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Enhancing Kerr nonlinearity in an asymmetric double quantum well via Fano interference
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We investigate the enhancement of Kerr nonlinearity in an asymmetric GaAs double quantum well via Fano
interference, which is caused by tunneling from the excited subband to the continuum. In our structure, owing
to Fano interference, the Kerr nonlinearity can be enhanced by appropriately choosing the values of the

detunings and the intensity of the pump field, while cancel the linear and nonlinear absorptions.
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I. INTRODUCTION

In the past few decades, there have attracted tremendous
interests in the study of electromagnetically induced trans-
parency (EIT),! which results from quantum coherence and
interference. This coherence is due to the population trapping
in the dark state. EIT has been studied extensively because it
can be applied to achieve lasing without inversion (LWI),?
produce subluminal and superluminal propagation of light
pulses,’ and enhance the efficiency of four-wave mixing
(FWM) (Ref. 4) and frequency conversion,’ etc. In the con-
duction band of semiconductor quantum wells (QWs), the
two-dimensional electron gas behaves atomiclike optical re-
sponses. Quantum interference and coherence® in QWs can
also produce some interesting phenomena such as strong
EIT,” CPT,® LWL’ enhancement of refractive index,'® all-
optical switching,'! and so on.'>"'3

In nonlinear optics,]9 since the third-order Kerr nonlinear-
ity x® plays an important role in cross-phase modulation for
optical shutters,”’ generation of optical solitons,?! etc., it is
desirable to achieve giant Kerr nonlinearity with low light
powers.”?> In recent years, both theoretically?>?*26 and
experimentally,?’ the study of giant third-order nonlinear sus-
ceptibility with reducing, especially with vanishing linear ab-
sorption has attracted considerable interests. Matsko et al.,
based on multilevel atomic coherence, proposed a new
method of resonant enhancement of Kerr nonlinearity where
one-photon resonant absorption is suppressed by coherence
effects. In a generic four-level system, coherence perturba-
tion leads to double-dark resonance, which as a whole is the
definite signature of a new type of quantum interference
effect.”® Using the interaction of double dark resonances,
Kerr nonlinearity can be enhanced several orders of magni-
tude accompanied by vanishing linear absorption.”> More re-
cently, Niu er al. suggested, due to the spontaneously gener-
ated coherence (SGC), that the Kerr nonlinearity can be
enhanced with vanishing linear and nonlinear absorptions.?
However, for the bound four-level atom,° Im[)(%),M] cannot
be made completely zero. In Ref. 22, Nakajima considered a
quasi-three-level autoionizing scheme and proved that, when
both the probe and the pump fields were weak, proper choice
of the detunings could lead to enhanced nonlinearities, while
canceling the linear and nonlinear absorptions simulta-
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neously. In this autoionizing scheme, the quantum interfer-
ence between the discrete state and continuum component
gives rise to asymmetric line profiles.”?’ This type interfer-
ence is called Fano interference,’® which will lead to nonre-
ciprocal absorptive and dispersive profiles. Substantial effort
has been made to investigate the linear and nonlinear optical
properties on this type interference''3'=3? since it can lead to
tunneling induced transparency,’! reduction of the group
velocity®? and high-efficiency nonlinear optical processes,>
etc. Fano interference has been observed experimentally in
atomic  systems®* and in semiconductor interband
transitions.'> In intersubband transitions, we want to remark
the original paper® proposed by Faist et al. In that experi-
ment, tunneling induced transparency was observed through
Fano interference in a structure where a single excited state
is coupled to a continuum. Interference occurred through the
simultaneous coupling of the ground state to the excited state
and the continuum. The sign of quantum interference (con-
structive or destructive) in optical absorption from the
ground state can be reversed by reversing the direction of
tunneling from a doublet of excited energy levels to a com-
mon continuum.*®

In atomic system, giant Kerr nonlinearity with vanishing
linear and nonlinear absorptions have been pointed out, yet
there appears to be few investigations in semiconductor QW.
In the present paper, we consider the potential of enhancing
the Kerr nonlinearity in an n-type asymmetric semiconductor
GaAs double QWs. The studies of the linear and nonlinear
responses in this structure show that Kerr nonlinearity can be
enhanced due to Fano interference, while maintaining van-
ishing the linear and nonlinear absorptions by appropriately
choosing the values of the detunings and the intensity of the
pump field. Analysis show that this is a result of Fano inter-
ference.

II. THE MODEL AND BASIC EQUATIONS

We consider an asymmetric double quantum well struc-
ture such as that shown in Fig. 1. This structure consists of
two GaAs layers with thickness of 6.4 and 3.5 nm, and they
are separated by a 1.5 nm Al 3,Gag¢gAs tunnel barrier. On
the left-hand side of the wide well is a 1.0 nm Al 3,Gag ¢gAS
barrier, which is followed by the thick layer of Alj,,Gag76AS
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FIG. 1. Conduction subband of the asymmetric double quantum
well in the bare state picture. The ground subbands of the wide well
(|1)) and the narrow one (|2)) are coupled, near resonantly, to the
subband |3) via the probe and pump fields E,(¢) and E,(f), respec-
tively. The transition energy between |1) and [3) is ~171 meV and
that between [2) and |3) is ~110 meV. The subband (|3)) is
~36 meV below the potential barrier edge.

on the left. Finally, Alj3,GajgAs potential barrier is on the
right of the narrow well. In this structure, one would observe
a subband (|2)) in the narrow well, and in the wide one, the
subbands (|1)) and (|3)) can be observed. The transition en-
ergy between 1) and |3) is ~171 meV and that between |2)
and |3) is ~110 meV. The subband (|3)) is ~36 meV below
the barrier edge. The QW is taken to be n doped with a
carrier density 3 X 10'" cm™. In order to study the linear and
nonlinear optical responses in this structure, we apply a
pump field to couple the transition |2) < |3). A probe field for
measuring the optical response is applied to the transition
[1)+|3). Their carrier frequencies are v, and v,, respec-
tively. The presence of the continuum for the decay of the
excited state [3) by tunneling gives rise to asymmetric line
shapes due to Fano interference.’” This structure can be sim-
plified to a three-level A-type scheme. Following the stan-
dard procedure,*® we find that this structure is governed by a
set of density matrix equations given below,

011 == 71011+ 2 Im(Q03) + Moy + N3033+ N0, (1)
G == (72 + N0y + 2 Im(Qy0), (2)
033=— T3+ \3) o33 = 2 Im(Q]a3)) - 2 Im(Qy03,),  (3)

oy =—[i(A; -4y + (71271 + 7’;}2)]0’21 + iﬁl(TZS - 1(120'31,
(4)

. . — e .N .N aN*
031 == [iA + (A1 + ¥5,) 031 = iQy0y, — iy 0y + i) 0733,

)

03 = = (ihy + Vo) o3y + i 033 — iQy00y = iy 05, (6)

where A =ws3,— v, and A,=w;,— v, are the detunings of the
probe and pump fields, respectively. Here ws,(I=1,2) is the
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transition frequency between subbands |3) and |I). The 7,
and v, are the electron transition rates from subbands |1) and
|3) to the continuum by the probe and pump fields present,
respectively. The terms 7, and 7y, can also include other
broadening mechanisms such as collisional broadening and
laser bandwidth. T'5 is the decay rate from the subband |3) to
the continuum by tunneling. Those from [2), |3) and con-
tinuum back to |1) are denoted by \,, A5, and A, respec-
tively. In Egs. (4)—(6), considering the contribution of the
electron-photon scattering process, the dephasing rates of
the nondiagonal elements of the density matrix are denoted
by ylpj (i,j=1,2,3 and i#j), and they are given by
Yo=Y+ 7+0)/2, A=(y1+13+83)/2, and ¥5,=(y,+1;
+N\,+N3)/2, respectively. The polarization dephasing rates of
this structure are strongly dependent upon the electron-
electron scattering process. We introduce ¥4, and 75" in Eqs.
(4) and (5) in a phenomenological way. It is not included in
Egs. (1)—(3) and (6) because what we are interested in is the
steady state case and electrons are mostly in subband |1).
Due to Fano interference, the Rabi frequencies associated
with the probe and pump fields become complex quantities
and are defined by

ﬁIZQI(I—L), ﬁz=Qz<1—L>, (7)
q1 q>

where ¢, and ¢, are asymmetry parameters, and they are
given by*?

20, 20,
91 = /=’ q2 = /=, (8)
vyl Vyal's

where Q; and (), are given by Q,=u;3€;/h and Q,
=u3E> /. Where w5 and w3 denote the electric dipole ma-
trix elements, and &, and &, are the slowly varying ampli-
tudes of the probe and pump fields, respectively.

III. RESULTS AND DISCUSSIONS

The polarization components with frequency v; can be
obtained in terms of the density matrix elements o3; and o
[already eliminated in Egs. (1)—(6)]

pP= (M13U31 +2 Mlc‘fcl> +c.c.

c

! i ! i
=<51—_71>51‘711+M13<1—_>U31+C-C~, ©)
2 q:
where u,. is the dipole matrix element between the ground
subband of the wide well and the left continuum. s; and 7y,
are defined by

g=py (10)
. h(vi—w,)
’ 4/"’%3
M= (11)
! Q%I}

where s; is the level shift of the excited subband [3) due to
Fano interference. P denotes the principal value.
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FIG. 2. (a) The variations of the linear (solid curve) and nonlin-
ear absorptions (dashed curve) and the Kerr nonlinearity (dashed-
dotted curve) versus the probe photon energy. (b) and (c) Contribu-
tions of 0'(121) (together with the level shift owing to Fano
interference) and 0231) to the nonlinear absorption and Kerr nonlin-
earity as a function of the probe photon energy. {),=3.20 meV,
Ay=-6.80 meV.

The expressions of ! and x® can be obtained by sub-
stituting the solutions of Egs. (1)—(6) into Eq. (9). The imagi-
nary part of X(l) accounts for the linear absorption. The real
and imaginary parts of ¥, respectively, yield the Kerr non-
linearity and the nonlinear absorption. In order to derive the
equations for the linear and nonlinear susceptibilities, we
need to solve Egs. (1)—(6) in steady state. For this purpose,
we assume the pump field to be much stronger than the probe
field and o-i?: 1, 0'5?:0'920, i.e., all the electrons are ini-
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tially in the ground subband |1). Combined with y= XV
+3|E;|>x® and Eq. (11), the imaginary part of ") and x©®
are, respectively, given by3?

N,LL2 2 AD-BC
1 (1) =——13<— —, 12
m(X ) hSO F3 * C2 + D2 ( )
N , 0, i
wei= 2 (= ot e+ ol 1- - ot |
3¢g 2 q;
(13)

where 0'(121), 0'(331) are the second- and third-order steady-state

solutions of the density matrix elements o; and o3;. They
can be obtained from Egs. (1)-(6). However, it is so tedious
that we will not present it here. A, 13, C, and D are

2 1
A=Z(7€1+7§_1€)_<1__2)’

q,

1 2
B= (1 - 7)(7‘2’1 +%1)+ —(A1-4y),
491 91

1
C=01(A1=Ag) = (¥ + Y1) (a1 + %51 - Q%(l - —2>,

q>

205
D= [0+ %) + (A= 8 + %),

Combined with the definitions of the Rabi frequencies, we
can know the effect of Fano interference on the linear and
nonlinear optical properties of this structure clearly from
Egs. (12) and (13). It not only changes the Rabi frequencies
to complex quantities, but also shifts the energy level, which
embedded in the continuum by tunneling. This energy shift
influences the linear and nonlinear optical responses of this
structure together with 0'(101) and 0(121), respectively. These are
very different from bound state.

In what follows we focus our attention on enhancing Kerr
nonlinearity with nonabsorption (including the linear and
nonlinear absorptions). In this structure under consideration,
the asymmetric parameters and the values of electron decay
rates are uncontrollable once the sample is prepared. How-
ever, the linear and nonlinear properties can be controlled
through the intensity (),, the detunings A; and A,. With the
temperature 77 K and carrier density 3 X 10'' cm™2, we get
¢,=1.44 and ¢,=1.08.3 By solving the effective mass
Schrodinger equation, we obtain a set of complex eigenval-
ues whose real and imaginary parts account for the quasi-
bound state energy level and resonance widths, respectively.
For the structure under consideration, we have I3
=3.60 meV, A;=3.15 meV, and \,=1.07 meV. \, is very
small and can be neglected. The direct electron transition
rates form subbands |1) and [2) to continuum are taken as
Y1=7,=1.5X107T; since they are much smaller than the
decay rate from state |3) to continuum, which is usually the
case.’® For the carrier density considered here, we take
Y5 =94=2.07 meV.'8
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FIG. 3. The variations of the linear (solid curve) and nonlinear
(dashed curve) absorptions and the Kerr nonlinearity (dashed-dotted
curve) versus the intensity of the pump field {),. The probe photon
energy is taken as =171.21 meV. The others are the same as those
in Fig. 2(a).

Starting from Im(x")=0 and Im(x'¥)=0, the relations of
Q,, Ay, and A, satisfying the nonabsorptions (both the linear
and nonlinear absorptions) conditions can be derived. How-
ever, their analytical expressions are severely tedious, we
present a numerical example here for illustration. Once the
intensity of the pump field is given, the values of the detun-
ings A, and A, are determined by the nonabsorptions condi-
tions. When (),=3.20 meV, the values of the detunings are
A;=0.21 meV and A,=-6.80 meV, respectively. We plot
the representative profiles of Im[%eyx"/(2N|u5?)] (solid
curve), Im[3%%eox®/(2N|uss|*)] (dashed curve) and
Re[373eox'¥/ (2N|m15/*)] (dashed-dotted curve) as a function
of the probe photon energy in Fig. 2(a). This figure exhibits
that the imaginary parts of both the first- and the third-order
susceptibilities look like the dispersive shape, and the real
part of the third-order susceptibility looks like the absorptive
shape. When the probe photon energy is equal to
171.21 meV, ie., A;=0.21 meV (Dot A), the linear and
nonlinear absorptions are approximately equal to zero. While
the Kerr nonlinearity is large (=2.385). These results indi-
cate that the Kerr nonlinearity can be enhanced, while the
linear and nonlinear absorptions are canceled.

Equation (13) exhibits that the contributions to the third-
order susceptibility consist of two parts: the first term, which
is the influence of the energy level shift of the excited sub-
band together with (7(121); the second term, which is the back-
ground of the third-order susceptibility except the Rabi fre-
quencies are replaced by complex quantities. So, in Figs.
2(b) and 2(c), we plot their contributions to the nonlinear
absorption and the Kerr nonlinearity in dashed and solid
curves, respectively. As we can see from Fig. 2(b) that, when
the probe energy is approximately 171.21 meV, the contri-
bution of the first term is negative (=-0.198) whereas that of
the second term is positive (=0.198). This indicates that the
energy level shift of the excited state |3) causes nonlinear
gain on the probe beam, while the second term causes non-
linear absorption. The destruction of interference from these
two terms produces vanishing nonlinear absorption. Calcula-
tions of these two terms to the linear absorption (not shown
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FIG. 4. The variations of the linear (solid curve) and nonlinear
(dashed curve) absorptions and the Kerr nonlinearity (dashed-dotted
curve) as a function of the probe photon energy. Parameters are
¥1=¥=N\.=I3=5]=7,=0.0, g;=¢,=10°. The others are the same
as those in Fig. 2(a).

in this paper) show that the linear absorption is also approxi-
mately zero because of the destructive quantum interference.
Their contributions to the Kerr nonlinearity are =2.659 and
=—(.274, respectively [as shown in Fig. 2(c)]. The former’s
contribution is much larger than that from the latter one. This
suggests that the Kerr nonlinearity can be enhanced by
choosing the intensity of the pump field appropriately, while
the linear and nonlinear absorptions are canceled. Now one
may ask what happens when the intensity of the pump field
varies. To see this, we plot the imaginary part of the first-
order susceptibility and the real and imaginary parts of the
third-order nonlinear susceptibility as a function of ), in
Fig. 3 as (), increases from 2.0 meV to 3.4 meV. For the
sake of clarity, we amplify the linear and nonlinear absorp-
tion for 10 times. This figure shows that, when the intensity
of the pump field increases, the linear absorption varies from
negative to positive, and the nonlinear absorption becomes
from positive to negative. When (1=3.20 meV (Dot A), we
note that the linear and nonlinear absorptions are both ap-
proximately zero, while the Kerr nonlinearity is very large.

To understand the effect of Fano interference on the linear
and nonlinear susceptibilities more clearly, in Fig. 4, we plot
the representative profiles of Im[%g "/ (2N|u5|?)] (solid
curve), Im[373ox'¥/(2N|u15/*)] (dashed curve), and
Re[373e0x'>/ (2N|m15/*)] (dashed-dotted curve) with y,=1y,
=\.=I3=5]=7;=0.0, and ¢,=¢,=10°. The other parameters
are the same as those in Fig. 2(a). As expected, they look like
those in a bound state. This figure shows that, within the
region when the Kerr nonlinearity is enhanced, the linear and
nonlinear absorptions are always very large. Comparing with
Fig. 2(a), it can be concluded that the enhanced Kerr nonlin-
earity with vanishing linear and nonlinear absorptions is a
result of Fano interference. The line shapes are asymmetric
because the pump field is not on-resonant with the optical
transition.

IV. CONCLUSIONS

In conclusion, we have presented a class of semiconduc-
tor nonlinear optical devices based on absorption transpar-
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ency induced by Fano interference, and studied the linear
and nonlinear optical responses. The results of the first- and
third-order susceptibilities have shown that in this structure
appropriate choice of the detunings and the intensity of the
pump field lead to enhanced Kerr nonlinearity, while cancel-
ing the linear and nonlinear absorptions. This structure has
the potential applications in all-optical switching and other
information processes.

PHYSICAL REVIEW B 74, 155314 (2006)
ACKNOWLEDGMENTS

One of the authors (H.S.) is sincerely grateful to Jinhui
Wu and T. Nakajima for many fruitful discussions. This work
is supported by the National Natural Science Foundation of
China (Grant No. 60478002) and the Key Basic Research
Foundation of Shanghai (Grants No. 04JC14036 and
05DJ14003).

*Corresponding author. Electronic address:
sqgong @mail.siom.ac.cn

Electronic address: niuyp@mail.siom.ac.cn

IS. E. Harris, Phys. Today 52, 36 (1997); M. Fleischhauer, A.
Imamoglu, and J. P. Marangosg Rev. Mod. Phys. 77, 633
(2005).

2S. E. Harris, Phys. Rev. Lett. 62, 1033 (1989); S. Q. Gong, H. G.
Teng, and Z. Z. Xu, Phys. Rev. A 51, 3382 (1995).

3L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi, Nature
(London) 397, 594 (1999); L. J. Wang, A. Kuzmich, and A.
Dogariu, ibid. 406, 277 (2000).

4Yueping Niu, Ruxin Li, and Shangging Gong, Phys. Rev. A 71,
043819 (2005); Y. Wu, M. G. Payne, E. W. Hagley, and L.
Deng, Opt. Lett. 29, 2294 (2004).

5S. E. Harris, J. E. Field, and A. Imamoglu, Phys. Rev. Lett. 64,
1107 (1990).

9G. B. Serapiglia, E. Paspalakis, C. Sirtori, K. L. Vodopyanov, and
C. C. Phillips, Phys. Rev. Lett. 84, 1019 (2000); W. W. Chow,
H. C. Schneider, and M. C. Phillips, Phys. Rev. A 68, 053802
(2003).

7M. C. Phillips and Hailin Wang, Phys. Rev. Lett. 91, 183602
(2003).

8]. F. Dynes, M. D. Frogley, J. Rodger, and C. C. Phillips, Phys.
Rev. B 72, 085323 (2005).

D. E. Nikonov, A. Imamoglu, and M. O. Scully, Phys. Rev. B 59,
12212 (1999); M. D. Frogley, J. E. Dynes, M. Beck, J. Faist, and
C. C. Phillips, Nat. Mater. 5, 175 (2006).

105, M. Sadeghi, H. M. van Driel, and J. M. Fraser, Phys. Rev. B
62, 15386 (2000).
3. H. Wu, J. Y. Gao, J. H. Xu, L. Silvestri, M. Artoni, G. C. La
Rocca, and F. Bassani, Phys. Rev. Lett. 95, 057401 (2005).
121.. Silvestri, F. Bassani, G. Czajkowski, and B. Davoudi, Eur.
Phys. J. B 27, 89 (2002).

138, Schmitt-Rink, D. S. Chemla, and D. A. B. Miller, Adv. Phys.
38, 89 (1989).

I4E. Paspalakis, Phys. Rev. B 67, 233306 (2003); E. Paspalakis, A.
Kalini, and A. F. Terzis, ibid. 73, 073305 (2006).

I5D. Y. Oberli, G. B6"hm, G. Weimann, and J. A. Brum, Phys. Rev.
B 49, 5757 (1994).

16D, Ahn and S. L. Chuang, Phys. Rev. B 34, 9034 (1986); Jian-
Ping Peng, Hao Chen, and Shi-Xun Zhou, ibid. 43, 12042
(1991).

170. Gauthier-Lafaye, S. Sauvage, P. Boucaud, F. H. Julien, F. Glo-
tin, R. Prazeres, J.-M. Ortega, V. Thierry-Mieg, and R. Planel, J.
Appl. Phys. 83, 2920 (1998).

185 M. Sadeghi, S. R. Leffer, J. Meyer, and E. Mueller, J. Phys.:
Condens. Matter 10, 2489 (1998).

9R. W. Boyd, Nonlinear Optics (Academic, San Diego, 1992).

20H. Schmidt and A. Imamoglu, Opt. Lett. 21, 1936 (1996).

2y, Tikhonenko, J. Christou, and B. Luther-Davies, Phys. Rev.
Lett. 76, 2698 (1996).

228, E. Harris and L. V. Hau, Phys. Rev. Lett. 82, 4611 (1999); A.
Imamoglu, H. Schmidt, G. Woods, and M. Deutsch, ibid. 79,
1467 (1997).

23 A. B. Matsko, I. Novikova, G. R. Welch, and M. S. Zubairy, Opt.
Lett. 28, 96 (2003).

24T. Nakajima, Opt. Lett. 25, 847 (2000).

2 Yueping Niu, Ruxin Li, Shangqing Gong, and Xiaoyan Liang,
Opt. Lett. 30, 3371 (2005).

20Yueping Niu and Shangqing Gong, Phys. Rev. A 73, 053811
(2006).

2THai Wang, D. Goorskey, and Min Xiao, Phys. Rev. Lett. 87,
073601 (2001); Phys. Rev. A 65, 051802(R) (2002); J. Mod.
Opt. 49, 335 (2002).

22M. D. Lukin, S. F. Yelin, M. Fleischhauer, and M. O. Scully,
Phys. Rev. A 60, 3225 (1999).

29P. Lambropoulos and P. Zoller, Phys. Rev. A 24, 379 (1983).

30U. Fano, Phys. Rev. 124, 1866 (1961).

3'H. Schmidt, K. L. Campman, A. C. Gossard, and A. Imamoglu,
Appl. Phys. Lett. 70, 3455 (1997).

2T Nakajima, Phys. Rev. A 63, 043804 (2001).

3T. Nakajima, Phys. Rev. A 60, 4805 (1999); Opt. Lett. 27, 116
(2002).

34R. P. Madden and K. Codling, Phys. Rev. Lett. 10, 516 (1963).

33]. Faist, C. Sirtori, F. Capassom, S.-N. G. Chu, L. N. Pfeiffer, and
K. W. West, Opt. Lett. 21, 985 (1996).

30 Faist, F. Capasso, C. Sirtori, K. W. West, and L. N. Pfeiffer,
Nature (London) 390, 589 (1997).

37H. Schmidt and A. Imamoglu, Opt. Lett. 131, 333 (1996).

BK. J. Jin, S. H. Pan, and G. Z. Yang, Phys. Rev. B 50, 8584
(1994); 51, 9764 (1995).

¥J. H. Wy, I. Y. Gao, J. H. Xu, L. Silvestri, M. Artoni, G. C. La
Rocca, and F. Bassani, Phys. Rev. A 73, 053818 (2006).

155314-5



