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Abstract—Experimental and theoretical studies of circular polarization of photoluminescence of excitons
(MCPL) in semiconductors placed in an external magnetic field are reviewed. The advantage of the MCPL
method is its relative simplicity. In particular, it does not require spectral resolution of the Zeeman sublevels
of an exciton and may be applied to a wide class of objects having broad photoluminescence spectral lines or
bands: in bulk semiconductors with excitons localized on the defects of the crystal lattice and composition
fluctuations, in structures with quantum wells and quantum dots of types I and II, in two-dimensional tran-
sition metals dichalcogenides and quantum microcavities. The basic mechanisms of the magnetic circular
polarization of luminescence are considered. It is shown that either known mechanisms should be modified
or additional mechanisms of the MCPL should be developed to describe the polarized photoluminescence in

newly invented nanosystems.
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1. INTRODUCTION

Soon after performing his pioneering works on
excitons, Ya.l. Frenkel predicted that excitons of two
types may exist in a crystal, and he called them “free”
and “bound” [1]. In the case of the second type exci-
ton, a local deformation of the lattice appears, which
may lower significantly the group velocity of propaga-
tion of an electron excitation and even immobilize the
excitation. The idea of two exciton types was also
developed by Davydov [2] (“excitation waves of types
A and B”’) and by Dykman and Pekar [3] (“nonpolar-
izing” and “polarizing” excitons); see also review [4].
It is just one step from the notion of a bound or polar-
izing exciton (called later self-localized [5]) to the idea
of an exciton localized on a lattice defect (ionized or
neutral donor or acceptor, isoelectronic trap) and
other fixed exciton complexes [6—11]. Narrow photo-
luminescence (PL) lines of these complexes are split in
the magnetic field; their fine structure can be resolved
spectrally and by their polarization. In this paper, we
consider bulk and low-dimensional solid-state sys-
tems in which the exciton luminescence bandwidth is
much larger than the exchange and Zeeman splitting
of exciton levels, due to the inhomogeneous broaden-
ing of the exciton’s resonance frequency. This situa-
tion takes place when excitons are localized on deep
levels in bulk crystals [12] or on composition fluctua-
tions in solid solutions [13], on the fluctuations of the
width of quantum wells [14, 15] or cross-section area
of quantum wires, on the interfaces of a type 11 super-
lattice [16], and also in the case of size quantum effects

found for excitons in quantum dots [17] or colloid
nanocrystals [18, 19] allowing for the dispersion of
their size and shape within the illuminated spot. This
spectrally hidden fine structure manifests itself in the
magnetic circular polarization of luminescence
(MCPL) and in the dependence of the luminescence
intensity on the magnetic field.

The paper is organized as follows. Changes in the
energy spectrum of a localized exciton in the longitu-
dinal magnetic field are considered in Section 2. Sec-
tion 3 presents formulas for the intensity and circular
polarization of photoluminescence in the simplest
quasi-equilibrium model neglecting the exchange
interaction; exciton sublevel anticrossing allowing for
the exchange interaction is discussed; a review of
experimental works on the MCPL in bulk semicon-
ductor crystals, solid solutions and nanostructures are
given. Results of recent research [20—22] on the
MCPL in an ultrathin GaAs/AlAs quantum well with
the type II heterojunction and an indirect band gap are
presented in Section 4. Magnetoluminescence of exci-
tons and trions in quantum wells and two-dimensional
transition metals dichalcogenides is discussed in Sec-
tion 5. A separate Section 6 is dedicated to the MCPL
of exciton magnetic polarons in diluted magnetic
semiconductors and excitons polaritons in microcavi-
ties, and to paraexcitons in cuprous oxide crystals [23],
where Wannier—Mott excitons were observed for the
first time [24].
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2. RESULTS AND DISCUSSION

2.1. Changes in the Exciton Fine Structure
in the Longitudinal Magnetic Field

Allowing for the spin of free carriers but neglecting
the electron-hole exchange interaction, the ground
level of an exciton is degenerate. The degenerate states
form a basis of some representation D, with the
dimensionality one or more of the symmetry point
group F of the localizing potential. Exchange interac-
tion partially removes the degeneracy of the exciton
level, and the latter is thus split into sublevels corre-
sponding to irreducible representations of the group F.
In the longitudinal magnetic field an additional mod-
ification of the exciton spectrum occurs, in particular,
the remaining degeneracy of the exciton states is
removed. Each of the split, optically active states emits
circularly or elliptically polarized light in the direction
of the magnetic field. When these states are selectively
populated, the photoluminescence acquires circular
polarization. In this section we will consider two most
usual types of excitons: a heavy-hole exciton (denoted
briefly X,_,, and a triplet exciton X,

A. Heavy-hole exciton. Model of an exciton X,_,,
consisting of an electron in the conduction band hav-
ing the spin s = *1/2 and a heavy hole with the projec-
tion of the angular momentum j = +3/2 (see review
[25]) is applicable for studying radiation of localized
excitons in quantum wells and quantum dots, based on
A;B; and A,B¢ semiconductors, in type I and II
GaAs/AlAs superlattices, and in bulk solid solutions
CdS, _ ,Se,. If not stated otherwise, here we consider
the geometry in which the magnetic field is oriented
along the normal z to the outer sample surface, and
intensity and polarization of light emitted along z is
studied.

Spin Hamiltonian # ., = E, + ¥ ., T # 5 of X,_;,
contains the exchange interaction operator [26]
6 6, 0 O
0,0, 0 O
exch = l N (1)
2 O 0 _60 81
O 0 81 _60

and the operator of the Zeeman interaction of the
electron and hole spins with the longitudinal magnetic
field

Hp = %MBBZ
=8 t &un 0 0 0
% 0 8e = Enn 0 0 @
0 0 g +&m 0
0 0 0 —8e ~ 8nh

Here, E, is the excitation energy of a “mechanical”
exciton; the matrix elements are presented on the basis
of exciton states |m) with a given total spin projection
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Fig. 1. Dependences of the sublevels energies of (a) a
heavy-hole X,_j;, exciton and (b) a triplet X, exciton on

the longitudinal magnetic field. Vertical arrows mark crit-
ical magnetic fields B, at which spin sublevel anticrossing

occurs.

m=s+j=1,—1, 2, —2; constants o, (n = 0, 1, 2)
describe the doublet—doublet splitting, the splittings
of the nonradiative (“dark,” m = *2) and radiative
(“light,” m = *1) doublets, respectively; |1y is the Bohr
magneton; g, and g, are effective g factors of the elec-
tron and heavy hole. For nanostructures grown in the
direction z || [001], the matrix elements of the optical
excitation of the basis states |m) are written as

M., =M, + iey)’ M, =0,
where e, and e, are the lateral components of the light

polarization vector in the axes x || [110] and y || [110];
M, is a polarization-independent coefficient. Energies
of the quartet sublevels in the magnetic field are given
by the expressions

1
Eo=Ey+ 20 J82 + (g, — gu)1LBD),

3

E,,=E)+ %(—50 * \/512 +(8 + ghh)2H2BBz2)-

The dependence of these sublevel energies on the
magnetic field is schematically drawn in Fig. 1a; split-
tings 9, are also shown in the figure.

B. Triplet exciton. This model is applicable to exci-
ton quartets in which the singlet-triplet splitting Ag_y
plays the main role in the exchange interaction. This
splitting is large compared to the anisotropic splitting
of triplet states with the total spin projections of the
electron—hole pair S = £1 and S = 0. Therefore, sin-
glet and triplet excitons may be considered individu-
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ally. In the longitudinal magnetic field, the spin Ham-
iltonian of the triplet exciton X, looks like
2
Here = Ey + 8 (52 —-)
0 z z 3 ( 4)
+8,,(S: = S)) + g.l1pB.S.,

where S, are 3 X 3 matrices of the angular momentum
S§'=1;0,and §,, are exchange constants; g, is the g fac-
tor of the triplet exciton. If the localization symmetry
center has an axial symmetry, then the constant Sxy is
zero and three sublevels of the triplet have the follow-
ing energies (Fig. 1b):

23,

o
E, =E)+ ?z T g.MgB,, Ey,=Er - T Q)

2.2. MCPL in Bulk Solid Solutions and Nanostructures

Before we begin to discuss the results of experimen-
tal and theoretical investigation of the MCPL in sol-
ids, formulas will be given for the intensity and circular
polarization of photoluminescence of excitons in the
simplest case: (a) exchange level splitting of the exci-
ton quartet X, ,, and exciton triplet X, is neglected
and (b) the spin relaxation time between the sublevels
is much shorter than the exciton lifetime, so that the
populations of the Zeeman sublevels are quasi-equi-
librium, and the relative probability of finding the
exciton in the state |m) is

;o= kgT
m Z Em, >
exp| ——%
m' kBT
where T is the sample temperature; kg is the Boltz-
mann constant; m and m' = x1, 2 for X,_,, and m =
*1, 0 for the X, exciton. In this case, the intensity /

and the circular polarization degree P, of the radiation
are defined as

IVCHENKO

for the triplet exciton. Here, C;and C , are coefficients
independent of the magnetic field, G is the exciton
generation rate,

F(B,) = 1 — tanh| $H852 | (o, [ SmeBe |
2Ues 2Ues T

3cosh (—g”uBsz (8)

B

1+ 2cosh (M

and the radiative and nonradiative exciton lifetimes 7,
and T, are introduced. The time 7, is assumed to be
independent of the exciton state m; the state |0) is
regarded optically inactive in the case of the triplet
exciton. As the magnetic field increases, the polariza-
tion tends to 100%; its sign is defined by the sign of the
product (g, — g,) B, or g.B..

F'(B) =

The limit value of 100% is achieved if there is no
anisotropy in the plane perpendicular to the magnetic
field. The cases of violated axial symmetry require
special analysis. One of such cases is met in
ZnSe/BeTe systems without common cation and
anion, in which the heterojunction (001) belongs to
the type II, and an indirect exciton formed by an elec-
tron and a hole subjected to size quantum effects in the
neighbor ZnSe and BeTe layers makes a contribution
into the PL. Due to anisotropy of chemical bonds at
the (001) interfaces, the matrix elements of optical
band-to-band transitions with polarizations [1 10] and
[110] are different, and the exciton radiation in the
[001] direction is linearly polarized to a degree of P, ~
0.6 [27]. In the longitudinal magnetic field, the circu-
lar polarization P, is added to the linear polarization of
the PL. Since the net polarization degree P =

\/}’,2 + Pc2 does not exceed 1, the maximal value of the
circular polarization in a strong magnetic field cannot

be larger than /1 — P,2 = 0.8, which is in accordance
with the experiment; for direct optical transitions the
limit value of P, was near to 100% [27].

A. Anticrossing of exciton levels in the magnetic
field. In the simplest case of quasi-equilibrium distri-

F(B,) bution among the sublevels and neglecting the
T o /T, + F(B,) ’ exchange interaction, the intensity / and polarization
v : (6) P. are monotonous functions of the magnetic field.
P =tanh [W} The behavior of functions /(B,), P.(B,) allowing for the
¢ 2kgT exchange interaction is quite different. The fact is that
. energies of some level pairs become equal in certain
for the heavy-hole exciton and magnetic fields if §, # 0 (3, # 0). For example, level
' crossing for a X,_,, exciton with §, > 0and 6, =9, =0

=C F'(B) takes place in the following magnetic fields B =|B:

(3t,/2t,) + F'(B.) @ Lo
P = —tanh [gtruBsz Bcr — i{ge _’lghh’_l lf ge + ghh > 0,
¢ kBT 2“]3 —8e > 8&nh> if 8e + 8 < O,
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where only positive values B, | and B, , should be left
in the right-hand side. Therefore, if g, and g, are
equal, one of the lower 2 sublevels crosses one by one
two upper sublevels, and if signs of g, and g, are oppo-
site, one of the upper sublevels crosses the lower sub-
levels. Expressions for the critical values B, |, B, ; at
8, 6, # 0 are given in [26]. Curves in Fig. l1a are plotted
for g, and g, of the same sign. In the triplet exciton
Xiip» crossing of one of the [£1) sublevels with the |0)

sublevel occurs at the only magnetic field value
(Fig. 1b):

Bcr = |81/g1r“'B|' (9)

Even a small perturbation lowering the symmetry
of the system leads to a strong resonance mixing of
close levels (i.e., anticrossing) and significantly influ-
ences the intensity and polarization of the lumines-
cence. This is most prominent when the spin relax-
ation of the exciton is slowed down, and hence the
population of the spin sublevels is far from equilibrium
and the number of nonradiative excitons becomes big-
ger than of radiative ones. When anticrossing of an
optically active level with an inactive level occurs,
mixed states arise which have the conserved total
oscillator strength but a longer lifetime. As a result, the
total intensity / increases, and the degree of circular
polarization undergoes a resonance change, the sign
of which is defined by the sign of the optically active
exciton participating in the hybridization. This behav-
ior was distinctly observed in experiments on the low-
temperature PL in structures with GaAs/Al,Ga, _ ,As
quantum wells [28] and type II GaAs/AlAs superlat-
tices [29—32].

The theory of optically detected anticrossing of
exciton levels in semiconductors in the magnetic field
is developed in [26]. Calculation results for the inten-
sity and circular polarization of radiation of X,_,, exci-
tons in the type II GaAs/AlAs superlattice are shown
in Fig. 2. Level anticrossing is described by introduc-

ing a low-symmetry perturbation 17, which mixes the
radiative states with nonradiative ones. The operator

V is assumed to act on the electron and hole spins
independently, so that V = V°* + V" V° = oV, +
oV}, andV" =clV, + o'V, where 6, = (6, + i5,)/2,

o,, are the Pauli spin matrices; 6 = (6" + iG]; )/2, oh
are the Pauli pseudo-spin matrices in the basis of the
states of heavy +3/2 holes. To allow for the quasi-res-
onance exciton excitation, two generation rates are
introduced: G for the dark states with m =*2 and G, +
G, for the light states with m = *1. Experimentally
found exchange constants and g factors were used in
the calculation, and the ratios G,/G, and 1,,/T, were
chosen to fit the best to dependence P,(B,) measured
in the GaAs/AlAs 17.4/26 A superlattice [31]. Analysis
shows that there are two different reasons for appear-
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ing of the circular polarization of the PL: (1) the dif-
ference in the generation rates of radiative and nonra-
diative states, and (2) difference in the lifetimes
1,%,/(T. + 1,) and T, of the excitons in these states. If
the first reason prevails, so that GyT,,. < G,T,, then the
anticrossing is accompanied by a decrease in the
intensity and the absolute value of the circular polar-
ization degree. If the difference in the lifetimes is the
main factor, and Gyt,. > G,T,, then the anticrossing
leads to pumping of the excitation from a more popu-
lated nonradiative state 3 to a less populated state j = 1
or 2 (Fig. 1a), and as a result, the total intensity / and
magnitude of P, increase. With the chosen parame-
ters, the inequality G; T, > G,T, is true, and hence the
second scenario takes place (see Figs. 2a and 2b) in
accordance with the experiment on the analysis of the
circular polarization in the longitudinal magnetic field
[30—32].

Copper-doped GaP crystals. In these materials the
triplet exciton X ;, is bound on a deep impurity center
and emits a photon with the energy of 1.911 eV, which
differs noticeably from the low-temperature width of
the indirect energy gap—2.32 eV. For one of the sam-
ples, the exciton parameters met in Eq. (4) and deter-
mined from comparison with the experimental data
were g, = 2.05, 6, = +0.013 meV, §,, = 0.0025 meV
[12]. According to Eq. (9), level anticrossing should
happen at B ~ 0.1 T. In the experiment carried out in
[12], the PL intensity increases as the field increases,
attains the maximum near 0.1 T, and then decreases.
Apparently, it was the first observation of exciton level
anticrossing in semiconductors.

CdS, _,Se, solid solutions. In low-temperature
spectra of photoluminescence of solid solutions with
substitutions in the anion sublattice, a wide band of
radiative recombination of excitons localized on com-
position fluctuations, and its LO replica are observed.
In semiconductors having the wurtzite structure
(CdS, CdSe) the ground exciton state consists of a
heavy hole, and the localized exciton belongs to the
class X,_,,. Data on the PL polarization at resonance
excitation of the excitons by linearly and circularly
polarized light show that a hidden anisotropy is pres-
ent in the system of fluctuation excitons: there is not
only a splitting between the +1 and +2 doublets (§, #
0), but also between the sublevels of the light exciton
(0, # 0) [13, 33]. Oscillating dipolar moments of exci-
tons at these sublevels, the sublevels 1 and 2 in Fig. 1a,
are oriented along the axes M| and &, which are distrib-
uted randomly in the plane perpendicular to the prin-
cipal axis z | C¢. The spin Hamiltonian parameters
were determined from the nonmonotonous behavior
of the polarization degree P,(B), caused by the exciton
level anticrossing [34]: 8, = 0.62 meV, 0, = 0.25 meV,
g, =1.8,andg,,=5.7.

GaSe crystals and GaSe,_ Te, solid solutions.
Localized excitons in these materials have the fine
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Fig. 2. Dependences of the (a) total intensity and (b) circular polarization degree of exciton luminescence in the type 11
GaAs/AlAs superlattice on the longitudinal magnetic field B,. Solid curve represents an exact calculation; dashed lines, calcula-
tion in the approximation of an isolated level pair or in the weak fields. The following parameters were used: 3; = 4.5 eV, 8; =

0, 62 =2 ueV, |Ve| =0.3 HCV, Vh = O, 8e ™ 2'089ghh = 083, Gr/GO

structure of triplet excitons X,. Time-resolved spec-
troscopy was used in [35, 36] to study the time depen-
dence of the signal of Zeeman sublevels anticrossing in
the radiation from localized triplet excitons in a GaSe
crystal and GaSe, _,Te, solid solution in the longitu-
dinal magnetic field with nonpolarized pumping.

At a stationary optical excitation, the dependence
of the photoluminescence intensity / on the magnetic
field B at a fixed radiation wavelength has a maximum
that is the signal of the level anticrossing. When
excited by a short pulse, the shape of this signal
changes remarkably during the time ¢ counted from
the moment of the excitation. At = 0 the anticrossing
signal is very weak; as ¢ increases, a maximum appears
in the field dependence of the exciton radiation inten-
sity (at this stage, the shape of the anticrossing signal
is analogous to the shape observed under stationary
excitation). At further increase of ¢ the dependence
I(B) turns to a double-maximum curve. A local per-
turbation V' was introduced in the theoretical descrip-
tion of the intensity time evolution /(¢) in [35, 36]; it
was determined by the matrix elements {m'|Vjm) (m' #
m) and mixed the states |1), |0), and |—1). The best
agreement with the experiment was obtained with the
following parameter sets: Sz = 0.0357 meV, g, = 1.7,
T,= 0.125 us, T, = 7 us, 2K0|V]£1)| = 0.0045 meV for
GaSe and 9, = 0.05 meV, g, = 1.85, 1, = 0.16 us, T, =
10 us, and 2[0|V|x1)| = 0.008 meV for GaSe ¢, Te 3.

Structures with quantum dots and nanocrystals. As
the dimensionality lowers, overlap of the electron-
hole envelopes grows, and hence the exchange inter-
action increases. That is why the exchange constant J,

PHYSICS OF THE SOLID STATE

=2, 1,,/T,= 4, spin relaxation was neglected (see [26]).

for excitons X, ,, in quantum dots varies in a wide
range and can achieve several millielectronvolts
[19, 37].

As an initial model for the preliminary analysis of
experimental data we can use the model from Section
2.A, in which the relaxation from upper (light) sublev-
els 1, 2 to lower (dark) sublevels is regarded, and the
inverse processes are neglected. In this case for the
MCPL degree of the light excitons we have

I)C — (ge - ghh)“‘BBz T~ tanh 8 . (10)
e THA, 2T
Here & = \[(g, - gusB +8, T, = 20l +

exp(—€/kgT )I'; Tis the lifetime of the exciton states 1,
2; T, is the spin relaxation time between them defined
so that the 1 — 2 transition rate from the upper to the
lower sublevel is f,/21,, and the rate of transitions
2 > 1 is fiexp(—e/kgT) /27, (Where f; and f, are the
populations). This model is applicable for many struc-
tures with quantum wells (see [38—41]). In some cases,
however, more complicated models should be used.
For example, the MCPL of excitons may be influ-
enced by the shape of a colloid CdTe nanocrystal—
either elongated or oblate spheroid [42].

It is possible to observe exciton sublevel anticross-
ing in quantum dots with small values of §,; an exam-
ple is the structure with self-organized InP quantum
dots with §, = 0.14 meV [43]. On the other hand, in
spherical nanocrystals and in the “dot-in-a-rod”
CdS/CdSe nanoobjects the exchange constant J is 2—
5 meV, and anticrossing is possible only in very strong
Vol. 60

No. 8 2018
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fields; moreover, X,_,;, excitons at a low temperature
gather only on the lower, dark sublevels 3, 4 and pro-
duce luminescence only due to violations of standard
selection rules [19].

2.3. Dynamics and Kinetics of Light and Dark Excitons
in an Ultrathin GaAs/AlAs Quantum Well

The MCPL of excitons and many-exciton com-
plexes in bulk semiconductors with an indirect band
gap Ge and Si were investigated in detail in the 1970s.
Results of these studies were presented in the review
chapter 6 of a multiauthor monograph [44]. We will
consider this phenomenon and also the dependence of
the PL intensity on the magnetic field in a structure
with one monomolecular layer of GaAs placed
between 50-nm AlAs layers [20, 21] (see also the paper
by Shamirzaev in this issue [22]). This structure is two
times indirect: both in the real space and in the
k-space; a X,_,, exciton localized there consists of a
I'-hole in the GaAs layer and an electron from the X,,
X, valleys in the AlAs layers, bound to the hole by Cou-
lomb interaction. Since the g factors of the electron
and holes are of the same sign (g,, g, > 0), the excitons
are accumulated on the optically inactive sublevel +2
or —2 at a low temperature in a strong longitudinal
magnetic field. Therefore, they experience mostly
nonradiative recombination, and the PL is weakened,;
since the times of the radiative and nonradiative exci-
ton recombination differ significantly (1, > T,), the
decay kinetics of the low-temperature PL is slow. Fig-
ure 3a shows that the PL intensity decreases monoto-
nously without the field. In the magnetic field of 9 T
the dependence /(7) is quite different (Fig. 3b): as the
temperature rises, the relative population of the light
sublevels increases, and thus the PL intensity grows
and its kinetics become faster. For instance, the inten-
sity grows several times as the temperature changes
from 2 to 7 K. At even higher temperatures, the role of
nonradiative recombination becomes more import-
ant, and the intensity / begins to decrease. Remember
that this behavior of the PL is typical of the excitons
with g, and g;,, having the same sign. If the signs of the
g factors are opposite (like in the structure with a
CdTe/CdMgTe quantum well), then the PL intensity
remains high in magnetic fields up to B =45 T [45].

To describe the dependences /(B, T) and P.(B, T),
a theory of stationary and time-resolved PL of local-
ized excitons was developed in [20, 21]. Since in the
studied type II nanostructures the exchange interac-
tion is weak and the measurements were carried out in
relatively low magnetic fields, the exchange splitting
was neglected, and only the Zeeman contribution (2)
into the exciton spin Hamiltonian was considered.
Curved arrows in Fig. 3¢ show the relaxation processes
between exciton sublevels; transitions with spin
changes of only one particle are taken into account:
Is, /Y = |=s,j) or s, /Y = |s, —j). The influence of the
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magnetic field on the probabilities of transitions from
the upper to the lower levels (W_, , 1 ,and W_5; 5, in
Fig. 3c) was neglected, and Boltzmann factors were
used for the low-to-up transitions:

_ge“*BB)

Wi =0W_ 1510, O =exp
/2,-1/ /2,1/ kBT

(11)

8B,
Wi s =BWsps, B=exp _EmMsb: |
kgT

Here the general case of a slanted magnetic field B
making the angle of 6 with the axis z is considered.
Expressions for o and B, respectively, include the total
magnetic field B and its projection on the axis z
(assumed to be positive), since the electron g factor is
almost isotropic, and the effect of the lateral field pro-
jection on the heavy hole spin is neglected. That is why
the symbol s in the considered case stands for the spin
projection on the field direction, and j designates the
projection of the hole spin on the field direction.
Instead of the symbol f; for the population of the
exciton sublevel, we use f;;, where k = sgn(s) and
I=sgn(j). The system of kinetic equations for f,
may be presented as follows:

df-_ 2 ,
7+ Dw+w)f_+wof_—f)

+w,Bf - f)=G,

dﬂ—+ 2 '
7+(D wH+w)f +w(foy —0/)

(12)

+ wi(fiy — Bf+—) =G,
df._
d

- Cw+w)fo +w(fio —af )

+ Wh(Bﬂ— -fi) =06,

af, 2 '
i CRE DV ACTA )

+ wh(f—+ - Bf——) =G_,.

Here w = 1/1,and w' = 1/1,,, w, = W}, », and w;, =

W 2305 C = cos(6/2) and D = sin(8/2); Gy, is the
exciton generation rate on the k, / sublevel. At the non-
resonance excitation this rate can be assumed the
same for all sublevels: G;;= G. The PL intensities with
the right- and left-hand polarization are related to the
populations f, as

c’ D’
1+/— o< T_f—+/+— + ’C_f++/__’ (13)
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Fig. 3. PL spectra of an ultrathin quantum well GaAs/AlAs QW measured in the Faraday geometry at four temperatures: (a) B=0
and (b) 9 T. (c) Schematic diagram of the considered transitions (with emission or absorption of phonons) between the exciton
sublevels split in the magnetic field. (d) Temperature dependence of the PL intensity at B=4 and 9 T (circles). Solid lines were
obtained in the slope of the kinetic theory [20] with the following parameters: T, = 0.34 ms, 7,,,= 8.5ms, g, = 2, g, = 3.5, w, =

w, = 1.25 x 10° s~ [20].

and hence the expression for the polarization degree
can be derived:

b CHfs = fi)+ D (fos = f)
CCf LA D (et L)

In a detailed comparison with the experimental data in
[21], a small violation of the selection rules was
allowed for, and Eq. (14) was slightly modified.

In Fig. 3d the calculation results are compared with
the experiment on thermal activation of the exciton
PL. Figure 4 demonstrates the recombination dynam-
ics of formation of the MCPL in the longitudinal and
slanted magnetic fields. Analysis shows that the
buildup time of the absolute value |P,| is defined solely

by the smallest of the spin relaxation times (2w,)~!' and

(14)
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(2w,)~!, and the sign of P, is defined by the ratio w,,/w,,
which was much bigger than unity in the studied sam-
ples. At the low temperature, the MCPL shows an
unusual nonmonotonous angular dependence P.(0)
(Fig. 5).

2.4. MCPL of Excitons and Trions
in Two-Dimensional Systems

Interaction of excitons with charge carriers, elec-
trons or holes, in two-dimensional semiconductor
systems leads to formation of three-particle charged
complexes, a trion X~ [46] (an analogue of the nega-
tively charged hydrogen ion H™ [7]) consisting of two
electrons and one hole or a trion X* made of two holes
and one electron. In low-temperature PL spectra of
Vol. 60
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Fig. 4. (a) Time course of decays of the 6., and 6_ components of the LOj5s phonon replica of the PL at pulsed optical pumping
in the Faraday geometry at B= 8 T and the temperature of 1.8 K. (b) Appearing of the circular polarization in the LO 5 radiation
line in time. Stars and circles show the experiment at B= 8 T in the Faraday geometry and at B= 10 T in the slanted field (angle
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06 = 45°), respectively [21].

alloyed 2D structures (and in some cases also of struc-
tures which were not alloyed intentionally) two lines
are observed, one from excitons and one from trions
(see [47—51])).

the spin of the unpaired particle is absent. The MCPL
of trions is defined by the selective population of the
spin sublevels of the unpaired particle, and for heavy-
hole trions it is described by the formulas

A. Coexisting of excitons and trions in quantum P(X;,) = — T _tanh Enn
wells. Without magnetic field or in a relatively weak N + % 2kyT ’
field the spins of two identical particles are antiparal- ’ (15)
lel, and the exchange interaction between them and P(X;,) = T tanh( & )
T+, 2bkgT
08 Here €, = g,,MpB., €, = gMpB,, and at €,, €,, > 0 we

<
~

Circular polarization degree

1 1
90 180
Angle 0, deg

270

Fig. 5. Angular dependence of the MCPL P,(0) measured
at T= 1.8 Kfor B=4T (stars) and 10 T (empty circles),

and also for 7= 9.5 Kand B = 10 T (filled circles). The
curves were calculated using the model (12) with 1, =
0.34 ms, T, = 8.5 ms, T, = 2w,) ' =33 s, 1y, = 2w,) ' =
3 us [21].
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have
Tomn = 2T, pll + exp(=€,,/ kBT)]il,

Ts,e = 2Ts,e[1 + exp(_se/kBT)]ila

where T, , and 1, ,, are the spin relaxation times of the
electron and the heavy hole. In deriving Eq. (15) the
trion generation rate was assumed independent of the
spin state of the trion. In this case, the circular polar-
ization signs of the PL of the exciton, trion X~ and
trion X* are defined by the signs of g, — g, —&u,, and
g,, respectively. In particular, this means that if the
signs of g, — g, and —g,,, are opposite, the polarization
degrees of the exciton and the X~ trion are also oppo-
site, as it was observed in PL spectra of the
CdTe/Cd, ;Mg ;Te quantum well [48]. As the mag-
netic field grows, the g factor of the heavy hole in this
structure changes its sign at B = 12 T, and the polar-

ization orientation P,(X,,,) changes consequently.

Longitudinal magnetic field influences drastically
the distribution of PL intensity of excitons and trions.
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First, it is caused by the fact that a singlet trion can
appear only if the spin of the resident electron and the
electron in the exciton have opposite spins. Second,
spin sublevels of the exciton have selective populations
in the magnetic field, and temperature alters these
populations. For example, in the CdTe/Cd, ;Mg ;Te
quantum well in the zero field at 7= 1.6 K the exciton
PL line is weaker than the trion line, but at B=5T the
exciton and trion contributions into the 6_ component
of the PL become comparable [45]. As the tempera-
ture rises from 1.6 to 16 K, the population redistribu-
tion of the exciton sublevels makes the trion line dom-
inant again [50]. In very intense fields, a triplet trion
with the total spin of paired electrons .S = 1 becomes
visible in the PL spectra [45, 52].

Note the similarity of the MCPL phenomenon in
excitons bound on neutral donors in bulk semicon-
ductors and in trions in structures with quantum wells,
grown on the basis of these semiconductors [11, 53].

B. MCPL in two-dimensional transition metals
dichalcogenides. In recent years two-dimensional
semiconductor compounds of a new class have been
actively studied: transition metals dichalcogenides
with the chemical formula MX,, where M is molybde-
num or tungsten, and X is sulfur or selenium. They
possess a direct energy gap in the visible optical band.
The bottom of the conduction band and the top of the
valence band are in the K, and K_ vertices of the hex-
agonal Brillouin zone; exciton lines are observed in
the PL spectrum even at the room temperature. In
addition to the exciton line, the trion luminescence is
also observed.

Monomolecular MX, layers are characterized by
the point symmetry D;,, and the point symmetry of
the wave vector group K, or K_is Cs;,. In the C;;, sym-
metry the spin-orbital interaction removes totally the
spin degeneracy in the extremum points; according to
the time inversion symmetry, the spin splitting in the
K, and K_ valleys has opposite signs. In all four mate-
rials MoS,, WS,, MoSe,, and WSe, the spin splitting

A, of the valence band is larger than 100 meV, and the
splitting A, is on the order of several meV or several
dozen millielectronvolts [54, 55]. In molybdates the
signs of A, and A, are opposite, and in tungstates they
are the same. Band-to-band optical transitions con-
serve the spin for light having the circular polarization
G, in one valley and ¢_ in the other valley. In what fol-
lows, we consider the exciton transitions involving a
hole in the ground spin state (A-excitons). These tran-
sitions are optically active for an electron also in the
ground state, if A, and A, have different signs. If the
signs of the spin splittings coincide, then the exciton
state with the electron on the upper spin sublevel is the
light one. In both cases, however, measurement of the
circularly polarized PL component allows determin-
ing the contribution of a certain valley into the second-
ary radiation.
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In the longitudinal magnetic field, the Zeeman

energy (g,s;+ ghs:' )ugB, is added to the exciton
energy, the peak of the 6. exciton luminescence band
shifts by +0,/2, so that the relative shift of these bands
is 8,, and &, = |(g, — g,)UpB,J- A comparative study of
the magnetooptical properties of 2D molybdenum and
tungsten diselenides was performed in [56]. Obtained
polarized PL spectra are shown in Fig. 6. In the MoSe,
single layer the magnetic circular polarization is
observed in both exciton and trion bands (Fig. 6a),
while in WSe, the integral intensity of the trion band
in the magnetic field remains unpolarized (Fig. 6d).
The difference in the behavior of excitons in these
materials is explained by different signs of A, in them.
In the MoSe, single layer the exciton ground state is
the light one, and part of the excitons go from the val-
ley with the positive Zeeman energy 6,/2 to the valley
with the energy —0,/2 during their lifetime. In the
WSe, a light exciton (which is the excited state) goes to
the optically inactive ground state before the transition
to the other valley can happen.

In the experiment described in [57] it was possible
to alter the alloying level of the WSe, single layer and
go from a p-type sample to an n-type sample through
the case of a sample with zero concentration of charge
carriers. The binding energy of the X* trion was found
to be 21 meV, and the X~ trion appeared as two spectral
peaks with the binding energies of 29 and 35 meV.
Analysis shows that the X™ trion, which makes its con-
tribution into the PL, consists of two holes in the sin-
glet state and placed one in the K, valley and other in
the K_ valley, and an unpaired electron in the upper
spin state [57]. The luminescence peaks of the X~ trion
were found to be due to the following three-particle
states: (1) two electrons with opposite spins and an
unpaired hole in the same valley, and (2) electrons
with parallel spins but in different valleys (i.e., one
electron in the ground spin state and the other in the
excited state) and an unpaired hole in the valley where
the electron in the upper spin state resides.

2.5. Additional MCPL Mechanisms Related to Excitons

In this section we will consider briefly special
mechanisms of the circular polarization appearing in
the exciton luminescence.

A. Exciton magnetic polarons. In semimagnetic
semiconductors the exchange interaction of localized
charge carriers with magnetic ions leads to formation
of an exciton magnetic polaron. In a bulk sample
polaron of this kind may appear only if the initial non-
magnetic localization is strong enough, whereas just a
small initial localization of an exciton is sufficient for
formation of a magnetic polaron in a two-dimensional
structure [58].

Investigation of the MCPL allows obtaining an
independent estimate of the sizes of a magnetic
Vol. 60
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Fig. 6. PL spectra measured at the 6. (solid curves) and 6_ (dotted curves) polarizations in a MoSe, single layer with circularly
polarized excitation (left panel) and in a WSe, single layer with linearly polarized excitation (right panel). Panels (b, €) present

the experiment performed without the magnetic field; (a, c), at B, = 8 and —8 T; (d) and (f), at B, =9 and -9 T [56].

polaron. Three methods of obtaining the polaron
radius r, in epitaxial layers of Cd, _ ,Mn,Te were used
in [59]. The polarization method relied on the fact that

the polaron volume V = (47:/3);’03 is related to the
derivative 8 = (dP./dB,) _, of the PL circular polar-

ization with respect to the magnetic field according to
the Eq. (7) in [59]:

V= Tty TO

2y
where ¥ is the contribution of magnetic ions to the spin
susceptibility in the absence of the magnetic field. In
samples with the composition x = 0.07—0.39 the
derivative 0 decreased from 4.44 to 1.05. Obtained
dependence of r, on x was in a good agreement with
the definition of r, from estimates of the magnetic
polaron by Eq. (4) in [59]. Measuring the value of 6 =
92 T_l in the Cdo'935Mn0.065Te/Cd0V83Mg0_17Te quan-
tum wells allowed determining the energy of the mag-
netic polaron to be Eyp = 13 £ 3 meV, which agrees
with Eyp = 12 £ 1 meV found from measurement of the
difference between the photon energy and the spectral
peak of the secondary radiation in the resonance opti-
cal excitation of localized excitons [58]. Nonmagnetic

(16)
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contribution into the exciton localization energy was
found to be only 4 meV. Analysis of the field depen-
dence of the MCPL allowed distinguishing two modes
of the PL induced by the external magnetic field,
which were called the “paramagnetic” and “spin-
glass” phases in [60].

B. Exciton polaritons in the longitudinal magnetic
field. Exciton polaritons in planar optical microcavities
possess an important feature: the component of the
polariton wave vector in the plane of the structure is
conserved when the polaritons tunnel through the mir-
ror (distributed Bragg reflector) into vacuum and are
transformed into photons. That is why the distribution
and dynamics of exciton polaritons can be studied
experimentally using reflection, scattering, transmis-
sion, and luminescence by making spectral measure-
ments of the light intensity emitted from the microcav-
ity at different angles. Exciton polaritons in a micro-
cavity, being bosons, may experience condensation
similar to the Bose—Einstein condensation when their
free motion is restricted in space and the critical condi-
tions are achieved (see, for example, a review [61]).

A polariton with a X,_,, exciton has the spin degree
of freedom; circularly polarized states correspond to
the spin projections £1. Due to the exchange interac-
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tion between particles, the ground state of the con-
densed exciton phase is linearly polarized, i.e., coher-
ent superposition of the circular components ¢, and
o_. MCPL studied in [62] revealed that the Zeeman
splitting of spin components is suppressed until some
threshold magnetic field is attained in the spinor con-
densate of exciton polaritons in a microcavity with
GaAs quantum wells and Alj,Ga,jAs/AlAs Bragg
mirror. The mentioned field threshold value is defined
by the difference of the interaction energies between
bosons with the same and opposite spin orientations.
Another behavior of polariton condensate in a similar
structure was observed in [63]: condensation for each
of the spin components occurred at different critical
powers Oy, and the difference of the critical values

Q;, — O for the 6_ and 6, components decreased
with the magnetic field. Measurements of the depen-
dence of the splitting of the spin-polarized polariton
states on the laser pumping power density in the mag-
netic field showed that the changes are within the
experiment accuracy level and do not exceed 15% of
the splitting value [64]. The weak dependence of the
Zeeman splitting on the pumping observed in [65] is
explained by a slow spin relaxation between the spin
sublevels and also by the fact that the system, consist-
ing of the exciton gas in a reservoir and polariton con-
densate, is far from the thermodynamic equilibrium.
Photoluminescence spectra of exciton polaritons in
microcavities as a function of the optical excitation
density and the magnetic field were investigated in
[65]. It was found that at exciton concentration rising
and constant magnetic field or at increasing field and
fixed exciton concentration, all excitons are gathered
on the bottom spin energy level, though the Zeeman
splitting is only 0.15 meV and is smaller than the ther-
mal energy kg7 = 0.5 meV. This is possible if the
chemical potential of the system of exciton polaritons
turns to zero, that is, if they are condensed.

C. PL polarization of paraexcitons in Cu,O in the

magnetic field. The ground state of an exciton I'; % I';
is split by the exchange interaction into an ortho- and
paraexciton. In the paraexciton, the spins of the elec-
tron and hole are antiparallel, and the total spin is

zero. This exciton state I; is not degenerate, does not
undergo Zeeman splitting in the magnetic field, and
thus one cannot expect to obtain circular polarization
of the paraexciton radiation. Nevertheless, Gastev et
al. observed circular polarization induced by the mag-
netic field in the B, band of the phonon replica

accompanied by emitting of a I'y phonon [17]. The

transition matrix element for the I'; exciton may be
written in the following form, allowing for the terms
linear with respect to the field B:

MT5) = F(e*-u)+iG(B - [e* x u]), (17)
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where e is the polarization vector of emitted light; u,,
u,, and u, are the amplitudes of the representation

phonons I'; obeying to the transformations x()? — z2),
¥(Z? — x?), z(x* — y*); Fand G are real-number coeffi-
cients. The value of F'is small because the matrix ele-
ment (17) at B = 0 is nonzero only due to spin-orbital

mixing of wave functions from other bands to the T';

and F; states. Equation (17) predicts that the intensi-
ties of the right- and left-hand polarized PL compo-
nents in the field direction are proportional to (F F
GB)?, and the circular polarization degree is

2FGB
F’+G’B
The reason for appearing linear with B terms in the
matrix element (17) lies in the magnetic-field-induced

FP.(B)=-

mixing of the paraexciton state F; with the orthoexci-

ton states I, for which transitions with emission of 'y
phonons are allowed and are not infinitesimal at B= 0.

CONCLUSIONS

In the past four decades, magnetic circular polar-
ization of exciton photoluminescence has grown into a
separate field of the exciton physics. Basic mecha-
nisms of the MCPL have been revealed. Certainly, it is
unnecessary to use the theory of polarized photolumi-
nescence of a large ensemble of exciton localization
centers or quantum dots, if one investigates very nar-
row exciton lines of an individual quantum dot by
means of modern optical microspectroscopy. Never-
theless, this theory is still relevant. Technology devel-
opment leads to the appearance of new semiconductor
systems, and modification of the well-established
mechanisms, and even the creation of additional
MCPL mechanisms is necessary to describe polariza-
tion of radiation of these new objects. The advantage
of the MCPL method is its relative simplicity: (a) to
determine the circular polarization degree one needs
only to place a circular analyzer before the detector
and measure the radiation intensity at two orientations
of the analyzer; (b) unlike optical orientation, this
approach does not require resonance excitation; (c)
spectral resolution of Zeeman sublevels is not neces-
sary, and thus the method can be applied to a wide
range of objects having broad spectral PL lines or
bands; (d) though simple, it can yield a lot of informa-
tion on g factors, lifetimes, and relaxation times of
excitons; and (e) it is convenient for identification of
exciton complexes.
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