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A theoretical investigation is carried out into the cross phase modulation (XPM) in an asymmetric double
AlGaAs/GaAs quantum wells structure with a common continuum. It is found that, combining resonant
tunneling-induced transparency and constructive interference in the third-order Kerr effect, a giant XPM
can be achieved with vanishing linear and nonlinear absorptions, accompanied by the velocities of the
probe and signal fields being matched. Furthermore, this giant XPM could induce a π-phase shift at a
single-photon level which is favorable for the applications in two-qubit quantum logic gates.
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In the past few decades, there have been tremendous
interests in the study of cross phase modulation (XPM).
An efficient XPM is useful in many possible applica-
tions, such as optical communications[1−3], optical Kerr
shutters[4], and quantum phase gates[5]. Especially, a
large XPM is desirable for low pump powers and light
sensitivities. In order to obtain a large XPM, many stud-
ies aiming at the steep dispersion associated with narrow
electromagnetically induced transparency (EIT) have
been proposed. In a four-level N-configuration system,
using EIT, the conditional phase shift in XPM has been
dramatically improved by several orders of magnitude[6].
In a quasi-three-level scheme, the enhanced third-order
susceptibility could be achieved through the autoionizing
resonance, in which coherence is established essentially
by nonradiative interactions[7]. While, in practical ap-
plications, solid materials are more adaptive due to their
high electron density, large electric dipole moment, little
volume, and ease to control. For such a reason, recently,
these studies have been vastly extended to semiconduc-
tors for the possible implementation of optical devices
because the confined electron gas in a conduction band of
semiconductor quantum structure can exhibit atomic-like
properties, for example, strong EIT[8], tunneling-induced
transparency (TIT)[9], ultrafast all-optical switching[10],
slow light[11], etc. The work of Nakajima[7] has been ex-
tended into an asymmetric double GaAs quantum wells
(QWs) structure and the enhanced Kerr nonlinearity has
been achieved[12]. Very recently, in an asymmetric dou-
ble AlGaAs/GaAs QWs structure with a continuum[13],
large XPM has been generated owing to resonant tun-
neling and Fano interference[14], which leads to a π XPM
phase shift under a 300-photon control field.

It is well known that, in quantum information pro-
cessing, if the nonlinear phase shifts arising from such a
XPM are on the order of π rad, it would be possible to
implement all-optical switching. Moreover, if the nonlin-
ear phase shifts are obtained on the single-photon level,

it could be further used to implement two-qubit quantum
logic gates[15]. However, the main impediment towards
their operation at few-photon level is the weakness of
optical nonlinearities in conventional media[4]. The main
hindrance of such schemes is the mismatch between the
group velocities of the pulses subject to EIT and their
nearly free propagating partners, which severely limits
their efficient interaction length[16]. In view of this point,
the Kerr nonlinear coupling between two components of
the probe was studied, where a novel regime or symmet-
ric, extremely efficient XPM, capable of fully entangling
two single-photon pulses was demonstrated[17]. An M-
scheme as a promising source of giant nonlinearities was
also proposed in which two different light-atom config-
urations were considered, their efficiency in generating
large nonlinear cross phase shifts were compared, and
the conditions leading to group velocity matching for
two light fields were identified[18]. Furthermore, a XPM
using single-photon pulses with matched group velocities
was considered in a four-level atomic system in which
the presence of an optical thick medium was essential
for large photon-photon interaction[19]. The maximum
phase shift of 0.1 rad has been estimated for Gaussian
pulses at single-photon level under realistic conditions for
87Rb with matched group velocities for two interacting
pulses[20]. Also, in an atomic system, a π-phase shift was
obtained for an all-switching quantum phase gate that
used traveling single-photon pulses[21]. Experimentally,
phase shifts up to π/4 have been observed in the coupling
of a single quantum dot with a photonic crystal nanocav-
ity controlled by two modes of light at the single-photon
level[22].

In this letter, enlightened by the work above, we in-
vestigate the XPM which induces a π cross nonlinear
phase shift on the level of single-photon in an n-doped
asymmetric AlGaAs/GaAs double QWs structure. In
this structure, quantum tunneling to a continuum from
two resonant excited levels could give rise to Fano-type
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Fig. 1. Conduction subbands of the asymmetric double QWs
structure.

interference, which will lead to transparency. Combining
this resonant TIT with constructive interference in non-
linear susceptibility, a giant XPM is achieved with van-
ishing linear and nonlinear absorptions. Via initially pre-
pared population on both low-lying subbands, the condi-
tion of group velocity matching between the signal and
probe fields is satisfied in the transparent point, which
guarantees an efficient interaction length. More impor-
tantly, under the conditions of matched velocities and
proper parameters, this giant XPM could induce a π-
phase shift at the single-photon level.

The n-doped asymmetric AlGaAs/GaAs double QWs
structure with the relevant conduction band energy levels
and wave functions is shown in Fig. 1. An Al0.07Ga0.93As
layer with the thickness of 8.3 nm is separated from a
6.9-nm GaAs layer by a 4.8-nm Al0.32Ga0.68As potential

barrier. On the right side of the right well, there is a thin
(3.4 nm) Al0.32Ga0.68As barrier, which is followed by a
thick Al0.16Ga0.84As layer. In this structure, one would
observe the ground subbands |1〉 and |2〉 with energies of
51.53 and 97.78 meV, respectively. Two closely spaced
delocalized upper levels |3〉 and |4〉 are created by mix-
ing the excited subband of the shallow well |se〉 and the
excited subband of the right deep well |de〉 by tunnel-
ing, and they have energies of 191.30 and 203.06 meV,
respectively. The solid curves represent the correspond-
ing wave functions. A coherent pulse (probe) with the
central frequency ωp couples the ground level |1〉 to the
excited levels |3〉 and |4〉, while another coherent pulse
(signal) with the central frequency ωs couples the inter-
mediate level |2〉 with two excited levels.

For this semiconductor structure, electrons in upper
levels |3〉 and |4〉 rapidly decay to the same continuum by
tunneling through the thin barrier adjacent to the deep

well with rates γph
3 and γph

4 , respectively. A Fano-type
quantum interference arising from this is described by

the cross-coupling term γ34 =

√

γph
3 γph

4
[7,21]. Besides,

the direct optical resonances |1〉 → |c〉 and |2〉 → |c〉 are
much weaker than those for mediated resonance pathes
|i〉 → |j〉 → |c〉 (i = 1, 2 and j = 3, 4), so that the in-
teraction between subbands |j〉 and the continuum and
the influence of the direct transition |i〉 → |c〉 can be
ignored[14]. Under these assumptions, following the stan-
dard process[24], the system dynamics can be described
by equations for the density matrix elements in a rotating
frame:

ρ̇44 = ikΩp(ρ14 − ρ41) + iqΩs(ρ24 − ρ42) − 2γ4ρ44 + γ34(ρ43 + ρ34), (1)

ρ̇33 = iΩp(ρ13 − ρ31) + iΩs(ρ23 − ρ32) − 2γ3ρ33 + γ34(ρ43 + ρ34), (2)

ρ̇22 = iΩs(ρ32 − ρ23) + iqΩs(ρ42 − ρ24) + γ4ρ44 + γ3ρ33 − 2γ2ρ22 − γ34(ρ43 + ρ34), (3)

ρ̇43 = −(γ4 + γ3 + iδ)ρ43 + iΩp(kρ13 − ρ41) + iΩs(qρ23 − ρ42) + γ34(ρ44 + ρ33), (4)

ρ̇42 = −[γ4 + γ2 − i(∆2 − δ)]ρ42 − iqΩs(ρ44 − ρ22) + ikΩpρ12 − iΩsρ43 + γ34ρ32, (5)

ρ̇41 = −[γ4 − i(∆1 − δ)]ρ41 − ikΩp(ρ44 − ρ11) + iqΩsρ21 − iΩpρ43 + γ34ρ31, (6)

ρ̇32 = −(γ3 + γ2 − i∆2)ρ32 − iΩs(ρ33 − ρ22) + iΩpρ12 − iqΩsρ34 + γ34ρ42, (7)

ρ̇31 = −(γ3 − i∆1)ρ31 − iΩp(ρ33 − ρ11) + iΩsρ21 − ikΩpρ34 + γ34ρ41, (8)

ρ̇21 = −[γ2 − i(∆1 − ∆2)]ρ21 − iΩpρ23 − ikΩpρ24 + iΩsρ31 + iqΩsρ41, (9)

where ∆1 = ωp − ω31 and ∆2 = ωs − ω32 are the de-
tunings of the optical fields with ωjk = ωj − ωk (j,k =
1−4), where ωj (j = 1−4) is the eigenfrequency of the
state |j〉; δ is given by δ = ω4 − ω3; the Rabi frequencies

of the optical fields are defined by Ωp = ~µ13 · ~Ep/2h̄ and

Ωs = ~µ23 · ~Es/2h̄ respectively, where ~µ13 and ~µ23 are the
dipole matrix elements; k = µ14/µ13 and q = µ24/µ23

present the ratios between the relevant subband transi-

tion dipole moments, and ~Eq (q = p, s) are the slowly
varying amplitudes of the optical fields; the total elec-

tron decay rate γi = γph
i + γdeph

i (i = 2, 3, 4) is the sum

of the population decay originating from tunneling (γph
i )

and the dephasing rate (γdeph
i )[14,23]. Equations (1)−(9)

are constrained by
∑

ρii
.
= 1 (i = 1−4) and ρ∗ij = ρji.

The values of parameters for this double QWs structure

are γph
4 = 1.50 meV, γph

3 = 1.58 meV, γ2 = 2.36 × 10−9

meV, q≃0.88, and k≃−0.76.
In the following, we aim at calculating the XPM be-

tween the signal and probe fields. In order to derive the
linear and nonlinear susceptibilities, we need to obtain
the steady-state solution of the density matrix equations.
We consider the situation that the population is initially
prepared in the ground subbands |1〉 and |2〉, and the

probe and signal fields are very weak, i.e., ρ
(0)
11 + ρ

(0)
22 = 1

and Ωp, Ωs ≪ ∆p, ∆s, and δ. Other initial population

items are set to be zero, i.e., ρ
(0)
33 = ρ

(0)
44 = 0. Here, we

originally considered the initial coherence. But we find,
despite that initial coherence impacts third-order nonlin-
earity, it has no effect on the XPM. Therefore, we set the
initial coherence to be zero. Thus, the first-order linear
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probe and signal susceptibilities are determined as

χ(1)
p =

2N |µ13|
2

h̄ε0

χ′(1)
p , (10)

χ(1)
s =

2N |µ23|
2

h̄ε0

χ′(1)
s . (11)

At the same time, the third-order cross phase modulated
nonlinear susceptibility for the probe field is give by

χ
(3)
XPM =

2N |µ13|
2 |µ23|

2

3h̄3ε0

χ
′(3)
XPM. (12)

In Eqs. (10)−(12), N is the electron volume density, χ
′(1)
p ,

χs
′(1), and χ

′(3)
XPM are expressed as

χ′(1)
p = −

(∆1 − δ + iγ4) + k2(∆1 + iγ3) + 2ikγ34

(∆1 − δ + iγ4)(∆1 + iγ3) + γ2
34

ρ
(0)
11 , (13)

χ′(1)
s = −

[∆2 − δ + i(γ4 + γ2)] + q2[∆2 + i(γ3 + γ2)] + 2iqγ34

[∆2 − δ + i(γ4 + γ2)][∆2 + i(γ3 + γ2)] + γ2
34

ρ
(0)
22 , (14)

and

χ
′(3)
XPM =

(∆1 − δ + iγ4 + ikγ34)[(2B33 + B44 + B22) − B21 + k(B43r − iB43i)]

(∆1 − δ + iγ4)(∆1 + iγ3) + γ2
34

(15)

+
[k · (∆1 + iγ3) + iγ34] · [k · (2B44 + B33 + B22) − qB21 + (B43r + iB43i)]

(∆1 − δ + iγ4)(∆1 + iγ3) + γ2
34

,

with











































A31 = −
∆1 − δ + iγ4 + ikγ34

(∆1 − δ + iγ4)(∆1 + iγ3) + γ2
34

· ρ
(0)
11 ,

A41 = −
k(∆1 + iγ3) + iγ34

(∆1 − δ + iγ4)(∆1 + iγ3) + γ2
34

· ρ
(0)
11 ,

A32 = −
∆2 − δ + i(γ4 + γ2) + iqγ34

[∆2 − δ + i(γ4 + γ2)][∆2 + i(γ3 + γ2)] + γ2
34

· ρ
(0)
22 ,

A42 = −
q[∆2 + i(γ3 + γ2)] + iγ34

[∆2 − δ + i(γ4 + γ2)][∆2 + i(γ3 + γ2)] + γ2
34

· ρ
(0)
22 , (16)



























B21 =
Re[A32] − iIm[A32] + k(Re[A42] − iIm[A42]) − A31 − qA41

∆1 − ∆2 + iγ2
,

B43r =
δ(qRe[A32] − Re[A42]) + (γ4 + γ3)[(1 + qγ34

γ4

)Im[A42] + q(1 + γ34

γ3

)Im[A32]]

(γ4 + γ3)2(1 +
γ2

34

γ4γ3
) + δ2

, (17)

B43i =
qRe[A32] − Re[A42] + δB43r

γ4γ3
, B44 =

qIm[A42] + γ34B43r

γ4
, B33 =

Im[A32] + γ34B43r

γ3
, (18)

B22 =
−Im[A32] − qIm[A42] + γ34B43r

2γ2
. (19)

Im[χ
′(1)
p ] and Re[χ

′(1)
p ] account for the linear probe ab-

sorption and dispersion respectively. Comparing Eqs.
(13) and (14) with the expression of the susceptibility in
EIT[25], it is easy to find that, in our structure, the role of
the coupling field is replaced by tunneling. At the same
time, k < 0 indicates a destructive interference in lin-
ear absorption. In Fig. 2, we plot their evolution versus

the probe detuning ∆1 with arbitrary value of ρ
(0)
11 6= 0.

From the figure, we can see that the absorption is the
minimum approximating to zero with positive dispersion

at ∆1 = 6.65 meV and TIT appears. Similar results
can be obtained for the signal field, i.e., the linear signal
absorption is the minimum approximating to zero with
positive dispersion at ∆2 = 6.65 meV, which can be de-
duced from Eqs. (13) and (14). The group velocity of
the probe and signal fields are described as

vj
g =

c

nj + ωj(dnj/dωj)
(j = p, s), (20)

where



October 10, 2009 / Vol. 7, No. 10 / CHINESE OPTICS LETTERS 889

Fig. 2. Spectra of absorption and dispersion of the probe field
with arbitrary value of ρ

(0)
11 6= 0.

Fig. 3. Velocities of the probe and signal fields, Vp and Vs,
versus probe detuning ∆1 and signal detuning ∆2, respec-
tively.

Fig. 4. Im[χ
′(3)
XPM] and Re[χ

′(3)
XPM] versus the probe detuning

∆1.

nj =

√

1 + Re[χ
(1)
j ] (j = p, s). (21)

It is well known that the condition of group velocity
matching between the probe and signal fields is of fun-
damental importance for achieving a large XPM, which
is necessary for their effective interaction length. In our
structure, we pursue the coherent manipulation in the
regime of TIT which could result in a dramatic reduc-
tion of the group velocity of the weak propagating fields
accompanied by vanishing absorptions. In order to match
the group velocities vp

g = vs
g in the transparent window,

the initial population should be prepared as ρ
(0)
11 = 0.35

and ρ
(0)
22 = 0.65. For clarity, we plot the evolutions of vp

g
versus the probe detuning ∆1 and vs

g versus the signal

detuning ∆2 for ρ
(0)
11 = 0.35 and ρ

(0)
22 = 0.65 in Fig. 3. It

is obvious that at the point ∆1 = ∆2 = 6.65 meV, two

group velocities are matched, i.e., vp
g = vs

g.
Successively, we explore the third-order Kerr effect

on the basis of the matched group velocities. In our
structure, owing to resonant tunneling, the wave func-
tions of subbands |3〉 and |4〉 are symmetric and anti-
symmetric combinations of |se〉 and |de〉 (Fig. 1), which
leads to qk < 0 and constructive interference in XPM
nonlinearity. This result can be analogized from Ref.
[14] or discerned from the expatiatory expression by
substituting Eqs. (13), (14), and (16)−(19) into Eq.
(15). Besides, due to the weak mechanical cross be-
tween wave functions of two low-lying subbands |1〉 and
|2〉 (Fig. 1), the dipole transition is very weak, which
inevitably results in a small dipole matrix element µ12

and then a small transition rate γ2
[16]. The small tran-

sition rate could help to produce giant XPM that can
be seen from Eq. (15). With ∆2 = 6.65 meV, we

plot the evolutions of Im[χ
′(3)
XPM] and Re[χ

′(3)
XPM] in Fig.

4, which respectively account for two-photon absorption
and XPM, versus the probe detuning ∆1 in the TIT win-
dow, i.e., close up to the transparent point ∆1 = 6.65
meV. Here, in the figure, we transfer the unit of ∆1

from meV to 10 kHz for clarity. Obviously, within the
transparency window, both strengths of XPM and two-
photon absorption are enhanced largely. While, for cer-
tain probe detuning, for example, at the point A [∆1=
(1.00893246× 109+4.1)×10 kHz], it is fortunate that the

strength of XPM is very large (Re[χ
′(3)
XPM]=−3.91×106

(meV)−3) accompanied with the two-photon absorption
being vanished. This suggest that, in our structure, gi-
ant enhanced XPM can be achieved with vanishing linear
and nonlinear absorptions simultaneously. This interest-
ing result is produced by the combination of a destructive
interference in linear absorption with a constructive in-
terference in the nonlinear susceptibility associated with
XPM, which is induced by resonant tunneling. It is nec-
essary to point out that the narrow probe frequency input
corresponding to the point A in Fig. 4 can be realized
by using frequency comb.

In information processing, if a large single-photon non-
linear phase shift π arising from such a Kerr effect was
achieved, it can be used to implement two-qubit quan-
tum logic gates. Here, the phase shift of the probe filed is
calculated. In our structure, for two matched Gaussian
pulses, the nonlinear phase shift can be determined from
the slowly varying envelope equation[17]. With peak sig-
nal Rabi frequency Ωpeak

s which can be derived from the
relation of electric field and power density[15], the non-
linear cross-phase shift of the probe field can be written
as

ΦXPM =
N |µ13|

2ωpl|Ωpeak
s |2

3h̄ε0
Re[χ

′(3)
XPM]. (22)

Numerical findings indicate that, this semiconductor
QWs structure (point A) could produce π XPM phase
shift with focusing only one single photon into an area of
1 µm2 (the intensity of a single photon per nanosecond
on area of 1 µm2 is ∼ 1.6 mW/cm2) by counting in the
proper electron volume density (N = 4×1011 cm−2) and
interaction length (50 cycles). Compared with the results
about XPM in quantum information, it realizes π XPM
phase shift at the single-photon level in semiconductor.
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In conclusion, we have studied the linear and nonlin-
ear properties in an asymmetric AlGaAs/GaAs double
QWs structure. In this semiconductor structure, under
the condition of group velocity matching, giant Kerr non-
linearity associated with XPM can be achieved with van-
ishing both the linear and two-photon absorptions. Fur-
thermore, we realize π XPM phase shift under the single-
photon level, which is desirable to implement two-qubit
quantum logic gates. The essence is the constructive
interference in nonlinear susceptibility associated with
XPM induced by resonant tunneling in combination with
TIT.
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