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The effect of the depolarization field on the nonlinear intersubband absorption spectrum of a rectangu-
lar quantum well (described by the two-subband model) is discussed. Calculations are performed in the
framework of the density-matrix formulation with use of the relaxation-time approximation. Obtained
results show that the depolarization effect not only shifts the peak by an amount depending on the inten-
sity of the incident light but also leads to a significant distortion (asymmetry) of the line shape.

Recently there has been a strong interest in the non-
linear optical phenomena connected with the intersub-
band transitions in semiconductor quantum wells
(QW’s).!~° This interest results both from a fundamental
physics point of view as well as from the possible device
applications.?

The calculation of the electromagnetic response (of the
low-dimensional electron gas), with the standard mean-
field approaches, consists of two steps.!®!! First, deter-
mination of the final and initial states of the system by
self-consistent solution of Schrédinger’s equation and
Poisson’s equation. (The exchange-correlation interac-
tion can be incorporated within the density-functional
scheme.) Second, the response of the system to the elec-
tromagnetic radiation is obtained by employing the
random-phase approximation (RPA) or the time-
dependent local-density approximation'! if exchange-
correlation effects are to be included. To obtain an accu-
rate representation of the response we have to include
both steps.

In most of the theoretical works devoted to the non-
linear intersubband absorption, the second step is omit-
ted. It is equivalent (when we work in the RPA) in
neglecting the depolarization effect (DE). Some authors!
try to include the DE, assuming, that like in the case of
the linear intersubband absorption, the DE shifts only the
resonance frequency by an amount independent on the
intensity of the incident radiation. In this paper, we
show (employing RPA) that in the case of the nonlinear
absorption in typical rectangular QW’s, the error induced
by this simplified treatment of the DE can be substantial.

Our analysis is based on the density-matrix formula-
tion with relaxation-time approximation. As in previous
papers, we consider the two-subband system, assuming
that only the ground subband is occupied in the absence
of the radiation. For a parabolic conduction band, the
energies of these two subbands, E, and E,, can be ex-
pressed as

E,(k,)=E,+#%k}/2m*, n=1,2, (1

where k, is the wave vector in the x-y plane, m* is the
effective mass of electrons in the conduction band, and
E, =E, (k,=0).

The corresponding wave functions can be written as
v, (k,,r,)=explik,r,)x,(z), (2)

where r, is the position vector in the x-y plane and x,(z)
is the envelope wave function in the z direction.

The evolution of the density matrix p is given by!2 ™1

%Fti=(1/m)[7{0+7{'(t),p]—Rp ; 3

where 7, is the Hamiltonian for the unperturbed system,
Ff'(t) is the effective perturbing Hamiltonian, and R is
the relaxation operator.

The equations for the matrix elements of the density
matrix [in the representation of (2)] resulting from Eq. (3)
can be written in the form!?

pro=ilwy+i/Ty)p,+i/B)FH H()Ap , (4a)

pa1=—i(wy —i /Ty )pyy— i /8)FH5(1)Ap , (4b)

(Pr1i—P2n)=2i /B[ H1(1)p1a—paFtin(D)]
—(Ap—Ap)/T, (4c)

where T, is the intrasubband relaxation time, T'| is the
intersubband relaxation time, #};(¢)= <X,~|7f’(t)|)(j Y,
i, j=1,2), Bp=py1—pa, A =pi)—ply, and p© is the
unperturbed density matrix having only diagonal terms.
Since the operator #f'(¢) is Hermitian, we have the fol-
lowing relations: #£1,(¢)=%>}(t) and p;,=p3).

When external electric field D (¢) is applied in the z
direction, it modifies the density distribution of electrons,
and consequently the Hartree potential. Let An(z,t) be
the change of the distribution due to this field. Then the
effective perturbing potential, appearing in Egs. (3) and
(4), can be written in the form!%!!

H(t)=eD (1z —(4me?/e) [ dz' [* dz"An(z",1)
(5)

where € is the background dielectric constant.

(In this paper we are restricted to the electrostatic lim-
it, where the velocity of light can be taken to be infinite,
and the electric field can be expressed as gradient of a po-
tential.)
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At this point it is interesting to note that the electro-
static field of the optically generated space-charge shifts
the subband energy.>® However, in the case of the typi-
cal rectangular QW’s this shift is very small and can be
neglected in the first approximation.>!?

Under usual experimental conditions the wavelength of
the light is much larger than the thickness of the system.
When the absorption is not strong, which is usually the
case, the electric field of the incident radiation can be tak-
en into the form

D(t)=D exp(—iwt)+D *expliowt) . (6)

To solve the system of Egs. (4)-(6) we adopt the
rotating-wave approximation'?"!* (RWA) and restrict
only to the steady-state responses. In the case considered
here the RWA is equivalent to the assumption that the
nondiagonal matrix elements of p(¢) and #'(¢) are in the
following forms:

H()=H jj()exp(—iwt)+F ;(—w)expliot) , @)
pij(t)=p;lwlexp( —iwt)+p;(—w)expliot?) , (8)

where p),(tw), py(Lw), H(Lw), and #5,(*w) are as-
sumed to be time independent. The diagonal terms p,
and p,, can also be treated as time independent.

1.0

(a) =0.025E,,
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Substituting Eqgs. (7) and (8) into the density-matrix
equations (4a), (4b), and (4c), and considering only the
exp(—iwt) and exp(iwt) terms for p;, and p,;, and the
time-independent terms p;; and p,,, after some manipula-
tions we get

Prol@)=—ApH (o) #lwy +o+i /T, (9a)
Pral —@)=—ApH L(— o) Hwy—w+i/T,)]" 1,  (9b)
po(@)=—ApF () Filwy —0—i/T,)] 7", (9¢)
P —0)=—ApFH Yy (—o) oy +o—i/T)]™",  (9d)

4 Hy()* T
+|21€0‘~_1

Ap:Ap(l) 1 ﬁz T2

23, +0?)

(03— 0?4+ QwT; ')

) (10)

where fiw, =E, =E,—E,.
The Fourier component of An(t,z) with exp(—iwt),
time dependence can be written in the form

An(0,2)=33[Fra(@) +Fy(@) 1x1(2)xa(2) - 1n
k

t
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FIG. 1. Dependence of the real part of the nonlinear conductivity &,,(w,I) on the intensity of the radiation for =0, +0.5, *+1,
+1.5, and +2I'; in GaAs QW with a;;=0.2 and (a,b) I';=0.025E,, and (c,d) I',=0.05E,;. The solid lines represent exact results.
The dotted lines are obtained with the help of Eq. (20). The dashed lines represent a,; =0 results but with E,; replaced by E,;.
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The Fourier component of the induced current can be
calculated from Eq. (11) by the use of the equation of
continuity, and is given by

j(co,z)=—(—e)(—iw)fjwdz’An(w,z) . (12)
The absorption () in a unit area is given by'%!!
Plw,])=1Rev ,(0,1)|D|*, (13)
where
7.(0,1)=(1/D) [ j(w,2)
e (—iw)N, W(w,I)H,
T e Ger—nmer,

is the nonlinear conductivity and

| L HalP2T3ES + (o)) o s
Iy [E3 —(#i0)? P+ (2%0],)? '

Here N; is the electron concentration ir
area, Fa=2m*|{x,lzlx ) 2wy, /#, H, =% (0)/
eD{(x,|zlx,) , T;=#/T;, and I=ce'’?|D|*/27 is the
intensity of the incident optical radiation.
I,=ce'/’T"\T,/8me?|{x,lz|x,)|? is the saturation inten-
sity.

Taking the matrix element of Eq. (5) we have the fol-
lowing equation, which determines H ,:

W(w,I)=

in unit

aE2
14+ ney W(w,I)

H
12 E32, —(#iw)*—i2#T,

=1, (16)

where
_ 87N, e?

0 o 2
a“—eTﬂf_wdz [f_wdz Yoz, (2") (17

In typical rectangular GaAs QW with E,; ~100 meV
and N, ~10'2 cm 2 (such as those in which the saturation
of the intersubband transitions was observed®) parameter
@, is rather small ~0.2.1%17

It is easy to check that W(w,I =0)=1 and

Hyy|,_ =[E} —(fiw)*—i2fiwl,]/[E 2 —(#iw)?

—i240T,] , (18)

where E3, =E%,(1+ay)).

Substituting Eq. (18) into Eq. (14) we get the well-
known result,!® indicating that (in the two-subband ap-
proximation) the DE only shifts the resonant energy from
E, to E,,.

Assume now that a;, is vanishingly small (what takes
place when N, <10'' cm™?). Then H;,=1 and the ex-
pression for the nonlinear conductivity (14) becomes con-
sistent with that employed in the previous papers® !’ dis-
cussing the third-order nonlinearities in QW’s. More-
over, it reduces (near the resonance) to the result ob-
tained by Roan and Chuang,’ if we put in our formula
I',=T, (= the intrasubband relaxation time). This sug-
gests that the approach used by Roan and Chuang for the
description of the electron-scattering effects is not fully
correct. It is interesting to note that in QW’s with E,;
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much larger than LO-phonon energy I[,>>T9. The
above facts are probably the main reason why calculated
by Roan and Chuang the saturation intensity is about five
times larger than that obtained in experiment.’

Consider now the more interesting case when both a;
and I are finite. Then, the simple analytical solution of
Eq. (16) can be obtained only in the low saturation limit
(I <<Iy). When I <<I, the expression for W(w,I) can be
approximated by

; Huy,_ 203 E3) + (fiw)?]

1—— . 19

Wlw,I)=
@ Iy [E3, —(#0) P+ (2#0l, )

After some manipulation, we get from Egs. (19), (16), and

(14) the following approximated expression for
Red,,(w,1):
2 2
Red ,, (0, I)=0 o 1 r_Is
=0y |[1—
= 8°+T3 I, 8*+T3
X | Mtay 55— ,
8°+TI3
(20)
&
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b P
I
L [
I
I I, A l\
- 1 W
IIII 1
L N\
17 \\\|\
1" \\\
- "1™\
117~ NN
- 77N\
w AN
Y N
: o/ \
w 7 N
< LA
'_31 I L L
N =0 ossz,l/ \\ (d)
& / \
- / \
/ \
L / \
“N
! // \\ \
- \
/ \
L / // 277N \\\
/7 7 AN
17,7 o N\
SR\
///////‘\ \\\\
L 270 \\‘ \\\
1077,7 \ \\\
10" RN
0.2 f////// \\tg
0.0 L L ! 1 L !
100 105 110 115 100 105 110 115 120
ho/ E

FIG. 2. Dependence of the real part of the nonlinear conduc-
tivity @,,(w,I) on the photon energy in GaAs QW with a,;=0.2
and (a,b) I',=0.025E,, and (c,d) [',=0.05E,,. The intensities
of the radiation are 0, 0.5, 1, 1.5, and 2 I, from the highest to
the lowest peak. The solid lines represent exact results. The
dashed lines represent a;, =0 results, but with E,; replaced by
E,.
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where o,=N,e’f,,%/2m*T,, §=#w—E,, is detuning.
(In obtaining the above equation we have assumed that
photon energy #w is close to E,; and the factor a,; is
small.) Equation (20) is equivalent to that obtained in our
previous paper,!®> with the help of the less-sophisticated
method.

At high intensity of the incident light, Eq. (16) can be
solved only numerically. We have performed the numeri-
cal calculations, taking a;;=0.2. (This value of the pa-
rameter a,, is very close to that obtained by Bloss'® for
an 85-A GaAs QW doped to N, =10'? cm~2 with 240-
meV barriers of Al,Ga,;_,As.) The results are presented
in Figs. 1 and 2. For comparison we also present results
obtained with the help of Eq. (20) as well as results ob-
tained assuming that the DE only shifts the resonant en-
ergy from E,, to E,,. From these figures we find that
when the intensity of the radiation is comparable with I,
the shift of the peak induced by the DE decreases with
increasing the intensity and the absorption line becomes
strongly asymmetric. Consequently, the influence of the
resonant screening on the behavior of the nonlinear inter-

subband absorption (as a function of I) depends not only
on a;; but also on the sign of 8. When & >0 then the DE
results in the decreasing absorption, while for § <0 the
nonlinear conductivity has a maximum at some value of
I. This maximum shifts to higher intensity with increas-
ing 6 and is particularly well pronounced in QW’s with
I =0 line broadening (2T",), much smaller than the depo-
larization shift (~aE,, /2).

It is also interesting to note that the range of the inten-
sity for which the approximated formula (20) works well
is much larger for 6 < —TI', than for § 2 0.

In conclusion, we have shown that in the case of the
nonlinear intersubband absorption the simplified treat-
ment of the depolarization effect (assuming only the shift
of the resonant energy from E,, to E,;) can introduce
substantial errors.
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