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Magneto-optical effects in quantum wells irradiated with light pulses
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A method to detect and investigate the magnetopolaron effect in semiconductor quantum wells in a strong
magnetic field, based on pulse light irradiation, and measuring the reflected and transmitted pulses, is proposed.
It is shown that a beating amplitude on the frequencies, corresponding to the magnetopolaron energy level
splitting, depends strongly on the exciting pulse width. The existence of time points of the total reflection and
total transparency is predicted. High orders of the perturbation theory on electron-electromagnetic field inter-
action are taken into account.

Time-resolved scattering’RS) investigations of excitons where y,(y) is the inverse radiativénonradiative lifetime
in semiconductor bulk crystals and quantum we{®\'’s) of the electronic excitation, a strong change of the transmit-
are often discussed in the current literattiféThe most in-  ted and reflected pulses, comparatively with the shape of the
teresting results are due to the discrete energy levels arekciting pulse, has to occur.
pulse irradiation of the physical subjects. It is also well The above-mentioned change occurs in the case when the
known that a pair of energy levels close to each other resultimteraction of the electronic excitation with other excitations
in an interesting effect: sinusoidal beatings on the frequencin the QW (in particular with phononsdoes not essentially
AE/#, corresponding to the energy distankE between the influence the energy spectrum of the electronic excitations.
energy levels, appear in the reflected pulses. The role of the electrothole)—LO-phonon interaction grows

In this paper we theoretically investigate TRS from asharply at resonant values &f when the magnetopolaron
semiconductor QW in a strong magnetic fié8MF). When  effect appears,.e., electron(hole) energy-level splitting oc-
a SMF is directed perpendicularly to the QW surface, discurs.
crete energy levels of the electron excitations exist there. The polaron state formation takes place in both three-
These discrete energy levels are characterized by the Landaimensional3D) and 2D semiconductor systems. In the 2D
and size-quantization quantum numbers of electrons andase the splitting value is about’% w o ,° wherew is the
holes. In an ideal situation the Landau levéls’s) are equi-  Frohlich electron—LO-phonon coupling constdrithe usual,
distant. It is clear that one cannot restrict the consideration taombined and weak, magnetopolardasist there. The reso-
some pair of the LL’s, and has to take into account either on@ant magnetic-field values for the usual magnetopolarons are
LL or a large number of LL’s. The last variant was used indetermined as
Ref. 3, where a ladder-type structure of the reflected and
transmitted pulses was predicted for a strongly nonsymmetri- oLo=]Q¢ry), 171,23 ..., 2
cal exciting light pulse. The ladder-type structure is charac- )
terized by the period 2/w,, Where w,=|e|H/uc is the where w o is the LO-phonon frequency, andlp,
cyclotron frequency, = pefn/ (et fn),Me(My) is the =|e|H/m?(h)c.|s the electron(hole) cyclotron frequency.
electron(hole) effective mass, andi is the magnetic-field 1he fractionalj corresponds to the weak polarons.
intensity. In the case of arbitrary exciting pulses a beatinq The valuesAE of the polaron splittings for the weak po-
structure with a frequency,, depends on the pulse form, but arons are smallgr than tholslgz for the usual polarons: They are
generally speaking is not a sinusoidal one. In the case of & higher order ina than «™*. The valuesy,, and y;,, for
symmetrical exciting pulse, the duration of which is muchPoth upper@ and lower(b) energy levels were obtained in
longer than the period2/w,, , the beatings on the frequency Ref. 9, along with estimations of, and y,, o
w, have a very small amplitude. Then one can restrict the Let us show that the valueSE of the polaron splittings

consideration by the only LL, with which the exciting pulse &N be measured in experiments with the pulse irradiation of
is in the resonance. a QW in a SMF. We suppose that a light pulse incidents on

In Ref. 4 the shape of the reflected and transmitted pulsed Single QW from the left perpendicularly to the QW surface.
was determined in the vicinity of the resonance of the excit-1 "€ pulse electric field intensity is
ing pulse carrier frequency, , with the only energy level in ot 21 (22
the QW. Maybe this level is either an excitonic leveltat Eo(z,t)=Ege;e™ 1 72"9{@(t—zn/c)e” (77"
=0 or a discrete energy level in the SMF. It has been shown +[1- (t_Zn/c)]ey|(t—zrvc)/z}+c_c_’ 3)
that under the condition
whereE, is the real amplitudeg is the polarization vector,
Y=, (1) o, is the pulse carrier frequency, is the refraction index
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outside of the QW,y, determines the pulse duration, and where the upperlower) sign corresponds to the indexes

O (x) is the Haeviside step function. After the Fourier trans-

formation, we obtain

[

Eo(z,t)= E0e1J dwe 72D (w)+c.c., (4)

Do(w)= 5L (w0 +i 112~ (0= —i%/2) ]
®

When y,—0 the pulse[Eqg. (3)] transits into a monochro-
matic wave. Let us suppose that the incident wave has

circular polarization. We imply that both waves of the circu-
lar polarization correspond to the excitations of two types ofV
the EHP, the energies of which are equal. Let us consider &

(left)((right))

D(w)=—4mx(w)Do(w)/[1+4mx(w)], ®)
x(0)=(i14m) 2 (7,2 (0—w,+iy,/2)"*
p
+(w+wp+iyp/2)_1], 9

a

here p is the index of the excited state, ardo, is the
xcitation energy measured from the ground-state energy.

QW, the width of which is much smaller than the light wave- Applying Eq.(8) means that the theory is constructed taking

length valuec/w;n. Then the electric fields on the lefbn
the right of the QW are determined by the expressfons

Eiefi(righty(Z,t) = Eo(Z,1) + AE e y(right) » (6)

AEiefirighty(Z,t) = Eo& X f dwe™ (27D (w) +c.c.,
(7

into account the highest orders of the perturbation theory on
the electron—electromagnetic-field interacti? ! The
second term in the square brackets of E).is a nonreso-
nant one, and is omitted below.

Below we consider the case of two excited energy levels
when the index takes two valuesp=1 and 2. These levels
are the lower and upper magnetopolaron energy levels. With
the help of Eqs(6)—(9), we obtain

AEleft(zat) =— iEOQ{ @(s) e*iw|5* y|s/2(

w|—

Y12 . Yeal2
Ql+i(Gl_’)f|)/2 w|_92+i(Gz_’)f|)/2

—e i GlsIZ(;r 112) (

1
w|_Ql+|(Gl_'}/|)/2 w|_Ql+|(Gl+ ’)/|)/2)

1 1

— e Qs GZS/Z(;rzlz)

0 —Qu+i(Gy— )2 wu—Qz+i(Gz+%)/2”

Y12 Yral2

+[1_®(S)]e—iw|s+y|s/2(

wheres=t+zn/c. The expression foAE,yn(z,t) differs
from Eq. (10) by the substitutiorp=t—2zn/c instead ofs.
The following designations are used:

, 1. .
(Q=iG12)12)=5 01+ @2+ V(01— @)~ Y1712l

o1= 012~ iT12/2, T12= 12+ Y1)

Y= ¥t Ay Ye=re— A, (11

Ay={y1[ Qo= 0= (G~ ¥2)/2]
+ Y2l Q1= 01— 1(Gy— 1) /2]}
X[Q—Q+i(G,—Gy)/2] L.

The upper(lower) sign in Eq.(11) corresponds to(2). The
values {1y, and Gy, are real by their definition. Aty,

0= Ot (Gt )2 @ — 0, 1(Cyt y,)/Z) ]

(10

=0 Eq.(10) transits into the formula for the induced field at
a monochromatic irradiatiohAt y,,=0, from Eq.(10) we
obtain

eiois—ysi2

AEleft(zlt): _IEOQ(’}/rl/Z)[@(S) wl_wl+i(rl_ ')/I)/Z

1
w—wti(T—y)/2

_ e—iw|s—Fls/2(

1
o —w i (Dt )2

e*iw|s+ Y512

+[1—®(s)]w| }'FC.C.,

(12)

which corresponds to the case of the single excited energy
level. Comparing Eqg10) and(12), one finds that the fields
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FIG. 1. The modulus of the exciting, transmitted, reflected, and FIG. 3. Same as Fig. 1 foy=0 and,=0.000S.

absorbed energy fluxes as time functiong=Q,, Aw
=0.00665, y, =0.00005, y=0.0005, andy,=0.0005. All the pa- In the cases
rameters are given in eV.

o =Q1, Y= Ye=Y, V1T Y277, (14
from two levels not only add, but that a renormalization of e results for the fluxes are represented in Figs. 1-5. Thus
the frequencies, (), broadeningd’y(;), and factorsyry2)  only the parameters;, Aw, 1v,, andy are variable. Obvi-
has occurred. These are substituted fo€by;,), G1(2), and  gysly, under Eqs(14) beatings are possible only at the fre-
Yr1(2), respectively. In the case of two merging levels, i.e.,quency AQ=Q,—Q,, if the value AQ+#0, which is not
under conditionsy,; =y, Y1=72, andw;=w,, from Eq.  always fulfilled, as we will see below. Figures 1 and 2 cor-
(100 we obtain an expression like E¢l2), in which the respond to the parameters
value y,, has to be substituted for byy2,. This means that

in the case of a twice degenerated level, the twofold value of Aw=0.00665, v,=0.00005, y=0.0005,
the inverse radiative lifetime figures into all the formulas. (15)
In Figs. 1-5 the modul? and7 of the exciting and tran- v,=0.0005 (Fig. 1), ¥,=0.005 (Fig. 2.

siting pulses as functions @f=t—zn/c , the moduleR of ] ]
the reflected pulse flux as function st=t+zn/c, and the e use arbitrary units because the results for the fluxes de-

absorption, which is defined a0 as pend on the parameter interrelations only. If eV’s are used,
thenA  from Eq.(15) correspond®’ to the usual polaron at
A=P-T-R, (13 i=1 [see Eq.(2)] at the QW widthd=300 A for GaAs.

The relationy/y,=10 is chosen arbitrarily(),;=w,; and

are represented. The modulus of the energy fluxes are repr&,=w, when the parameters of E(L5) are used.
sented in units §/27n)E3. Figures 1 and 2 differ from each other sharply. The beat-

It follows from Eq. (10) that the results for the energy ings are almost invisible in Fig. 1. This means that these
fluxes are dependent on the parameigrs w, andvy,, char-  results correspond to the induced electric figlh. (12)]
acterizing the exciting pulse, and the paramet&®ts= w; under the conditionw;= w;. In Fig. 2 the beatings at the
— w3, Y1, Y2, Y1, and vy,, characterizing the system frequencyAw=w;—w, are seen brightly in the reflected
with two excited levels. It follows from Eq(10) that there pulse. Reflection and absorption are much smaller than unity
are resonances on the frequencigs Q;, w,={,, and that in Figs. 1 and 2, and reflection is much smaller than absorp-
beatings on the three frequencies—Q,, o,—Q,, ; tion. These features characterize the cgsey. As for beat-
-, exist.
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FIG. 2. Same as Fig. 1 foy;=0.005. FIG. 4. Same as Fig. 1 foy=0 andy,=0.005.
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tive, and is equal to the sum of fluxes going to the left and
the right. That means that the QW gives back the accumu-
lated energy.

0.8 pulse
] In Fig. 5 the parameters

0.6 ] transmission

Aw=0.00665,

04

(17)

0,2—-
] v,=0.00666, y=0.0001, v,=0.001

are used, i.e., the special caS@= 1y, is represented. The

beating absence is due M) =0, but not to the small influ-

ence of one of the levels. Indeed, as follows from EG44)

reflection absorption

0.2

ts,p (ps)

T T T T T

! o b ! : and (14), Q;=Q,=(w;+,)/2 at|Aw|<y,. Thus, if o,
FIG. 5. Same as Fig. 1 foy,=0.00666, y=0.0001, andy, =(),, the pulse carrier frequency is situated exactly between
=0.001. the two levels in the case of Fig. 5.

The beatings are absent in Fig. 5, but the figure structure

ings, their appearance depends sharply on the pulse duratigtffers radically from the structure for the case of two energy
v, *. Beatings are clearly visible for short pulses whgn levels. In Fig. 5 there is a time poity of the total transpar-
=Aw. This is clear physically: The frequencies, which are€ncy in which reflection and absorption are equal to 0, and
close tow; and w,, are essential in the frequency spectrumthe transmitted flux is equal to the exciting flux. An analysis
[Eq. (5)] of the short pulse. shows that under Eq$14) and|Aw|=1,,

The former parameters andw=0.00665 and vy,
=0.00005, buty=0 corresponds to Figs. 3 and 4. The pa- 5 (9= (T + )2
rametery, in Figs. 3 and 4 coincides with, in Figs. 1 and 2, — i 72' , i ,
respectively. The beatings in the reflected and absorbed =T 2m( v =7

puldse;s a:,? e?pressedd %nly mt_Flg. 4 WMTA“"dm Flgs.th3 .and the total transparency point exists in the capel’,
and 4 retiection and absorption aré prolonged more than I} ;e js fulfilled for Fig. 5. The electric field to the left of
Figs. 1 and 2, because in the cage 0 the prolongation is the QW is equal to zero in the time poityt
. _1 .
determined by the valug, =. _ In all the figures, except for Fig. 1, it is seen that the
In Figs. 2, 3, and 4 there is a time poity, where the  4p50rbed flux is equal to zero at the total reflection or total
absorption is equal to zero and changes its sigrsoAtto the  transparency points and changes its sign, i.e., becomes a
reflected flux is equal to the exciting flux, and the transmittedhegative flux. This means that the electronic system at first
flux is equal to zero gbo=1o. This is the time point at which  5ccumulates the energy of the created electron-hole pairs and
the field from the right of the QW is equal to zefihe total  hep gives it back. In the casg = y,=0 all the accumulated
reflection point. Analysis shows that in the case of a single gnergy comes back as radiation, i.e., the integral absorption
excited level atw, = w,, the especial point exists only & s equal to zero. This result is true for the cases of Figs. 3 and
>0, which corresponds to the conditign> y: 4.
In Figs. 1-5 there are only a few examples of the shapes
2 2v17 of the reflected, absorbed, and transmitted pulses, corre-
T.— n—— Titv) (16) sponding to some combinations from the seven parameters.
1= n=y)T'i+y) . . .
It is worth stressing that the experimental results for the
In Figs. 1 and 3 curves are presented at which level ;pu_lsg irradiation of the .QW’s.in a magnetic field allow us in
almost has no influence. The conditigp> y is satisfied for ~ Principle to detect and investigate the magnetopolaron states.
Fig. 3, but not for Fig. 1. Therefore, the point of total reflec- Measuring the time lags of the reflected and transmitted
tion is presented in Fig. 3 and is absent in Fig. 1. In Ref. 4 ifoulses allows us to determine the lifetimes of the polaron

was shown that total reflection points also exist for otherstates. A special subject of interest is the investigation of the
forms of pu|ses inc|uding nonsymmetrica| ones. points of the total reflection and total transition; the first

The relations appear in the case of short pulses. For typical polarons the

case of Figs. 1 and 2 is the most real. With the help of pulse

irradiation of the QW’s one can investigate not only typical
P=0, T=R. A=-2T polarons, but weak polarons also. The smalles for the

are fulfilled for times very much larger thay * in Figs. 2, Weak polarons are even preferable because, first, the beating

3, and 4. The sense of them is cleary|& y+ ¥, , then the frequ_ency diminishes and, second, one can use longer pulses

fields created by the exciting pulse are very small at quitdhan in the case of typical polarons.

large values+zn/c, and the fluxes off and'R are deter-

mined only by the induced field&E ¢y igny) - The picture ACKNOWLEDGMENTS
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