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Fig. 1 Energy-level structure of an N-type four-level

asymmetric double quantum well
IR ) Maxwell J7 R BEATFf 34 o 2 T HL A A 2T 10
I i 3 AL, A LA P 22 5 A 3R 110 Iy 2 T iy
Hyh=—24,/2)C2| = 4,3){3]— a/4){4]—

(2,/3)11—al3){2l+ a)4){2|+h.c.), (1)
7 A=A A=, w T Wy, A=A, =w, —
w31%ﬂA4=Ap—AC+Ah=wb—(wc— wp)— w77 5
RRBOGT BT =Dt TR E P A, =, —
W HARMOEHRIE A= 04— @y 700 P
FE G I i, 0o . AT wa, S AH I BE 2% 22 1] 1Y)
AR sh. c. FoREAKILYE

TEAHE AR 225 F | R G800 % B R B T i /2 T 2
i (/30 + ') o =[ Hi 6 (I S MG A i 5EW350 . 6
5 820 W L R R 20 55 R IR R A W k) L A
M 45 3] 2% Bloch J5 72

d . : N
g;] =10, ps — 12,05+ Ti05, (2)
g; =10 o5 + 10y 01 — 1D 03 — 1Qyp12 T 053+
F24{044a (3)
dos: . * i : ToN 0.
g[s =iQ,04 + 2. — 2 o5 — Q05— (s +
[‘23),033, -
d . . c A
%ZIQ\)PM*LQ}JPM*F%{OM, (5)
3 2 . 1 N ToN i2y
gz:] :16/21{021_1.Qp1032+10c (031"’_19111041’ (6)
dp. ) : I
s;l =1dypn — 1(2[)(/033 - Pll) 10001, (7)
30, . ) . .
g;z =1dypps — 10(([033 - r022> T8, 02— i 03 ()
dp, . : i
g; =idy oy T 100 — 102,04, (9)
a 42 . 1 i
g; =idpo — LQh</044 - :022> ~ s, (10)
g;:: 1d43{043 -+ 1.(21),032 — lﬂppn — 12, Oa2, ( 11)

1919001-2



£ 43% F 19H1/2023 £ 10 B/ RFFHR

i&:'—l_‘ :d21:A2+1721§d31:A3+i}’.’sl;d41:A4+i'}’41;
dSZ:(AS_AZ>+ i}’zsz; d42:(A4_A2)+i742; dy=
(A4*A3)+ H2TH 71j:<Fi+F.z)/2+7(ijdeph) j{]ﬁ‘éé&‘z>

5] ) Z WM TR w R ek = Y 0 A K

S RT3 3B A T AR 3 o ) S S AL
TR S RS R R A TR EE 5 RS
HH VL BE % 1) BE T2 KL 5 0, 9 AH L B 6 B2 4 [ 00 5 bk
NGRS
TEMG AR AL RIDE A Maxwell 75 F2 71] 5
1 0

(2 B
1(32% C.af)gp+kmpmo, (12)

R s A 3 A = Nao| goie |/ 2he,c) BER S 0 1
R H P e WAEENBHEEC NI TEEE.
(2)~(12) 1 22 3 i 65 - A5 ¥ b5 (M-B) J7 2 21, Bl
Ji HEOR i M-B J7 B4, it T LAARAS 28 568 09 4R M IR
FIHE LML R T
3 LRI MR R 1

— R OL T MBI B[ 30 (2) ~ (12) T4 f e
ME LSRR, A SCR Y 2 8 RUBE b v 0 L sk
fiff , 1B

pi=py ey T Tt et A e (13)

Q,=e0)"+ 0P +E00 0+ e, (14)
o)) = 0,0, H 0,0, &7 ¥ b i Z0 AR 1 1 H
F BRI LS e g 55 A RS A 8 3 AR DG A RFAE /]y
ZE., FRIFBH I ZERELE =(/=
0,1,2,3).,=¢€'t({=0,1) MR %, ¥ I3k e JF R
AM-BJ R4, /158156 T Q)" F o)) 77 B4, B

d 1 9
i(az+c.al‘)ﬂlil>+ /813(0%/1):]\/[(”, (15)
0 0

ad
i il ol el 4 el ]= Y, (16)
0

i 0% + Q0 0% — Q.03+ Oy 0 — Dy 0+
0
inzs[P({l)_‘_P(z{z)—’—PiT:'_ iF2410(4/4):Z(”, (17)

ad
15 ;0(4[4> + *QMOZ‘(Z/) - -(211*{01[2) + iF24{0(4/4): Bm, (18)
0

d
(ia[+d21){0(2/1)+g:,0(3[1)+-Qb*/oi/l):xwm, (19)
o
d
(iaz—O— d31>pg’3+ Q"+ Qe =P",  (20)
0

d
i+ dyy | o+
(181‘0 3‘)/)3‘

Qe+ 208+ o] 2’ =Q", (2D

d
(iat+d4l){0(4/1)+nhfo(2[1):H“)s (22)
0

d
(iaf + d42) ol — ol — p ] — .ol =T, (23)
-0

a .
(13[ + d43);0(4[3J + (2.),032” - 0:10(412) — Gm» (24)
ﬁ:I:F,M(!) Y(/) Z(/) B(/) ]\/(/) P(!) Q(/) H(/) J(/) G(”(Z:
1,2,3,4) M £ E R WS AL BlG 2 9 T R 7
FE(15)~(24), 4 /=11, B8]0 — By I 7 A

0V =Fexp(if), (25)
+d. +dy)— |2 .
{0;13:(‘” o) (@ ) =[] Fexp(if), (26)
D(w)
w+dy) Q! .
P%)(D(;l))FeXp@ﬁ)’ (27)
0,0. .
piﬂ)sz(w Fexp(i0), (28)

A :D(w)=]02,(w+dy)+]0](w+ do)—(w+
do)(0+ do)(w+di), i o iR F o8
Ha(j=123). 0 MEHER; 0= K(0)z — ot
K (w) MEIDE LB R .

w D

K =——by——, 29
(w) ) D(w) (29)

A D, =0 —(w+dn)(w+dy). 3L (29) 7
DR 0 =0MEHTHEHEF A K(0)=K,+

1 , 1
Klw+EK2Q)Z+EK3(U3+"', ;H;

it
(VK (w)/aa’ ]| .. Ko 11 3 K, 265 A0 TR R 1
W, S5 K, AR A BRI A . B (26) ~
(28) 50, eib 5 BE KL MR TE o)) = 0.

T A TG R 0 28 e W BCREAT L 4007 T
TEA 7] 0,1 QA LR L AE VIR K, BRI A, 1975 4k
LA 2 % DAL 2a) T, 4 P i e 1
S PR I, 2 WSR2 2 B ik A, = 0 Jib 5L Ly
WA 2 1 2 1 SR ), 58 L HRE WD E
A A R R TR Oy 9 S G B 56
I L SR P LR 7% £ R 45 M T LR N R i 2l
FiOUIE T BF 28 95 4005728 0 — RE R S R D AE AT o]
TR I R S AR R A ORI AT
S O, I, SR SR G A KA A, = 0
AT 8% 57 B ¥ A 2 MM P 2) A R ), A
[ h 0 e 0, B B AR 1) 55| 3) 22 T80 L T 4 — £
I 0, K G FIBE Y| 2) 5] 4) 2 1] 3 PR 45 0 VA
R RGBSR , 5 BORIDE B AT b ] B i, PR 1 3
HRARR 2272 12 EIT BLEGE, (38 ¥ 18 22 e PE e e

BTk BRI OUIF R4 R QUJF L R G x R
TG B e M PE T . Pl 2(b) i 7R 2 (2, = 0 meV i
5 R E AR FDRER T KPR 2. o LR
B, 45 DR Q.= 10 meV B[ 2(b) ek ], i

K=

1919001-3



—— ,=0meV, Q=0 meV
- == =20 meV, Q =0 meV

24}
o

£

o

3 16}

=

X

0
-40 -20 0 20 40
Ap /meV

(c)3.2

%43 % 5 19 #1/2023 £ 10 B/ RFZFR

()32
— 0, =0 meV, Q =10 meV
—————— 0, =0 meV, 2 =20 meV

2.4

o0

=]

Q

>

o

MS

—— =10 meV, 2 =10 meV
Q,=10 meV, Q =15 meV
24l e () =15 meEV, Q =10 meV
— =~ £,=20 meV, Q =20 meV

-40 -20

0 20 40
Ap /meV

2 LRVEW R R Ko BEAT R A | AR AR B o () SEPTER — 45 06 5 Q. (b) ST IR 58 Z 8 H06 5 00 ()5 #1065 Q, M 039717

Fig. 2 Linear absorption coefficient Ky as a function of the detuning A ,. (a) The second control field (2, is turned off; (b) only the

second control field 2. is turned on; (c) both control fields are turned on
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Storage and Retrieval of Optical Soliton in N-Type Quantum Well EIT
Medium Under High-Order Effects
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Abstract

Objective As soliton can travel over long distance without attenuation and shape change due to the interplay balance
between dispersion and nonlinearity in nonlinear media, it becomes a good information carrier in quantum information
processing and transmission. Till now, the research on the storage and retrieval of optical soliton mainly focuses on ultra-
cold atomic electromagnetic induction transparency (EIT) media. This is mainly because ultra-cold atomic systems can
generate strong nonlinear effects under low light excitation. However, for practical applications, it is a great challenge to
accurately control the optical soliton storage in the atomic EIT media due to the low temperature approaching to absolute
zero and rarefaction. Fortunately, with the mature semiconductor quantum production technology, quantum wells have
extensive application prospect in quantum information processing and transmission. Thus, we study the storage and

retrieval of optical soliton in the GaAs/AlGaAs double quantum well EIT system.

Methods Based on the current experiments, we first propose an N-type four-level asymmetrical semiconductor GaAs/

AlGaAs double quantum well EIT model. Subsequently, the interaction properties between the optical field and
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semiconductor quantum wells in the system are studied by a semi-classical theory. The physical properties of the optical

field are described by the Maxwell equation, while the semiconductor quantum well is described by the Bloch equation of
quantum mechanics. Therefore, the Maxwell-Bloch (M-B) equations which govern the linear absorption and nonlinear
propagating properties of the system are obtained. Generally, the analytic solution of the M-B equations cannot be
obtained directly. Thereby, M-B equations are solved approximately by adopting a multiple-scale method.
Correspondingly, the soliton solution [Eq. (63)] is chosen as the initial condition, and the M-B equations are numerically

simulated by the Runge-Kutta method to explore the storage and retrieval of the probe pulse.

Results and Discussions Through the above methods, when the second control field is turned off, the linear absorption
curve of the system exhibits a Lorentz absorption peak whatever the first control field changes [Fig. 2 (a)]. Fig. 2 (b)
shows that when the second control field is only turned on, which means that the first control field is turned off, there is a
single transparent window, and the width of the single transparent window becomes wider with the increasing strength of
the second control field. When both the control fields are turned on, the double transparent window will occur, and the
width of the double transparent windows is wider with the rising strength of any control field [Fig. 2 (c)]. Interestingly,
after both the control fields are turned on, the double EIT windows show symmetrical distribution regardless of whether
the strengths of the two control fields are equal or not [Fig. 2 (¢)]. For the nonlinear case, Fig. 3 shows that with the low-
order effect being considered, the optical soliton cannot propagate stably over a long distance with attenuation. The soliton
instability is from the high-order dispersion of the system. After the high-order effects are only considered, the formed
optical soliton can propagate stably over long distances (Fig. 4). Furthermore, Fig. 5 indicates that the optical soliton can
be stored and retrieved by switching off and on the control fields, and the storage and retrieval fidelity of the optical soliton
is higher than that of the ordinary optical pulse. Moreover, the amplitude of the stored optical soliton can be modulated by
the strength of the control field. Specifically, when only the second control field is turned on, the amplitude of the stored
optical soliton increases with the rising strength of the second control field [Fig. 6 (a)]. When both the control fields are
turned on, the amplitude of the stored optical soliton rises with the increasing strength of the second control field under the
unchanged first control field. However, if the second control field keeps unchanged, the amplitude of the stored optical

soliton decreases with the increasing strength of the first control field [Fig. 6 (b)].

Conclusions In this paper, we propose an N-type four-level asymmetrical semiconductor double quantum well EIT
model. Subsequently, we obtain the M-B equations governing the linear and nonlinear properties of the system through the
semi-classical theory combined with the multiple-scale method. When both the control fields are turned on, the linear
absorption curve of the system exhibits double EIT windows. Interestingly, the double EIT windows show symmetrical
distribution regardless of whether the strengths of the two control fields are equal or not. For the nonlinear case, only after
the high-order effects are considered, the formed optical soliton can propagate stably over long distances, and the optical
soliton can be stored and retrieved by switching off and on the control fields. Meanwhile, the amplitude of the stored
optical soliton can be modulated by the strength of the control field. When the first control field keeps unchanged, the
amplitude of the stored optical soliton increases with the rising strength of the second control field. However, the
amplitude of the stored optical soliton decreases with the increasing strength of the first control field under the unchanged
second control field. The results can improve the fidelity for the storage and retrieval of quantum information in

semiconductor quantum well devices.

Key words nonlinear optics; storage and retrieval of optical soliton; electromagnetically induced transparency;

semiconductor quantum well
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