
PHYSICAL REVIEW B 15 DECEMBER 2000-IIVOLUME 62, NUMBER 24
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.
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Time-resolved scattering~TRS! investigations of excitons
in semiconductor bulk crystals and quantum wells~QW’s!
are often discussed in the current literature.1,2 The most in-
teresting results are due to the discrete energy levels
pulse irradiation of the physical subjects. It is also w
known that a pair of energy levels close to each other res
in an interesting effect: sinusoidal beatings on the freque
DE/\, corresponding to the energy distanceDE between the
energy levels, appear in the reflected pulses.

In this paper we theoretically investigate TRS from
semiconductor QW in a strong magnetic field~SMF!. When
a SMF is directed perpendicularly to the QW surface, d
crete energy levels of the electron excitations exist the
These discrete energy levels are characterized by the La
and size-quantization quantum numbers of electrons
holes. In an ideal situation the Landau levels~LL’s ! are equi-
distant. It is clear that one cannot restrict the consideratio
some pair of the LL’s, and has to take into account either
LL or a large number of LL’s. The last variant was used
Ref. 3, where a ladder-type structure of the reflected
transmitted pulses was predicted for a strongly nonsymm
cal exciting light pulse. The ladder-type structure is char
terized by the period 2p/vm , where vm5ueuH/mc is the
cyclotron frequency,m5memh /(me1mh),me(mh) is the
electron~hole! effective mass, andH is the magnetic-field
intensity. In the case of arbitrary exciting pulses a beat
structure with a frequencyvm depends on the pulse form, bu
generally speaking is not a sinusoidal one. In the case
symmetrical exciting pulse, the duration of which is mu
longer than the period 2p/vm , the beatings on the frequenc
vm have a very small amplitude. Then one can restrict
consideration by the only LL, with which the exciting puls
is in the resonance.

In Ref. 4 the shape of the reflected and transmitted pu
was determined in the vicinity of the resonance of the ex
ing pulse carrier frequencyv l , with the only energy level in
the QW. Maybe this level is either an excitonic level atH
50 or a discrete energy level in the SMF. It has been sho
that under the condition

g r>g, ~1!
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whereg r(g) is the inverse radiative~nonradiative! lifetime
of the electronic excitation, a strong change of the transm
ted and reflected pulses, comparatively with the shape of
exciting pulse, has to occur.

The above-mentioned change occurs in the case when
interaction of the electronic excitation with other excitatio
in the QW ~in particular with phonons! does not essentially
influence the energy spectrum of the electronic excitatio
The role of the electron~hole!–LO-phonon interaction grows
sharply at resonant values ofH when the magnetopolaro
effect appears,5 i.e., electron~hole! energy-level splitting oc-
curs.

The polaron state formation takes place in both thr
dimensional~3D! and 2D semiconductor systems. In the 2
case the splitting value is abouta1/2\vLO ,6 wherea is the
Fröhlich electron–LO-phonon coupling constant.7 The usual,
combined and weak, magnetopolarons8 exist there. The reso
nant magnetic-field values for the usual magnetopolarons
determined as

vLO5 j Ve(h) , j 51,2,3, . . . , ~2!

where vLO is the LO-phonon frequency, andVe(h)
5ueuH/me(h)c is the electron~hole! cyclotron frequency.
The fractionalj corresponds to the weak polarons.

The valuesDE of the polaron splittings for the weak po
larons are smaller than those for the usual polarons: They
of higher order ina than a1/2. The valuesg ra and g rb for
both upper~a! and lower~b! energy levels were obtained i
Ref. 9, along with estimations ofga andgb .

Let us show that the valuesDE of the polaron splittings
can be measured in experiments with the pulse irradiation
a QW in a SMF. We suppose that a light pulse incidents
a single QW from the left perpendicularly to the QW surfac
The pulse electric field intensity is

E0~z,t !5E0e1e2 iv l (t2zn/c)$Q~ t2zn/c!e2g l (t2zn/c)/2

1@12Q~ t2zn/c!#eg l (t2zn/c)/2%1c.c., ~3!

whereE0 is the real amplitude,el is the polarization vector,
v l is the pulse carrier frequency,n is the refraction index
16 815 ©2000 The American Physical Society
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outside of the QW,g l determines the pulse duration, an
Q(x) is the Haeviside step function. After the Fourier tran
formation, we obtain

E0~z,t !5E0e1E
2`

`

dve2 iv(t2zn/c)D0~v!1c.c., ~4!

D0~v!5
i

2p
@~v2v l1 ig l /2!212~v2v l2 ig l /2!21#.

~5!

When g l→0 the pulse@Eq. ~3!# transits into a monochro
matic wave. Let us suppose that the incident wave ha
circular polarization. We imply that both waves of the circ
lar polarization correspond to the excitations of two types
the EHP, the energies of which are equal. Let us consid
QW, the width of which is much smaller than the light wav
length valuec/v ln. Then the electric fields on the left~on
the right! of the QW are determined by the expressions4

Ele f t(right)~z,t !5E0~z,t !1DEle f t(right) , ~6!

DEle f t(right)~z,t !5E0el3E
2`

`

dve2 iv(t6zn/c)D~v!1c.c.,

~7!
-

a

f
a

where the upper~lower! sign corresponds to the indexe
^ left&(^right&)

D~v!524px~v!D0~v!/@114px~v!#, ~8!

x~v!5~ i /4p!(
r

~g rr/2!@~v2vr1 igr/2!21

1~v1vr1 igr/2!21#, ~9!

where r is the index of the excited state, and\vr is the
excitation energy measured from the ground-state ene
Applying Eq. ~8! means that the theory is constructed taki
into account the highest orders of the perturbation theory
the electron–electromagnetic-field interaction.3,4,9–11 The
second term in the square brackets of Eq.~9! is a nonreso-
nant one, and is omitted below.

Below we consider the case of two excited energy lev
when the indexr takes two values:r51 and 2. These levels
are the lower and upper magnetopolaron energy levels. W
the help of Eqs.~6!–~9!, we obtain
DEle f t~z,t !52 iE0el H Q~s!Fe2 iv l s2g l s/2S ḡ r1/2

v l2V11 i ~G12g l !/2
1

ḡ r2/2

v l2V21 i ~G22g l !/2
D

2e2 iV1s2G1s/2~ ḡ r1/2!S 1

v l2V11 i ~G12g l !/2
2

1

v l2V11 i ~G11g l !/2
D

2e2 iV2s2G2s/2~ ḡ r2/2!S 1

v l2V21 i ~G22g l !/2
2

1

v l2V21 i ~G21g l !/2
D G

1@12Q~s!#e2 iv l s1g l s/2S ḡ r1/2

v l2V11 i ~G11g l !/2
1

ḡ r2/2

v l2V21 i ~G21g l !/2
D J , ~10!
at

rgy
where s5t1zn/c. The expression forDEright(z,t) differs
from Eq. ~10! by the substitutionp5t2zn/c instead ofs.
The following designations are used:

~V2 iG/2!1(2)5
1

2
@ṽ11ṽ26A~ṽ12ṽ2!22g r1g r2#,

ṽ1(2)5v1(2)2 iG1(2)/2, G1(2)5g1(2)1g r1(2) ;

ḡ r15g r11Dg, ḡ r25g r22Dg, ~11!

Dg5$g r1@V22v22 i ~G22g2!/2#

1g r2@V12v12 i ~G12g1!/2#%

3@V12V21 i ~G22G1!/2#21.

The upper~lower! sign in Eq.~11! corresponds to 1~2!. The
valuesV1(2) and G1(2) are real by their definition. Atg l
50 Eq. ~10! transits into the formula for the induced field
a monochromatic irradiation.9 At g r250, from Eq.~10! we
obtain

DEle f t~z,t !52 iE0el~g r1/2!H Q~s!F e2 iv l s2g l s/2

v l2v11 i ~G12g l !/2

2e2 iv l s2G1s/2S 1

v l2v11 i ~G12g l !/2

2
1

v l2v11 i ~G11g l !/2
D G

1@12Q~s!#
e2 iv l s1g l s/2

v l2v11 i ~G11g l !/2
J 1c.c.,

~12!

which corresponds to the case of the single excited ene
level. Comparing Eqs.~10! and~12!, one finds that the fields
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from two levels not only add, but that a renormalization
the frequenciesv1(2) , broadeningsG1(2) , and factorsg r1(2)
has occurred. These are substituted for byV1(2) , G1(2) , and
ḡ r1(2) , respectively. In the case of two merging levels, i.
under conditionsg r15g r2 , g15g2, andv15v2, from Eq.
~10! we obtain an expression like Eq.~12!, in which the
valueg r1 has to be substituted for by 2g r1. This means that
in the case of a twice degenerated level, the twofold value
the inverse radiative lifetime figures into all the formulas.

In Figs. 1–5 the moduliP andT of the exciting and tran-
siting pulses as functions ofp5t2zn/c , the moduleR of
the reflected pulse flux as function ofs5t1zn/c, and the
absorption, which is defined atz50 as

A5P2T2R, ~13!

are represented. The modulus of the energy fluxes are re
sented in units (c/2pn)E0

2.
It follows from Eq. ~10! that the results for the energ

fluxes are dependent on the parametersv l2v1 andg l , char-
acterizing the exciting pulse, and the parametersDv5v1
2v2 , g r1 , g r2 , g1, and g2, characterizing the system
with two excited levels. It follows from Eq.~10! that there
are resonances on the frequenciesv l5V1 , v l5V2, and that
beatings on the three frequenciesv l2V1 , v l2V2 , V1
2V2 exist.

FIG. 1. The modulus of the exciting, transmitted, reflected, a
absorbed energy fluxes as time functions:v l5V1 , Dv
50.00665, g r50.00005, g50.0005, andg l50.0005. All the pa-
rameters are given in eV.

FIG. 2. Same as Fig. 1 forg l50.005.
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In the cases

v l5V1 , g r15g r25g r , g15g25g, ~14!

the results for the fluxes are represented in Figs. 1–5. T
only the parametersg l , Dv, g r , andg are variable. Obvi-
ously, under Eqs.~14! beatings are possible only at the fr
quencyDV5V12V2, if the value DVÞ0, which is not
always fulfilled, as we will see below. Figures 1 and 2 co
respond to the parameters

Dv50.00665, g r50.00005, g50.0005,
~15!

g l50.0005 ~Fig. 1!, g l50.005 ~Fig. 2!.

We use arbitrary units because the results for the fluxes
pend on the parameter interrelations only. If eV’s are us
thenDv from Eq.~15! corresponds8,9 to the usual polaron a
j 51 @see Eq.~2!# at the QW widthd5300 Å for GaAs.
The relationg/g r510 is chosen arbitrarily.V1.v1 and
V2.v2 when the parameters of Eq.~15! are used.

Figures 1 and 2 differ from each other sharply. The be
ings are almost invisible in Fig. 1. This means that the
results correspond to the induced electric field@Eq. ~12!#
under the conditionv l5v1. In Fig. 2 the beatings at the
frequencyDv5v12v2 are seen brightly in the reflecte
pulse. Reflection and absorption are much smaller than u
in Figs. 1 and 2, and reflection is much smaller than abso
tion. These features characterize the caseg r!g. As for beat-

d FIG. 3. Same as Fig. 1 forg50 andg l50.0005.

FIG. 4. Same as Fig. 1 forg50 andg l50.005.
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16 818 PRB 62CONTRERAS-SOLORIO, PAVLOV, KOROVIN, AND LANG
ings, their appearance depends sharply on the pulse dur
g l

21 . Beatings are clearly visible for short pulses wheng l

.Dv. This is clear physically: The frequencies, which a
close tov1 andv2, are essential in the frequency spectru
@Eq. ~5!# of the short pulse.

The former parameters andDv50.00665 and g r
50.00005, butg50 corresponds to Figs. 3 and 4. The p
rameterg l in Figs. 3 and 4 coincides withg l in Figs. 1 and 2,
respectively. The beatings in the reflected and absor
pulses are expressed only in Fig. 4 wheng l.Dv. In Figs. 3
and 4 reflection and absorption are prolonged more tha
Figs. 1 and 2, because in the caseg50 the prolongation is
determined by the valueg r

21 .
In Figs. 2, 3, and 4 there is a time pointt0, where the

absorption is equal to zero and changes its sign. Ats05t0 the
reflected flux is equal to the exciting flux, and the transmit
flux is equal to zero atp05t0. This is the time point at which
the field from the right of the QW is equal to zero~the total
reflection point!. Analysis shows that in the case of a sing
excited level atv l5v1, the especial point exists only att0
.0, which corresponds to the conditiong l.g:

t05
2

G12g l
ln

2g r1g l

~g l2g1!~G11g l !
. ~16!

In Figs. 1 and 3 curves are presented at which leve
almost has no influence. The conditiong l.g is satisfied for
Fig. 3, but not for Fig. 1. Therefore, the point of total refle
tion is presented in Fig. 3 and is absent in Fig. 1. In Ref.
was shown that total reflection points also exist for oth
forms of pulses including nonsymmetrical ones.

The relations

P.0, T.R, A.22T
are fulfilled for times very much larger thang l

21 in Figs. 2,
3, and 4. The sense of them is clear: Ifg l@g1g r , then the
fields created by the exciting pulse are very small at qu
large valuest6zn/c, and the fluxes ofT and R are deter-
mined only by the induced fieldsDEle f t(right) . The picture
becomes a symmetrical one relative to the planez50 where
the QW is placed; the fluxes from the left and right of t
plane are equal in absolute values. The absorbed flux is n

FIG. 5. Same as Fig. 1 forg r50.00666, g50.0001, andg l

50.001.
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tive, and is equal to the sum of fluxes going to the left a
the right. That means that the QW gives back the accum
lated energy.

In Fig. 5 the parameters

Dv50.00665,
~17!

g r50.00666, g50.0001, g l50.001

are used, i.e., the special caseDv.g r is represented. The
beating absence is due toDV50, but not to the small influ-
ence of one of the levels. Indeed, as follows from Eqs.~11!
and ~14!, V15V25(v11v2)/2 at uDvu<g r . Thus, if v l
5V1, the pulse carrier frequency is situated exactly betwe
the two levels in the case of Fig. 5.

The beatings are absent in Fig. 5, but the figure struc
differs radically from the structure for the case of two ener
levels. In Fig. 5 there is a time pointtx of the total transpar-
ency in which reflection and absorption are equal to 0, a
the transmitted flux is equal to the exciting flux. An analys
shows that under Eqs.~14! and uDvu5g r ,

tx5
2

g l2G
ln

~g l2g!~G1g l !
2

2g l~g l
21g r

22g2!
, ~18!

and the total transparency point exists in the caseg l,G,
which is fulfilled for Fig. 5. The electric field to the left o
the QW is equal to zero in the time pointtx .

In all the figures, except for Fig. 1, it is seen that t
absorbed flux is equal to zero at the total reflection or to
transparency points and changes its sign, i.e., becom
negative flux. This means that the electronic system at
accumulates the energy of the created electron-hole pairs
then gives it back. In the caseg15g250 all the accumulated
energy comes back as radiation, i.e., the integral absorp
is equal to zero. This result is true for the cases of Figs. 3
4.

In Figs. 1–5 there are only a few examples of the sha
of the reflected, absorbed, and transmitted pulses, co
sponding to some combinations from the seven parame
It is worth stressing that the experimental results for
pulse irradiation of the QW’s in a magnetic field allow us
principle to detect and investigate the magnetopolaron sta
Measuring the time lags of the reflected and transmit
pulses allows us to determine the lifetimes of the pola
states. A special subject of interest is the investigation of
points of the total reflection and total transition; the fir
appear in the case of short pulses. For typical polarons
case of Figs. 1 and 2 is the most real. With the help of pu
irradiation of the QW’s one can investigate not only typic
polarons, but weak polarons also. The smallerDv for the
weak polarons are even preferable because, first, the be
frequency diminishes and, second, one can use longer pu
than in the case of typical polarons.
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