frequency attenuate muchmore quickly [32]. So, only
relatively high-frequency modes should be taken into consid-
eration. We ignore the small difference of ωi of high-frequency
longitudinal modes and replace them with an averaged fre-
quency ωD for simplification, which should not affect our re-
sults. The δ-correlated Langevin noise operator Fn represents
the coupling between ϑ and σ

−

, the main cause of the decay of
vibration mode. Fn has zero mean value hFni � 0 and the cor-
relation relation hFn�t�F�

n �t0�i ∼ δ�t − t0�. The operator ξn
stands for the Brownian stochastic force, since the thermal
bath of Brownian and non-Markovian processes will affect
the vibration mode of DNA molecules [29,33]. The quantum
effects on the DNA are only observed in the case
ωDτD ≫ 1. The Brownian noise operator can be modeled as
Markovian with the decay rate 1∕τD of the vibration mode.
Therefore, the Brownian stochastic force has zero mean value
hξni � 0 and can be expressed as [33]

hξ��t�ξ�t0�i � 1
τDωD

Z ω� ω coth
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With the standard methods of quantum optics, the steady-state
solutions of Eqs. (2) through (4) read as follows when setting
all the time derivatives to zero:

s0 �
2iΩpsz0

iλsz0 − Γ2 − iΔp

; ϑ0 � −λsz0; (6)

where sz0 is determined by Eq. (7), which is
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To extend this formalism beyond weak coupling, we can
always rewrite each Heisenberg operator as the sum of its
steady-state mean value and a small fluctuation with zero
mean value as follows: s

−

� s0 � δs
−

, sz � sz0 � δsz,
ϑ � ϑ0 � δϑ, which should be substituted into Eqs. (2)
through (4). Since the optical drives are weak and classical,
we will identify all the operators with their expectation values
and omit the quantum and thermal noise terms [16]. Then the
linearized Langevin equations can be written as
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With the ansatz hδszi�sz� exp�−iδt��sz− exp�iδt��sz�2 exp
�−i2δt��sz−2 exp�i2δt�, hδs−i � s� exp�−iδt� � s
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−2 exp�i2δt� [34], all of the

equations can then be solved completely. We just list expres-
sions for the higher-order sidebands, with which we are con-
cerned now, as follows:

s
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−

Es∕ℏ�∕�Γ1−2iδ�
iΩp�M�−M�

−

��. The lower-order terms, that is, exp��iδt� terms,
can be obtained with almost the same method.

Finally, we reach to the higher-order nonlinear optical
susceptibilities as follows:
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where N is the number density of DNA-QDs, Σ3 �
�Nμ4�∕�3ε0ℏ3Γ3

2� and Σ5 � �Nμ6�∕�5ε0ℏ5Γ5
2�.

We can see that the electric displacement can be described
by

Pall � Nμhδs−i � ε0
X
j�1

εjEj �
X
j�1

Pj; (15)

where j indicates beams with different frequencies. To show
the generation of the sideband beams more clearly, we utilize
a method similar to [34] to define

−ζ3
100
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which imply that the third-order and the fifth-order generated
sideband are ζ3% and ζ5% of the amplitude of the signal beam,
respectively. As we know, the imaginary part results from the
damping effect, positive for absorption and negative for gen-
eration, which is just what the negative sign in the definitions
of ζ3 and ζ5 refers to. To verify our method, we investigate
an input–output amplitude change of a beam propagating
through a kind of material whose dielectric constant is ε.
The amplitude of output beam should be

Eo � Ei exp�−Im�ε�ωz∕2c�; (18)

where Ei, ω, z, and c are input amplitude, frequency of the
beam, propagation distance, and light velocity in the vacuum,
respectively. Then we have

Eo ≈ Ei�1 − Im�ε�ωz∕2c�: (19)

Therefore, it is proper to regard −Ei Im�ε�ωz∕2c as the gener-
ated (or absorbed) part. Since the differences of frequencies
from exciton frequency ωeg of sideband beams are so small,
they can just be presented with ωeg in our case. If ζ3�ζ5� is
positive, it indicates generation, and if ζ3�ζ5� is negative, it
indicates absorption.

3. RESULTS AND DISCUSSIONS
To illustrate the numerical results, we select the realistic DNA-
QD system, in which a peptide quantum dot is linked with sev-
eral DNA molecules as demonstrated in Fig. 1. Although DNA
molecules in solution form can be distorted, we can extend
these molecules into linear form with electromagnetic field
or fluid force [35]. In our theoretical calculation, we choose
ωD � 40 GHz and τD � 5 ns as the vibration frequency and
lifetime of DNA molecules [36–39]. We can safely pick Γ1 �
16 GHz as the decay rate of the peptide quantum dot for

any practical purpose [40]. As to the number density of
DNA-QDs N , we can choose N � 1 × 1016 m−3 [41], which
is fairly enough to show our results. The exciton frequency
is ωeg � 2.4 × 105 GHz [21] and propagation distance is
z � 0.5 m. We set the amplitude of the probe beam to be
1% of the pump beam.

Figure 2(a) [2(c)] plots the third-order (fifth-order) optical
dispersion Re χ�3� (Re χ�5�) and third-order (fifth-order) nonlin-
ear absorption Im χ�3� (Im χ�5�) as functions of probe-exciton
detuning Δs � ωs − ωeg with Δp � 0 and λ � 0, while Fig. 2(b)
[2(d)] shows the third-order (fifth-order) optical dispersion
Re χ�3� (Re χ�5�) and third-order (fifth-order) nonlinear absorp-
tion Im χ�3� (Im χ�5�) as functions of probe-exciton detuning
Δs � ωs − ωeg with Δp � 0 but λ � 2 GHz. This reveals that
if we fix the pump beam on-resonance with the exciton
and scan through the frequency spectrum, we could obtain
large strengthened higher-order optical nonlinear effects at
frequencies ωs � ωeg � �ωD∕2� and ωs � ωeg � ωD. This phe-
nomenon stems from the quantum interference between the
vibration mode of DNA molecules and the beat of the two op-
tical fields via the exciton when probe-pump detuning δ is ad-
justed equal to (or half) the frequency of the vibration mode of
DNA molecules. If we ignore the coupling, then λ � 0, and the
enhancement of high-order optical features will disappear
completely as has been demonstrated in Figs. 2(a) and
2(c). Therefore, the importance of the coupling between
the quantum dot and DNA molecules is evident since the en-
hancement of high-order optical properties could not occur in
such a system when λ � 0. Furthermore, we can propose a
scheme to measure the frequency of the vibration mode of
DNA molecules by exploiting the phenomenon above. From
Figs. 2(b) and 2(d), we can clearly see that as the frequency
of the vibration mode is ωD � 40 GHz, the four sharp peaks
appear at �20 GHz and �40 GHz, which have certain rela-
tions with the mode frequency. This means that if we first
adapt the pump beam appropriately and scan the probe fre-
quency across the exciton frequency in the spectrum, we
could straightforwardly acquire the accurate vibration fre-
quency of DNA, which suggests some potential future appli-
cations. Here is an instance. A sort of DNA molecule that
experienced a mutation should have a difference in weight

Fig. 1. DNA and peptide quantum dot coupling system: a peptide
quantum dot coupled to DNA molecules in the simultaneous presence
of two optical fields. The energy level structure of the quantum dot
dressed by the vibrational modes of DNA molecules is also shown.
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or length from those of original DNA, leading to a shift of the
mode frequency of DNA. Then the spectrum should also be
modified, that is, the four peaks or dips would drift. Since
there exist four peaks and dips and their frequencies are con-
siderably distinguished from those of pump and probe beams,
they should be relieved from the disturbance of input beams
and could be detected easily. This means small alterations of
DNA molecules could be detected. If a normal gene of the
DNA turns into a cancer genes giving rise to a shift of the
frequency of DNA vibration mode, the mutation will be
recognized just by scanning the spectrum.

Figure 3 shows that the ζ3 value caused by the third-order
nonlinearity (ωp − 2ωs term) varies with δ around two points.
We choose Ωp � 5 GHz as the Rabi frequency of the pump
beam. The only different parameter between Figs. 3(a) and
3(b) is exciton-pump detuning Δp, that is, Δp � −ωD for
Fig. 3(a) and Δp � 1.25ωD for Fig. 3(b). We see that there
are transparent windows near, though not exactly at, the
points δ � −ωD and δ � ωD in Figs. 3(a) and 3(b), respectively.
The ζ3 value at δ∕ωD � −1�δ∕ωD � 1� in Fig. 3(a) [3(b)] is ap-
parently larger than zero, implying that the sideband beam,
whose frequency is ωp − 2ωD (ωp � 2ωD), is amplified. The
phenomenon can be understood in the point of view of para-
metric process, which leaves the quantum state of the material
unchanged. As an example, we take the Fig. 3(a) condition
into consideration. At the point δ∕ωD � −1 in Fig. 3(a), we
can see that the transitions between the virtual levels [dashed

levels in Fig. 3(c)] and the real level [solid level in Fig. 3(c)]
lead to the generation of sideband beam ωp − 2ωD. The final
quantum state of the system remains the same as the initial, as
has been shown in the process. Actually, in a parametric proc-
ess, population resides in the virtual levels only for a signifi-
cantly short interval of the order ℏ∕ΔE, where ΔE is the
difference between the virtual level and the nearest real level.
Intervals of those two virtual levels in the middle of the con-
dition we analyze here is relatively large, providing sufficient
time to realize the emission. This can also throw light on the
dip of Fig. 4(b). The sideband generation (or absorption) ef-
fect can also be a potential approach to DNA detection.

The generation of the sideband beam at ωp � 2ωD can be
tuned by adjusting the power of the pump beam (or Rabi fre-
quencyΩp) and exciton-pump detuningΔp, as has been shown
in Fig. 4, for instance. Figure 4(a) demonstrates the ζ3 value
as a function of Rabi frequency with Δp � δ � −ωD, while
Fig. 4(b) shows the ζ3 value as a function of exciton-pump
detuning with Ωp � 5 GHz and δ � −ωD. In Fig. 4(a), the ωp −

2ωD sideband beam is amplified for the most part and reaches
its maximum at about 5 GHz. However, there is a suppressive
window around 6 GHz. A transparent window appears in
Fig. 4(b) near the point Δp � −ωD, just as what we can see
in Fig. 3. A more elaborative observation on Fig. 4(a) is
needed. The physics origin of the dip should also be that of
the Fano-like asymmetric lineshape. The vibration mode of
DNA could be regarded as the supplier of a stack of levels

Fig. 2. Optical dispersions and nonlinear absorptions (in units of Σ3 and Σ5 for χ�ωp − 2ωs��3�eff and χ�−3ωp � 2ωs��5�eff , respectively) with pump beam
on-resonance (Δp � 0). (a) Third-order optical dispersion and nonlinear absorption as functions of probe-exciton detuning Δs in the case λ � 0.
(b) Third-order optical dispersion and nonlinear absorption as functions of probe-exciton detuningΔs in the case λ � 2 GHz. (c) Fifth-order optical
dispersion and nonlinear absorption as functions of probe-exciton detuning Δs in the case λ � 0. (d) Fifth-order optical dispersion and nonlinear
absorption as functions of probe-exciton detuning Δs in the case λ � 2 GHz.
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to the quantum dot (see Fig. 1). This level stack proffers the
probability of the quantum interference between the two
transition processes (a part of the parametric process),
namely the direct transition from jgi to the stack and the indi-
rect transition from jgi through jei and the coupling to the
stack. When the intensity of the pump beam is adjusted
properly and a constructive or destructive interference of
the two transition paths is realized, a peak or dip should
come into being. The Fano-like asymmetric lineshape, which
also stems from the quantum interference, is now a natural
consequence.

In fact, sideband beams can also come from fifth-order non-
linearity, though much smaller than third-order. We just figure
out some main properties as shown in Fig. 5. In Fig. 5(a)
[Fig. 5(b)], we choose Δp � −ωD and δ � −ωD (δ � ωD) as
the main parameters to show the ζ5 value as a function of
Rabi frequency. We can see that if the pump beam is weak,
sideband beams ωp � 2ωD experience no generation or
absorption. Only a transparent window around the Rabi fre-
quency 6 GHz is proper if one expects to get sideband beams.
The physics of Fig. 5 should have no more contents than those
of Fig. 4(a).

Fig. 3. ζ3 value caused by third-order nonlinearity with pump beam off-resonance. (a) ζ3 value as a function of probe-pump detuning in the case
Δp � −ωD. (b) ζ3 value as a function of probe-pump detuning in the caseΔp � 1.25ωD. (c) Parametric process of point δ∕ωD � −1 in Fig. 3(a), where
ωsd � ωp − 2ωD is the frequency of the sideband beam.

Fig. 4. ζ3 value by third-order nonlinearity with different Rabi frequency and exciton-pump detuning. (a) ζ3 value as a function of Rabi frequency in
the case Δp � −ωD and δ � −ωD. (b) ζ3 value as a function of exciton-pump detuning Δp in the case δ � −ωD and Ωp � 5 GHz.

Fig. 5. ζ5 value caused by fifth-order nonlinearity with exciton-pump detuning Δp � −ωD and different δ. (a) ζ5 value as a function of Rabi
frequency in the case δ � −ωD. (b) ζ5 value as a function of Rabi frequency in the case δ � ωD.

20 Photon. Res. / Vol. 1, No. 1 / June 2013 Y. Li and K. Zhu



4. CONCLUSION
In conclusion, we have proposed a theoretical model for a
DNA-QD hybrid system in the presence of a strong pump
beam and a weak probe beam. The coupling leads to great
enhancement of higher-order susceptibilities at four points,
namely Δs � �20 GHz and Δs � �40 GHz, which may be
of potential use in frequency measurement. Furthermore,
sideband beams at ωp � 2ωD can be generated and tuned
by adjusting some parameters properly. We believe that such
a phenomenon may lead people to more knowledge of non-
linear optical properties of the coupling quantum dot-DNA
system. We hope our results can be checked experimentally
in the near future.
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