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We discuss two aspects of the theory of exitons interacting with a
magnetic field. The first concerns two-dimensional excitons in a
strong perpendicular magnetic field, when only two levels of the
Landau quantization of electrons and holes ng, np= 0; 1 are taken

into account. They give rise to four types of excitons characterized
by four combinations of two quantum numbers (ng, n,) as follows:
(0,0), (1,1, (1,0, and (0,1). Their wave functions and eigen-
energies are determined, correspondingly, in the first and second
order of perturbation theory in the nondiagonal Coulomb electron-
hole interaction. The second aspect is devoted to the propagation
Hanle effect with the participation of quadrupole polaritons in
crystal Cu,O in the Faraday geometry. The propagation time of two
polariton wave packets with the same group velocity is supposed to
be smaller than the dephasing time. The periodic dependence of the
intensity of the light arrived to the rear side of the sample on the
magnetic field is characterized by the period inversely proportional
to the length of the effective propagation way.

Introduction

In recent years, the possibility to produce quantum
well structures stimulated the theoretical [1, 2] and
experimental studies [3 ~ 6] of excitons in 2D systems
including the presence of external electric and magnetic
fields. One of the advantages of 2D systems is a
possibility of much faster cooling of hot photoexcited
excitons compared with their bulk counterparts [7].
It permits to achieve sufficiently low temperatures.
Another important aspect is the use of a strong
magnetic field. It was shown [8, 9] that the properties
of atoms and excitons are dramatically changed in a
strong magnetic field such that the distance between
Landau levels R w, exceeds the Rydberg energies. The

binding energy of an exciton, in this case, becomes
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independent of the masses of its constituent electron
and hole, and it is known as a magnetoexciton in 2D
structures. Electrons and holes in a two-dimensional
structure in the presence of a strong perpendicular
magnetic field have completely discrete energy spectra
In the Landau gauge, one can introduce, as quantum
numbers, the wave vector in one in-plane direction
and the number of Landau levels. They appear due
to the quantization in another in-plane direction
perpendicular to the previous one. While there are the
wave vectors in one direction, nevertheless the
electrons and holes have no kinetic energies of in-plane
motion because their kinetic energy was transformed
by the magnetic field into the potentia energy of
electrons and holes. The wave vectors determine the
position of the centers of gyration, around which the
Landau quantization takes place. In the past two
decades, many papers were devoted to the study of
2D systems in a strong magnetic field [10 — 17].
The collective properties of high density eh pairs
were studied in two aspects. One of them concerns
the Bose — Einstein condensation (BEC) of magneto-
excitons on a single-particle state with a given wave
vector k, whereas another one deals with the
condensation of the type gasliquid and the formation
of metallic-type electron-hole liquid (EHL) and
electron-hole drops (EHD). Many calculations were
made in the lowest Landau level (LLL) approximation,
when only the LLL for electron and the LLL for hole
are taken into account. The attempts to avoid these
restrictions were proposed. One of them takes into
account the simultaneous excitations of two particles
from their LLLs, to the excited Landau levels (ELL)
of the same number as a result of their Coulomb
interactions. Their excitations and subsegquent return
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to LLLs, as well as another virtual quantum transitions
considerably influence the magnetoexciton collective
properties. These reasons determine the necessity to
study the energy spectrum of magnetoexcitons taking
into account the ELL. Below we will restrict ourselves
only with one, first excited Landau level (FELL) trying
to determine its influence on the energy spectra and
on the wave functions of magnetoexcitons of four types.
They arise due to four possible compositions of two
Landau levels for electrons and of two Landau levels
for holes. Above we have discussed one limiting case
of magnetoexcitons in 2D structures in a strong
magnetic field H >Hg. For 2D excitons in GaAs
quantum wells, H, was estimated as 6.25 T. Now
another limiting case of 3D excitons in bulk crystals
in a comparatively small magnetic field H <H will

be considered. For the 1S-type, 't ortho-exciton level
of the yellow series of crystal Cu,O, the critica
magnetic field Hg is by two orders of magnitude
greater than that in the case of GaAs. Such values
are unattainable now under laboratory conditions. The
time-integrated quantum beats of two polariton wave
packets with the same group velocities belonging to
two different Zeeman components of the quadrupole-
active 5, ortho-exciton level give rise to the
propagation Hanle effect [18 ~ 20]. In the previous
paper [19], two quadrupole-polariton branches in the
Voigt geometry were considered. Below the case of
quadrupole-polaritons in the Faraday geometry will be
studied. The dispersion curves of quadrupole-
polaritons in the Faraday geometry consist of five
branches. One par of branches is related with the
Zeeman component with the magnetic quantum number
m= — 1 and is characterized by a circular polarization

o'. Another pair of branches originates from the

interaction of the ¢ , circularly polarized photons with
the upper Zeeman component with m= + 1 of the
ortho-exciton 'z level splitted in the presence of the
external magnetic field. The fifth curve is a pure
quadrupole exciton branch characterized by m= 0,
which does not interact with photons in the Faraday
geometry.

Looking at Fig. 1 of [19], one can see that even
in the absence of the spatial dispersion, when the
exciton tranglational mass can be put equal to infinity,
there are two polariton branches with opposite circular
polarizations o© and with different wave vectors k*
a any frequency w. We recal that the quantum
interference effect of two plane waves with circular
polarizations in opposite directions and dlightly
different frequencies g = w in a longitudinal
magnetic field parallel to the direction of light
propagation gives rise to a resultant wave with linear
polarization. Its plane slowly rotates at every point of
the propagation way around the axis of the magnetic
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field with a small Larmor frequency wy . In the simplest
case when the propagation effects can be neglected,
the intensities of the emitted light with two
perpendicular linear polarizations, for example €; and

&y, revea the quantum beats slowly decreasing in time.
The time-integrated intensities I, and Iy alow one to

_|y

Iy
determine the polarization rate R = ] It happens
x* ly
to have the quasiresonant dependence on the magnetic
field or on the Lamor frequency of the type
1

—— . Here 1¢ is the coherence or dephasing
1+ (20.71c)

time. The similar questions will be disscussed below,
taking into account the propagation effects. We will
show that, in the Faraday geometry for some polariton
branches, as well as in the Voigt geometry considered
earlier in [12], the new-type periodic dependence of
the polarization rate R on magnetic field appears. The
paper is organized as follows. In Sec. 1, the
Hamiltonian of a 2D electron-hole system is described.
In Sec. 2, the energy spectrum of four magnetoexciton
bands is determined. In Sec. 3, we study the
propagation Hanle effect of quadrupole polaritons in
the Faraday geometry. The obtained results are
summarized and discussed in Sec. 4.

1. Hamiltonian of a 2D electron-hole system in a strong
magnetic field

We consider a simple 2D model of a semiconductor
structure in a strong perpendicular  magnetic field,
assuming that the Zeeman splitting of Landau levels
is large enough and electrons and holes are restricted
to the LLL, n= 0, and to the FELL, n= 1. The typical
electron-hole Coulomb interaction, which determines
the ionization potential 1, of a magnetoexciton with
k=0, is supposed to be smaller than the cyclotron
energies wg o, and . In turn, I, is greater than the
exciton Rydberg constant, which means that the
magnetic length I is smaller than the 2D exciton Bohr
radius a3l (I <aZP). The layer plane is chosen as the
(% y) plane, and the magnetic field is directed along
the z axis._ The vector potentid in the Landau gauge
looks as A= (- H Oy, 0,0). The electron and hole
wave functions are characterized by the quantum
numbers n= 0;1 of the Landau quantization in the
y direction and by one-dimensional wave vector p along
x direction.

Here only the envelope wave functions of the Bloch
wave functions for electrons and holes with n= 0; 1
are listed:

(y- pl»%d
Dim
\/_L | V1t Pexp

wﬁzo,p(xi y) | 2 [l
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wﬁ: 1,p(X! y) =
_ W2 (y- p3?B(y- pl 2)
= VTR e & pD 22 8 |

h _ 1 (y+ q 32U
Wnzoq(* Y) = T e!™ exp Df%
Whopq(xy) =

S V2 i v+ d??Z(y+d 2)
= V_L_X_r7 exp D 512 D I (D]

where | is the magnetic length. The wave vectors of
electrons and holes p and q are restricted by the size

Ly

5 <pl 2,

of the layer surface in the y direction -

2

L
ql <7y. The total number N of possible states is equal

to Ly divided by the discreteness pass ? which gives
X
rise to the value

_ S . _ 2_
N= S5 =Ll 1%=

hc
eH (2

where S is the surface area of the sample. Each Landau
level of electrons and holes is N-fold degenerated. They

are  determined by the cyclotron  frequencies
Wi = miHc where i = e, h. The condition of a strong
|
magnetic field is
4ce3p? _ Mgmy
H >HCI” WhereH W, = W (3)

The parameters of GaAs mean the reduced exciton
mass = 0.1lmg, the dielectric constant &y = 11, and
the 2D exciton radius aex = 100A without magnetic
field H. The magnetic length | at H= H, =625 T
equals aso to 100 A.

The Hamiltonian of the electron-hole system on the
surface of an ideal 2D layer in a strong magnetic field

is written in the second quantization representation.
It contains the creation and annihilation operators

a;,p, anp With n= 0; 1 for the electrons on the LLL
and FELL, as well as the similar operators
bn p» bn,p for the holes. The full Harnlltonlan H consists
of the zero ordeg\ Hamiltonian HO and the Coulomb
interaction term Hcoy:

N N N
H=Ho+ Hcoun )
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where

:|:>
MH

n=0

2 (- Diwgean an,+
p

+(n- Aoy, by,by (5
The factor (n - 1) means that the energies of electrons
and holes are accounted from the corresponding LLL.
The Coulomb interaction terms describe only the
scattering processes with the conservation of the total
number of electrons separately and of the total number
of holes apart. The terms describing the simultaneous
creation or annihilation of two electron-hole pairs in
semiconductors with the considerable lifetimes of
charge carriers can be neglected.

In this approximation, we have

1
1
Hew=35 2 2 [Fe_(pmamp-sn
n,m,n',m=0 p,q,S

+ +
g+ sm')a,psamqdm qrs@np-st

+ Frop(pnig,myp-sn’;g+s,m')x

x bt bl b

np-mq b

m',g+ s o', p-s 2Fe p (p, n; g, m;

p-sn’; g+ Sam’)a;,pb+m,qu',q+san’,p—s]- (6)

Here the Coulomb matrix elements are determined as
follows:

Fi_j(p,n;q,m;p—s n';q+ s,m’):_[dﬁi_[dﬁéx

(ﬁi)w q(gé)VJ_Zqans(gi)qu q+s(gé)
()
where
2
_ e
V12_ Eolgi_gél' (8)

N
The operators of the total number of electrons Ng and
N
holes Ny, are

=3 S anpa M= Y

n=0 p n=0

> bapbhp 9
p

They commute with Hamiltonians (4), (5), and (6).
This means that we could introduce two independent
chemical potentials pe and py for electrons and holes,
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correspondingly,  when the quantum  statistical
properties will be studied. But below we will determine
only the energy levels of four magnetoexciton states
in the frame of the written Hamiltonian.

Now we will determine, in the =zero order
approximation, the magnetoexciton creation operators
d;,m,g characterized by the number n of the electron
Landau level, by the similar number m for the hole,
and by the two-dimensiona wave vector k’ with two
components Ky and ky. The first determines the cen-
ter-of-mass wave vector, whereas the second does the
guantum number of the continuous spectrum of the
relative electron-hole motion in the case of Landau
gauge. The zero order operators can be constructed
in the same way as was proposed in [14, 15] for the

particular case n=m=0. Beow, the vaues
n,m= 0,1 will be alowed:
+
k= N Z ~iktt® 5 bk, . (10)

5” "2
The zero order exciton wave functions are determined

by the action of the exciton creation operators on the
vacuum state | 0 Oas follows:

| WO = d} 5100 a,,]00= b, ,]00= 0. (11)
p p

To simplify the notations, the combinations (n, m)
describing two starting Landau levels will be denoted
as

00=1 (1L,)=2 (1,00=3; (0,1)=4 (12
The free electron-hole pair in state 1 has the zero
energy; in state 2, the energy equals Nwge+ Mg p,
in state 3, it equals Nuwe and in state 4, it equals
Nwe . Four types of excitons are determined by the
Landau levels combination of the electron-hole pair.
The matrlx elements of Hamiltonian (4) between the

states | g, ﬂDWI” be named as H,J(k)

W )0 () 1 j= 12,34 (13)

They are different from zero only for the same wave
vectors k™ in the left and in the right exciton wave
functions. N

The calculations of the matrix elements H;; (k) are
simplified because only the electron-hole Coulomb
interactions give the contribution different from zero.
The electron-electron Coulomb interaction terms as
well as the hole-hole interaction terms acting on the
zero order exciton wave functions

0

0
o B=Av e (14)
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will turn them into zero, because there are two
annihilation operators in the mentioned Coulomb terms
and only one creation operator of the same type in
the wave functions (14).

2. The Energy Spectrum of Four Magnetoexciton Bands

Each magnetoexciton related with a well-defined pair
of Landau levels (one for the electron and another
for the hole) has a continuum spectrum of the levels
of the e— h relative motion. Instead of a hydrogen-line
series of discrete levels of relative motion, we deal
with an exciton band formed by a continuum of levels
depending on the two-dimensional wave vector

K'(ky, ky). The calculations of the energy are based
on the evalua;[\ion of the matrix elements/\of the full
Hamiltonian H (4) and its components H, (5) and
N

Hcou (6) using the zero order exciton wave functions
(14). These matrix elements are

Hiy (K) = Oy (K) 1 H Ty (K) C=
= &, W (K Ho | (K)D+ vy (K,
Vi ()= @y, ()] Aoy |4 (K)D ij= 1,23, 4(15)

Four exciton bands related with four combinations of
two Landau levels for the electron and another two
for the hole are

EQO (k)= Hyq (k)= Vyqa(k)= -1 29 (k),
EGD ()= Hyp(k)= A wee+ Mg+ Voo (K) =
= hoy po | g('l) (K,

Nwget N = Ny w

EQD (k)= Hyg(k) = Ao e+ Vag (k)=

=g e— | &9 (K),

EQD(K) = Hyu(k)= R+ Vyq(k) =

= oy, — | OV (K. (16)
Here the exciton energies are accounted from the
energies of the corresponding pairs of the Landau
levels. Between the Landau levels of the eectron-hole
pair, there is a distance equal to the semiconductor
energy gap Eg, which was dropped in (16). But it must
be added if we intend to consider the optica quantum
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transition in the exciton range of spectrum. The case
of magnetoexcitons in the LLL approximation was
discussed in [14 = 16]. The ionization potential was

determined as
0.0) 1y = | a-KiZ2 = H1 . k2120_
10D k)=1e N h

_ 122 k 2| 2

:|ekI/4|H_ H

| O[| 4 5
o e2qfm
™ol 7 2

Here 1F1(a, b, x) is the degenerate hypergeometric
function and Ig(x) is the modified Bessel function.

(17)

I g?('()) (k) tends to zero as 1 when the dimensionless

kl’
value kI tends to infinity. The ionization potentias

1 M (k) are determined by the formula

1 &M (K)= D Fep(p Nk~ p, m;ps, n;
S
k —p+Sm)e'kS|
2% n+m)
e —x%20 XD(
= —|dxe X"“1- 50 Jq (kI Ox). 18
el %0 KD a9

It leads to the expressions

o+

_ K20 M1 k2120
&P (0= 1e” 2GR 0 155 0

3 3 .. k212 1 ..
NN T Q RN

kZIZHH
2 M
3
&Y= 71

139 =10Y@m=1e

K0 M k2|2[|
. -
0 o 2 0

1. O 1.k%°%m
2Rt
'(1°>(0)"(°1>(0)‘§'| (19)

One can observe that the ionization potentials for four
types of excitons at the point k= 0 are different. In
state 1 with the Landau level numbers (0,0), the
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ionization potential is equal to ||, whereas, in another
three states with their corresponding combinations, one

has: state 2 or (1,1): | &Y (0) = —||, state 3 or (1,0):

1§90 = J1p sate 4 or (02 189 ()= 14,

Taking into account the off-diagonal matrix elements
Vi with i# j, we will find the more exact values of

four starting exciton level E ™ (k), as well as of their
wave functions. Some Words concerning the properties
of the off-diagona Coulomb matrix elements V; ; (k)
are needed. While all of them are proportiona to the
ionization potential |1} and all of them tend to zero
when ki tends to infinity, nevertheless one of them
are different from zero at the point k= 0, whereas
another ones tends to zero as (kI ) or as (ki )2. The
first group includes two matrix elements Vio (k) and

Vo1 (K):

Vil = Va9 = - i ge AR B 53
(20)
The second group includes another ten matrix
elements:
Va1 (K) = Vy 4 (K) =
o v P 2020
__m(kl)he 2 1F1%h2 5 E
V3 (K)=Vy3(K)=
hd _KP o k212
:ﬁ(kl)he 2 1F1EE,2,T%
Vg (K)=VEs(K)=
= 3e 2y (kl)2 |e_k22|21|:1%l,3 k2|2H
U 0
V3, (K)= V5,5(K)=
v - 01 . k2120
== o (K)he 2 @1':155’1; 5 E_
e 2T
V2,4(K) )
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[ =Y
=
N
N

e |
:m(kl)he Elll [E

ZIZHH

One can see that these matrix elements depend on
the in-plane orientation of the exciton wave vector
= (kx= kcosy, ky= ksiny). But the final results
WI|| not depend on its concrete orientation and the
angle dependences in (21) can be dropped. These
matrix elements are smaller than the previous two (20)
in the range of smal values of k.

But both groups of matrix elements (20) and (21)
are small in comparison with the cyclotron frequencies
Nw;; and can be taken into account in the frame of
perturbation theory. For example, taking into account
only the matrix elements Vi, and V5,1, one can obtain
the more exact expressions for the exciton bands
Ei(k) and Eo(k) and for the corresponding wave
functions:

I:l

_K?
2

N
OO
|

- 2

- U2 (20

W (K) = ag W+ ay W (22)
Hyg+ H22—

Eip (k) = 2 * V(Hyy - Hyp)?+ 4H %5,
|a |2_|a |2_ (H22_H11)2

111°=laxn|™= 2 2

(Hyp— Hyp)"+ HS,
H

lay |2= |a,| 2= (23)

2 2
(Hyp— Hyp)o+ HE

After simplification in the limit |Vip| <Rowgy, they
become

2

V
~ 00 (k) - 12
E1 (k) O~ N+ Rwgn)
VZ,
E, (k)= EGLY (k) +

(n We et n wcyh)’

2
Vi,

(Awe e+ Nogp)?

2_ 2
lagp | “=lag|“=1-

2
V12
(Awe e+ Moo ,)?

|312|2: |321|2:
(24
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In a similar way, one can take into account the matrix
elements (21).

3. Propagation Hanle Effect of Quadrupole Polaritonsin
Faraday Geometry

As was mentioned above, the upper and lower polariton
branches (UPB, LPB) are related to the splitted
components m= %= 1 of the quadrupole-active ortho-
exciton level in Cu,O. It has the symmetry 'Z and
three-fold degeneracy in the absence of the externa
magnetic field. The four quadrupole polariton branches
of interest will be denoted as UPB (= 1) and LPB
(x 1). Their dispersion curves were derived without
taking into account of the antiresonant terms in the
motion equations for the exciton and photon operators

[19]. The dispersion curves are described by the
common formula

f (k) w
(@0 oz (0= CK) = — P, (25)

where the frequencies wg+ 1= Wor £ W appear due to
the Zeeman splitting of the three-fold degenerate
ortho-exciton level T'5, wy, is the plasmon frequency
of the valence electrons, f (k) is the oscillator strength
of the quadrupole transition from the ground state of

the crystal to the exciton state, and the Larmor
frequency w;_ depends on the total gfactor
|g.+ g,], Bohr magneton pg, and magnetic field

strength H as follows:

2oy = [g+ gl Mg H (26)

The exact solution of Egs. (25) gives rise to two pairs
of polariton branches

W + ck
(+1) o For+l 1
“ul 2 V(@1 PH F(R) @)
W + ck
(-1) _ Por,-1 1
L= T E @y g - K2+ () w3

(27)

One pair of the branches is related to the ortho-exciton
Zeeman component with the magnetic quantum number
m = 1 and with the circular polarization o~ of photons,
whereas another pair of polariton branches is related
to the circular polarization of photons ¢ and magnetic
guantum number m= - 1. Here the o, circular
polarizations (& + ie€;) ae oriented in the plane
perpendicular to the longitudinal magnetic field
directed aong the light propagation direction. The
group velocities of the quadrupole polariton branches
will be determined neglecting the spatial dispersion
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effects as well the changes of the quadrupole oscillator
strength f (k). It is supposed to be taken in the range
of the wave vectors k in the vicinity of the value kg
where the intersection of the photon and exciton
branches takes place and where its value f(kg) in
crystal Cu,O equals 3.7 0107 %, These two neglected
dependences are much slower than the dependence of
the photon branch on the wave number k. The
influences of the functions wyy +1 (k) and f (k) on the
polariton group velocities will be discussed elsewhere.
In our approximations, the group velocities for the
polariton branches are

Lo 2 9D (9

gul ~ dk
_ EE ck - (")or+1 E
20 o o2+ f (ko) w3 LT
\)(_ 1) —_ wgrll) (k) —_
gu,l ~ dk
¢ ek~ Wy g 0
=Sty - 3e, (28)
U (ck = wgr - 1) + f(ko)(’J U

Here the signs '+* in the brackets concern the UPB
and the signs ™ concern the LPB. Now we will
consider the interference of two polariton wave packets
with the same group velocity. When one of them
belongs to UPB (+1) and another one LPB (71), we
suppose that

- C
vED (k)= vEY ) = vg= 5 (14 ). (29)

It means that the relation
ck _
— Wy )%+ T (ko) OJ_S -
Wor — 1~ CKy

w,

u- Yor,+1

\/(Cku

=X

Wor,— 1)+ T (ko) OJS - 0

- '\/(Ckl —
is valid. It reflects the rules that x is positive on the
(UPB)(+1) in the region ck,>wy +1 and on the
LPB("1) in the range of wave vectors ckj <y - 1.
Equation (30) alows us to find the expressions

X
Cky = Wor 417 Vi< x2 Vi (ko) (’3

X
Wor,—1= K= 7o f(ko)w (31
in accordance with the above-mentioned rules

concerning the behavior of the group velocity aong
the polariton branches.
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Expressions (31) permit us to determine the needed
difference of two wave vectors

20 2x Vi (k) 03
c cV1- x2

k,— k= (32

which plays the key role in the propagation Hanle
effect.

Side-by-side with the difference of two wave vectors
(32), it is necessary to determine the difference of

the frequencies of carier waves w Y (k) -

- oY (k). Substituting the values k, and k; from
(31) into (27), we obtain

WD 0)= ogr s 3V I TGz

p

©f D)= Oy 1 X Vi (k) @2,

(33
which determines the needed difference

of D (k) - of V()= 20, V » Vg w2
(3

The quantum interference phenomena will lead to the
Hanle effect if the polariton branches belong to the
different magnetic numbers m=+ 1, and the
differences of their frequencies depend on the magnetic
field. For example, one can study the interference be-
tween the waves emitted by UPB(+1) and LPB(-1),
or by another pair LPB(+1) and UPB("1). Another
combinations of two, three, or four waves are aso
possible. But below we will restrict ourselves by the
interference only of one UPB(+1) polariton wave with
circular polarization (& - i6y) named as ¢ and of
another LPB(™) polariton wave with the circular
polarization (&;+ i ) named as ¢". The propagation
Hanle effect arises due to the interference of two wave
packets with the same group velocity and differs from
the usual Hanle effect, where only the interference
of two plane waves is considered and their propagation
effects are neglected.

Following formula (34) [19], we willl start with the
summary electric field strength

smx

Ezt)= (&~ ig) Eylky)
x exp[— il Dk, ) + ik, z+ id, - y,t] +

) sin x,
(&t ig) E'(k')TIX

561



S. A. MOSKALENKO, S. M. PLATON et a.

x exp - i~ D(k)+ ik z+ iy 1], (35)

which represents the interference of two wave packets
with opposite circular polarizations and has two
components  E, and E:

E=eE,+ gE, (36)

where

sin x,
E,= E, (k) "

u

exp (- iV (k) + ik, z+

sin
X

+i¢u_yut)+E|(k|) x

x exp(— i D (k) +ikz+id -y,

0 sin X o )
Ey= IEEI (k) X exp (- |(o|( 1)(k|)+ ikjz+

SInX

+ig - yt)- Eyky)

U

x exp(- iw{ D (ky)+ ikyz+ iy~ vut)@ (37)

Here the values (™" (k), ki, yi, xi= v &Y () Ak t
with i = u correspond to UPB(+1), whereas the values
with i=1 correspond to LPB("1). The wave vectors
ky and k; correspond to the selected states on two
polariton branches dlscussed above where two group
velocities v (ku) (k|) coincide, as was
written in (29) 2A ki are the Wave packet widths, which
were supposed to be equal, Ak, = Akj = Ak. The values

wi(i D (kij), ki and y; (the frequencies, wave vectors
and damping rates of two carrier waves taking part
in the interference effect) depend essentidly on the
selected polariton branches.

Starting with the components E, and Ey, one can
determine the light beam intensity in two perpendicular
polarizations:

2 2

_ow [ SINTX, sin X
= |Eg%=e My 5+ 15 +
X | xl Ou XS ol X|2
___ sinx sinx
+ 2V, 1y Tu cos(Q (x)t- G(x))D
562

2 2
w0 SinTXx, sin“ x
ly= |Ey|2=e" 2] + -
y | yl DOu Xﬁ ol X|2
- sin x,, smxI
= 2Vl o — COS(Q(X)'E‘G(X))D (38)

The frequency splitting Q (x) and the phase angle
© (x) depend on the group velocity parameter X as
follows:

QX)) = w

= 20 + V x kg 02

-1
D (k) - 0TV (k)=

2dx -
+ W\E(ko)wfﬁf b. (39)
The parameter x following its definition (30) can
approach unity but cannot be equal to 1. Contrary to
the case of the Voigt geometry, where the results pub-
lished in [19] are true only in the case of Zeeman
splitting smaller than the quadrupole polariton effect,
our results in the frame of the Faraday geometry are
true at the arbitrary relation between the Zeeman effect
and quadrupole polariton effect. The applied magnetic
field strength must be less than the critical value
Her, which for crystal Cu,O and the 1S yellow series

ortho-exciton s level is unattainable under laboratory
conditions, as was discussed above.

As was determined earlier, the polarization rate in
the Faraday geometry is determined by the formula

Ix(t)dt—TIy(t)dt
R= 0

(40)

o8 |lo"ms

I, (t) dt+TIy(t) dt
0

which equals

_ €0s© J; (p,b) + sin© J,(p, b)
- J1(p, 0)

(41)

2
_ox SN2 X
J1 (p, b):.[ = 2

0

cos bx dx =

_b+2_ . Db+ 25+ b-2
4 99 p 1 4 99 p 1
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b b. p O p2+ b2 polariton effect. In both the Voigt and Faraday
- sarctg —+ o n 0 geometries, the propagation Hanle effect is charac-
2 ] 8 b+ 2 24 p2 X .y X
0 )7+ PO terized by the new periodic dependence on magnetic

D 0 R+ p2 0 field strength, which can be even more important than

ntd—————=0,
8 Ob- 2%+ p?0

2
Iz (p, b)—_[e pX 5'22 sin bx dx =
_p Ob+ 20 p Ob- 20
= Paratg 2220+ Paratg 1220 -
4995 D 499 p
- garctgg b+ 8 ZIn((b+ 22+ pd) +
+ 22N (b= 224 - S ). (@)
In the particular case b= 0, we have
(<] 2 0
_ sin® x p p
Ji(p,0)= | e PX=—"Zdx= arctg + S1n Dim
' J(; P Op %+ 40
3,(p,0)= 0 (43)
Here the constants p and b are determined as
% -9
P= VgA K’ b= VgA K (44)

From expressions (39) and (41), one can see that the
trigonometric  function changes periodicdly as a
function of magnetic field strength H. The period
AH approximately equals

2nihc
AH= -—— . 45
dlg.+ gl Hg )
The periodicity on the magnetic field is inversely

proportional to the sample thickness d.

Conclusions

We considered two causes of excitons interacting with
an external magnetic field in two limitss H <H_ and

H>H. In the first case, the propagation Hanle effect

was studied. The developed theory is applicable if the
main condition vy>2yd holds. This means the exist-

ence of a polariton group velocity cutoff from below,
so that the propagation time is less than the coherence
time Ty <Teyn. Contrary to the case of the Voigt

geometry considered in [19] where the Zeeman effect
was supposed to be smaler than the quadrupole-
polariton effect, in the case of Faraday geometry
discussed above, this restriction does not exist. We
can consider arbitrary magnetic fields and Zeeman
splitting greater or smaler than the quadrupole-

ISSN 0503-1265. Ukr. J. Phys. 2003. V. 48, N 6

the quasiresonant dependence well known for the usua
Hanle effect. The new periodic dependence can be
observed only in sufficiently thick samples. In another
limiting case H>H_, the cyclotron frequencies of

electrons and holes in 2D structures are supposed to
be greater than the exciton Rydberg constant in the
absence of the external perpendicular magnetic field.
Under these conditions, magnetoexcitons are formed.

The 2D magnetoexcitons in the two lowest Landau
levels approximation and in the second order
approximation of perturbation theory on the electron-
hole Coulomb interaction represent the superposition
of four states related to four combinations of two
Landau levels for electrons and of two Landau levels
for holes. The ionization potentials for four types of
magnetoexcitons in the zero order approximation as
well as the corrections to these values are
determined.

Some results of the present studies were reported
a the joint seminar of the Institute of Physics and
of the Institute of Semiconductor Physics of the NAS
of Ukraine in Kyiv in February 2001. One of the
authors (S.A.M) is grateful to Professor 1.V.Blonskii
and to al participants of the Kyiv seminar for valuable
discussions and remarks.
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