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Effects of photoluminescence polarization in semiconductor quantum wells
subjected to an in-plane magnetic field
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The strong effects of optical polarization anisotropy observed previously in quantum wells subjected to an
in-plane magnetic field receive a complete description within the microscopic approach. The theory we develop
involves two sources of optical polarization. The first source is due to correlations between electron and
heavy-hole~HH! phases ofc functions arising due to electron Zeeman spin splitting and joint manifestation of
low-symmetry and Zeeman interactions of HH’s in an in-plane magnetic field. In this case, four possible
phase-controlled electron-HH transitions constitute the polarization effect, which can reach its maximal amount
(61) at low temperatures when only one transition survives. The other polarization source stems from an
admixture of excited light-hole states to HH’s by low-symmetry interactions. The contribution of this mecha-
nism to the total polarization is relatively small but can be independent of temperature and magnetic field. An
analysis of the different mechanisms of HH splitting exhibits their strong polarization anisotropy. The joint
action of these mechanisms can result in new peculiarities, which should be taken into account for an expla-
nation of different experimental situations.

DOI: 10.1103/PhysRevB.68.045322 PACS number~s!: 78.66.2w, 78.55.2m
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I. INTRODUCTION

The linear optical polarizationr of photoluminescence
~PL! in quantum wells~QWs! is very sensitive to low-
symmetry interactionsV, which can be responsible for thi
polarization.1–4 A typical situation corresponds to relative
weak V, which mixes the light-hole~LH! and heavy-hole
~HH! states. By this virtue the polarization reaches a mag
tude of about«5uVu/DHL (DHL is the HH-LH energy split-
ting! without an external magnetic field.2,3

The strong polarization of luminescence from@001#-
oriented quantum wells Cd12xMnxTe/CdTe/Cd12xMnxTe
and its p periodic anisotropy~i.e., dependence on samp
rotation about the QW normal! has been observed in Refs.
and 4 under in-plane magnetic fieldBW . It has been assume
there that these properties are due to theC2v symmetry po-
tential of a hole in a QW. It was found that polarization a
its anisotropy increase sharply with an increase of the
plane magnetic field and reaches a few tens of a percent.
fact cannot be consistent with a small value of the ratio«.
Moreover, strong polarization effects as well as the sign
cant contribution of the fourth harmonic~i.e., p/2-periodic
component! of the aforementioned anisotropy for narro
QW’s remains so far unexplained.1 The phenomenologica
approach developed in Ref. 1 in terms of a representatio
r bilinear in BW cannot describe the strong effects whenr
'1.

The complementary approach of Ref. 1 in terms o
pseudospin formalism requires the proper determination
pseudospin basic functions both for real electron spin op
tors and for the nonspin part of the interaction being resp
sible for optical transitions. Moreover, different kinds of H
interactions, determining the HH splitting under in-pla
magnetic field, need further consideration. This means
for a correct description of the above experimental data
necessary to have a microscopic theory in terms of ac
0163-1829/2003/68~4!/045322~8!/$20.00 68 0453
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electron and hole spins rather than pseudospins.
Here, we pay attention to the well-known fact that a

interaction splitting the degenerate electron and HH lev
imposes some phase correlations between the electron
hole wave functions. In addition to the above small con
bution caused by LH-HH mixing, this correlation forms th
polarization and its anisotropy associated with some pair
distinguishable electron-hole optical transitions regardles
the spin level splitting value.

On the other hand, there are different possible interacti
which are able to lift the HH degeneracy in a magnetic fiel5

Latter interactions impose their specific correlations betw
electron and holec-function phases as well as the period a
phase of optical polarization anisotropy~OPA!, i.e., the po-
larization dependence on QW rotation about its norm
Thus, if one of the four possible electron-HH transitions p
vails ~for instance, due to low enough temperatures!, one can
expect the appearance of strong optical polarization.

In this paper, we provide a quantitative microscop
analysis of the optical polarization anisotropy caused by
ferent low-symmetry interactions of a hole in QW’s. Firs
we discuss the general expression for OPA in terms of e
tron and HHc-function phases. Then we show that the d
ferent interactions leading to HH splitting reveal vario
OPA dependences on in-plane magnetic fieldBW rotation. This
demonstrates the necessity to account for a joint contribu
of the aforementioned terms to OPA resulting in qualitative
new peculiarities due to interference effects. Finally, in t
framework of our theory, we explain quantitatively the mo
interesting experimental results that are accessible from
literature.

II. THEORETICAL BACKGROUND

A. Photoluminescence linear polarization

We are interested in the linear polarization of the PL sp
trum that involves four optical transitions from two electro
©2003 The American Physical Society22-1
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spin sublevels to two HH sublevels. To avoid the problems
these component spectral shifts in a magnetic field~see be-
low! we assume that integral PL intensitiesI a of polarization
a can be extracted from experiment and associated with t
sition probabilities in terms of the thermal population of sp
sublevels. We also assume that luminescence occurs due
recombination of noninteracting electrons and holes. Ac
ally, excitonic effects might have an influence on OPA b
cause of the electron-hole exchange interactionHex

5 2
3 @D0JWsW1D1S iJi

3si2d(Jx
3sy1Jy

3sx)# whereD0 is isotro-
pic andD1 andd are anisotropic exchange constants.5 This
interaction leads to an energy level splitting of excitons c
sisting of electrons and HH’s in zero magnetic field as w
as to a spin state mixture.6 So we can suspect some pec
liarities due to exciton effects until the electron~hole! spin
splitting in the effective fields does not exceeduD1u and udu.
Since the manifestation ofHex needs also significant differ
ences in exciton levels populations, the excitonic effects
negligible in the case of strong enough magnetic fields
high enough temperatures. Hereafter we assume that the
ditions for excitonic effects to be small are satisfied. The d
for the magnitudes of exciton exchange interaction@being
less than 1meV ~Ref. 5!# give enough evidence to negle
Hex in the very wide range of magnetic fields and tempe
tures.

Thus, according to definition,

ra5
I a2I a8

I a1I a8

, ~1!

where the plane ofa8 polarization is perpendicular to that o
a polarization. Then, we introduce the reference frame as
ciated with the main crystal axes so thatOZW is parallel to the
growth axis@001#, while OXW i@100# andOYW i@010# lie in the
QW plane.

The electron~or HH! spin splittingv5ve ~or v5vh) is
assumed to be described by the following matrix Ham
tonian in a certain basisun&, n51, 2,

uuHn,n8uu5
v

2 S 0 e2 iu

eiu 0 D , ~2!

wherev52uH1,2u and sinu522 ImH1,2/v. The eigenvalues
and eigenfunctions of the Hamiltonian~2! are

E656
1

2
v, c65

1

A2
~6e2 iu/2u1&1eiu/2u2&). ~3!

In the case of an electron subjected to an in-plane m
netic field BW 5B$cosw,sinw,0%, c6[cc

6 , the Hamiltonian

H5GW esW takes the form~2! in a representation ofu1&5S↑
and u2&5S↓, whereS is a periodic part of the conductivity
band Bloch function and↑ and↓ are the eigenstates of sp
projectionsz . Here u5w is an angle betweenBW and OXW ,
and the effective magnetic fieldGW e5veBW /B ~in energy
04532
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units! is a sum of the external magnetic field and so-cal
exchange field emerging from the exchange interaction
electron with magnetic ions.

In the case of HH’s (c6[cv
6) the basisu1&5L1↑, u2&

52L2↓ corresponds to a63/2 projection of HH angular
momentum on thezdirection,L65(1/A2)(X6 iY), whereX
andY are the periodic parts of the valence-band Bloch fu
tions. The dependenceu5u(w) has to be found for each
specific form of the HH Hamiltonian~see below!.

The operator of the interband optical transition with t
polarization plane rotated relative to the magnetic fieldBW

5B$cosw,sinw,0% by anglea about theOZW axis ~see Fig. 1!
takes the form

V̂a5p2ei (w1a)1p1e2 i (w1a), ~4!

wherep65 1
2 (ex6 iey) and ex and ey are transformed asx

andy.
Using the definitions~3! and ~4!, one can easily find the

matrix elementMk, j
a 5^cc

kuV̂aucv
j & of the electrodipole opti-

cal transition between electron statescc
k , k561, and HH

statescv
j , j 561, as well as the corresponding probabili

Wk, j
a 5uMk, j

a u2

Wk, j
a }H sin2~3w/21a2u/2!, k5 j ,

cos2~3w/21a2u/2!, kÞ j ,
~5!

where an unimportant dimensional coefficient has be
dropped. Similarly, one can find the optical transition pro

ability Wk, j
a8 for the perpendicular polarization plane, whic

formally means the substitutiona→a85a1p/2 in Eq. ~5!.
Since the contribution of each of optical transitionk→ j to
the total PL intensityI a is proportional to spin subleve
populations of electronsPe

k}e2kve/2Te/(eve /2Te1e2ve/2Te)
and HH Ph

j }e2 j vh/2Th/(evh/2Th1e2vh/2Th) (Te and Th are
the electron and HH spin temperatures in energy units
can differ from lattice temperatureT), the general Equation
~1! assumes the following form:

FIG. 1. The relative positions of the crystal axisx, the axisx8 of

theC2v interaction~19!, direction of the in-plane magnetic fieldBW ,
and the lineE of the intersection of the plane of linear polarizatio
with the (001) plane and the angles between these lines.
2-2
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ra
(0)5

( k, j Pe
kPh

j ~Wk, j
a 2Wk, j

a8 !

( k, j Pe
kPh

j ~Wk, j
a 1Wk, j

a8 !

. ~6!

Substitution of Eq.~5! and expressions forPe
k andPh

j into
Eq. ~6! leads after some algebra to the following simple
sult:

ra
(0)52Pehcos~3w12a2u!, ~7!

Peh5tanh~ve/2Te!tanh~vh/2Th!. ~8!

Note that Eq.~7! does not describe all possible polariz
tion effects in QW’s. A closer look at the derivation of E
~7! shows that low-symmetry perturbationsV of HH basic
wave functionsu1& andu2& should also be taken into accou
along with HH splitting in spite of the small value«
5u^muVum6Dm&u/DHL , whereum& and um7Dm& are non-
perturbed HH (umu53/2) and LH (um7Dmu51/2) basic
functions. Doing so needs a distinction between the c
Dm51, leading to HH splitting in the third order, and th
caseDm52, leading to the formation of an effectiveg factor
in the first order. Thus, the perturbationV gives rise to cor-
rectionsdra;«32Dm to the total polarization that can b
now written as a sum

ra5ra
(0)1dra . ~9!

The explicit form of dra depends on specific form of th
interaction leading to HH-LH mixing. The comparison
contributions of two terms to Eq.~9! permits us to conclude
that electron-HH spin correlations (ra

(0) term! dominate in
OPA at sufficiently low temperatures. However, thedra term
can dominate at high temperatures or zero~small! magnetic
field. In the subsequent discussion we concentrate on
important cases: polarizationr0 along a magnetic field direc
tion with a50° and polarizationr45 in the plane rotated
relatively BW by a545°.

B. Spectral dependence of linear polarization

In this subsection we discuss the effects of spectral sh
of electron-HH optical transitions caused by spin splitti
~3!. A simplest situation corresponds to the electron-HH o
tical line splitting into four plainly distinguishable compo

nents with polarizationsrak, j5(Wk, j
a 2Wk, j

a8 )/(Wk, j
a 1Wk, j

a8 )
52k j cos(3w12a2u) and intensitiesI k j}Pe

kPh
j . If these

components overlap with each other~i.e., the splitting of
spectral components is smaller than their linewidthsk j), the
polarization depends on the spectral position at the con
of a composite line of optical transitions. Thus it is conv
nient to determine the spectral-dependent polarization

ra~v!5
I a~v!2I a8~v!

I a~v!1I a8~v!
. ~10!

The intensityI a(v) of the optical transition at frequencyv
depends on the line shape of each electron-HH transi
04532
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f k, j (v)5 f „v2(v01kve/22 j vh/2)…, where the possible
dependence ofv0 on magnetic field describes the effect
the line center-of-mass shift in a magnetic fieldBW . We as-
sume also that line shapesf k, j (v) with linewidth sk j5s are
the same for all transitionsuk&→u j &. So Eq.~10! takes the
form

ra
(0)~v!5

(
k, j

f k, j~v!~Wk, j
a 2Wk, j

a8 !Pe
kPh

j

(
k, j

f k, j~v!~Wk, j
a 1Wk, j

a8 !Pe
kPh

j
. ~11!

In the case of small magnetic field shiftsve andvh!s,
the line shape function can be expanded into a power se

f k, j~v!' f ~Dv!2
1

2
f 8~Dv!~kve2 j vh!

1
1

8
f 9~Dv!~kve2 j vh!2, ~12!

where f 8(v) and f 9(v) are the first and second derivative
of f (v) respectively, andDv5v2v0. Substitution of this
expansion into Eq.~11! with respect to Eq.~5! results in a net
effect similar to that of Eq.~7! wherePeh should be replaced
by

PT~v!5tanhS ve

2Te
D tanhS vh

2Th
D22

s f 8~Dv!

2 f ~Dv! Fvh

s
tanhS ve

2Te
D

2
ve

s
tanhS vh

2Th
D G2

s2f 9~Dv!

4 f ~Dv!

vevh

s2
. ~13!

The latter equation displays a sharp polarization depende
on the detuningDv. Moreover, this dependence is dete
mined by the specific line shape.In the case of a Gaussia
Lorentzian shape,

PT
G~v!.Peh1S 1

2
2

Dv2

s2 D vevh

s2

or

PT
L~v!.Peh1

s223Dv2

2~s21Dv2!2

vevh

s2
,

respectively.
Finally, we have to consider an intermediate casevh!s

!ve . This is because the inequalityvh!ve usually takes
place in a wide range of magnetic fields. Two compone
k56 of different electron spin states have intensitiesI k

}Pe
k and opposite signs of polarization. Their OPA is d

scribed in a form similar to that of Eq.~7! but with

PT,k~v!5kF tanhS vh

2Th
D2

s f 8~Dv!

2 f ~Dv!

vh

s G . ~14!

instead ofPeh .
2-3
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The difference between the Gaussian and Lorentz
shapes of spectral lines becomes evident if we consider
asymptotics PT,k

G (v).k@ tanh(vh/2Th)1vhDv/s2# and
PT,k

L (v).k@ tanh(vh/2Th)1vhDv/(Dv21s2)#.
It is well known that an in-plane magnetic field contri

utes to the linear polarization of the optical spectra of abso
tion, reflectivity, etc. In these cases the effect of the corre
tions of wave function phases can become apparent also
to HH and electron spin splitting. Unlike the case of PL, he
the optical transitions occur between electronic states
completely populated valence band and empty conducti
band. Therefore, Eqs.~13! and~14! describe this situation in
the limit Te , Th→`. However, the polarization of reflectiv
ity spectra should be still described in terms of a stand
equation for the reflection coefficient with transition pro
abilities ~5!. In subsequent calculations, we primarily foc
on PL polarization@Eqs.~7! and ~8!# since it has been thor
oughly studied experimentally in the literature.

III. HH INTERACTIONS

Here we consider the HH interactions sequentially
cording to their contribution to lowering the symmetry of th
QW potential. Also, we assume that the above interacti
are small perturbations as compared toDHL . In the general
case~i.e., without the latter assumption! the consideration of
OPA can be performed only numerically. Such a consid
ation, however, is beyond the scope of the present paper
the other hand, such numerical calculations have been
filled in Ref. 7 in the context of a description of experimen
of Ref. 4. Namely, in Ref. 7, the important case of an ar
trary relation between the effective magnetic field acting
the holeGh and HH-LH splittingDHL has been considered
while other low-symmetry interactions have still been a
sumed to be small.

A. Zeeman interaction

The Zeeman interaction is isotropic in terms of the h
effective angular momentumJ53/2:

VZ5GW hJW5Gh~JXcosw1JYsinw!. ~15!

HereGW h is an effective in-plane magnetic field acting on t
hole in energy units. This field can include the effects
carrier-ion~hole-ion! exchange interaction in the case of d
luted magnetic semiconductor~DMS! quantum structure.8,9

In the case of@001#-oriented QW’sVZ does not split the HH
states in first and second orders in perturbation. Third or
can be represented by some effective Hamiltonian with P
matricessW in the baseu1& and u2&, calculated in a second
order of perturbation theory according to the Lo¨wdin proce-
dure ~see Ref. 10!:

VZ
(3)5

3

4
DHLh3~sxcos 3w1sysin 3w!, h5Gh /DHL .

~16!

Equation~16! gives isotropic HH splitting vZ5 3
2 DHLh3

andc-function phaseu53w. According to Eq.~7! this cor-
04532
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responds to isotropic~i.e., independent of anglew) polariza-
tion ra

(0)52Pehcos 2a. The polarization is maximal along o
across the magnetic field direction (a50 or 90°) and is
absent fora545°, which can be also expected from sym
metry considerations. If the magnetic field is weak enou
one can findPeh.Gh

3Ge /TeThDHL
2 }B4. In this case the

contribution from the LH admixture can be more importa
The calculation of the LH contribution to HH polarizatio
stemming from the LH admixture to the basic functionsu1&
and u2& gives rise to the correctionsdr0

(2)52h2 and dr45
(2)

50.

B. Non-Zeeman interaction with a magnetic field

The symmetry of the Luttinger Hamiltonian admits th
existence of a non-Zeeman interaction of holes with a m
netic field in the form

Vq5q1Gh~Jx
3cosw1Jy

3sinw!, ~17!

whereq1 is a relatively small parameter reflecting the inte
action between valence andG15 conductivity bands.11 If we
derive Eq. ~17! in terms of the approach of Ref. 12, th
external magnetic fieldB substitutesGh on the right-hand
side of Eq.~17! so that the Luttinger parameterq appears in
the formq15qB/Gh . If we supplement the consideration o
Ref. 12 by mechanisms sensitive to the effects of excha
field influence, the latter equality can be modified. Nevert
less, we preserve the notationVq in the form ~17! to unify
the form of expressions for interactions of different type.

The Hamiltonian~17! has nonzero matrix elements b
tween HH statesu3/2& and u23/2&, which defines the effec-
tive HH Hamiltonian in first order in perturbation~17!:

Vq
(1)5

3

4
DHLq1h~sxcosw2sysinw!. ~18!

Comparison of Eq.~18! with Eq. ~2! gives isotropic HH
splitting vq5 3

2 q1Gh and c-function phaseu52w. There-
fore interaction~17! can be responsible for the fourth ha
monic of OPA~7!, ra

(0)52Pehcos(4w12a), which coincides
with a cubic anisotropy of the Luttinger Hamiltonian. No
that the in-planeg tensorgmn

' @which can be defined in term

of Eq. ~18! for HH pseudospin11 s̃x5sx/2 ands̃y52sy/2] is
isotropic—i.e.,gxx

' 5gyy
' , gxy

' 5gyx
' 50.

C. Potentials ofC2v symmetry

Most OPA experiments performed up to now have fou
somep-periodic component of OPA. It was assumed th
such kind of anisotropy is due to the potentials ofC2v sym-
metry in a hole Hamiltonian.1,2,4,5 We consider two reason
for the appearance of theC2v hole potential in a QW. First is
a C2v component~so-called interfaceC2v potential! of the
heterojunction potential inherent to@001#-oriented structures
composed of zinc-blende semiconductors.13,14 In QW struc-
tures with common anion~cation!, the contributions of two
interface potentials compensate each other. However,
compensation is not complete in the case of nonident
barriers or interface profile.2 Such a kind of interaction can
2-4
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be written in terms of a hole angular momentum in t
form13 Vi f 5t i f $Jx ,Jy%, wheret i f is the interaction constan
(ut i f u!DHL), $Jx ,Jy%5 1

2 (JxJy1JyJx). Additionally to Vi f ,
there is also aC2v potentialVd5d«xdyd

$Jxd
,Jyd

% caused by

in-plane strains.5 Hered is a deformation potential;«xdyd
is

the strain withxd andyd principal axes forming some angl
with @100# and@010# directions. Actually, we do not need t
considerVi f and Vd separately since their sum is also t
C2v potentialVt , which takes the canonical form in terms
total amplitudeTt and axesx8 andy8 forming anglef with
@100# and @010# directions:

Vt5Tt$Jx8 ,Jy8%. ~19!

As an illustration, Fig. 1 shows a position of the coordina
axes defining the anglesw, f, anda.

The potential~19! does not lift the63/2 HH state degen
eracy but results in their mixing with71/2 LH states in the
first order of perturbation theory. This generates so
temperature– and magnetic-field-independent polarizat2

dra
(1) with respect to the polarization planea: dra

(1)5
2tsin2(w2f1a), wheret5Tt /DHL .15

In the presence of a magnetic field, the potentialVt gen-
erates an effective in-planeg factor for HH’s.5 This effect
can be taken into account in lowest order as the interfere
of VZ , Eq.~15!, andVt , Eq.~19!. In terms of Pauli matrices
the HH splitting is described by the effective Hamiltonian

Vht
(2)52

3

2
DHLht@sxsin~w12f!2sycos~w12f!#,

~20!

which defines the phaseu5w12f1p/2 and isotropic HH
splitting vht53DHLht. In spite of this fact, representation o
Eq. ~20! in the form of a Zeeman interaction for pseudosp
s̃ yields an anisotropicg tensor. In thex8y8 reference frame
one can findgx8x8

'
5gy8y8

'
50, and gx8y8

'
5gy8x8

' .16 So, the
effect of C2v OPA ~7! is described byra

(0)52Pehsin2(w
2f1a). If a magnetic field is sufficiently weak, one can fin
Peh.3GhGe/4TeTh}B2.1

Here we once more emphasize that the nature of the
larization ra

(0) calculated with nonperturbed basic functio
u63/2& is different from that ofdra

(1) calculated with LH
admixture in first order. Thus, one can easily imagine a s
ation whenra

(0)@dra
(1) despite the fact thatVht

(2) generates
ra

(0) in second perturbation order inVZ andVt , while dra
(1)

arises in first order inVt .

D. Random potential of HH localization

The PL in QW’s is known to stem from localized exc
tonic ~hole! states, which are formed by a random poten
~interface roughness, defects, etc.! In the general case, th
profile of this potential~and therefore the hole density! is not
symmetric in the QW plane. In-plane asymmetry of localiz
hole c function leads to mixing of HHCH and LH CL
states, which results in the appearance of a finite HHg
factor.11 The corresponding Hamiltonian, describing t
04532
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splitting of localized HH’s can be represented as someC2v
potential~see Ref. 17 for details!

Vhk
(2)5DHLhk@sxcos~w12fk!1sysin~w12fk!#.

~21!

Herefk determines the axesj andh for canonical represen
tation ~19! of the Vhk

(2) potential by means of an angle be

tween x8 and j, k5ḡ\2(Kj
22Kh

2)/m0DHL and Kn
2

5^CHuCL&^CLu2]2/]n2uCH&, n5j, h; g2,ḡ,g3, and
g2 andg3 are Luttinger parameters. In the case of an axia
symmetricc function, the equalityKj

25Kh
2 gives zeroVhk

(2)

potential. In the general case,Kj
2ÞKh

2 , the potentials~20!
and ~21! can be combined into a single quantityVhtk

(2) that
takes the form~20! with effective amplitudetk and anglef r
instead oft andf:

tk5A~ t1k cos 2fk!21~k sin 2fk!2, ~22!

f r5
1

2
arcsin

k sin 2fk

tk
1f. ~23!

It should be emphasized that Eq.~21! has to do with a single
hole localized on some fluctuation of a random QW pote
tial. The observable PL polarization is the result of the ad
tion of a great number of localized state contributions w
random amplitudes and principal axis directions. Thus
complete description of PL polarization has to include
averaging over the parametersk andfk with some distribu-
tion functions. If there are no preferential directions for H
localization in the QW plane, the potentialVhk

(2) cannot lead
to OPA. Moreover, numerical analysis shows that the rand
potential ~21! can greatly suppress the magnitude of pol
ization and therefore amplitude of OPA as soon as it exce
other regular~nonrandom! interactions. In a subsequent di
cussion we omit the contribution ofVhk

(2) into OPA for sim-
plicity. Nevertheless, consideration of the random poten
influence may be in need of a description of realistic expe
mental situations. The magnetic polaron effect18 should
also be considered as an intensification factor for
parameterk.

IV. INTERFERENCE EFFECTS

The foregoing analysis has shown a few important po
ization properties attributed to different kinds of HH intera
tions in QW’s. We have found that HH splitting is isotrop
for each HH Hamiltonian~16!, ~18!, and~20!. However, they
reveal different OPA’s, which points to a possible interpl
between these contributions. Let us consider a joint mani
tation of interactions that can split HH states:

V5VZ
(3)1Vq

(1)1Vht
(2) . ~24!

First, we should find the total modulevh/2 and phaseu for
the matrix element:

V1,25
1

2
~vZe2 i3w1vqeiw1vhte

2 i (w12f1p/2)!. ~25!
2-5
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After some algebra, the HH splitting can be rewritten
terms of two expressionsQ andR:

vh5
3

2
DHLhAQ21R2, ~26!

Q52t cos 2~w2f!2q1sin4w, ~27!

R5h212t sin 2~w2f!1q1cos 4w. ~28!

In a similar manner, we calculate the polarization~7! where
u has to be found from definition~25!. Thus, after some
transformations, we obtainra for two values ofa:

ra55 2Peh

R

AQ21R2
2h22t sin 2~w2f!, a50°,

2Peh

Q

AQ21R2
2t cos 2~w2f!, a545°.

~29!

For completeness, here we also take into account the co
tions for LH-HH mixing. Equation~29! with Eqs. ~8! and
~26! are the final results of our calculations that cover
most practical important cases.

One can see that HH splitting~26! reveals magnetic an
isotropy with finite magnitudes oft and q1 despite the iso-
tropic character of HH splitting of each of terms~24! taken
separately. Moreover, the effective HH transversalg factor
g̃'5vh /Gh can be turned to zero for some direction a
amplitude of a magnetic field. To demonstrate this, we n
that the equationg̃'5 3

2 AQ21R250 can be identically re-
written in the form of a set of two equationsQ50 andR
50 in terms of variablesw ~the angle! andh ~the amplitude!.
The simplest solution of this system can be obtained in
case off50, namely,w56p/4 and h5hc[A62t1q1.
The latter expression separates also the magnetic field m
nitude for the case where the Zeeman interaction is domin
(h@hc) ~which fixes the relatively small amplitude of th
polarization anisotropy! with the caseh!hc , where the po-
larization oscillations due to the contributions, proportion
to the product of Zeeman and non-Zeeman~and/orC2v) in-
teractions, would not be suppressed by the isotropic Zee
interaction.

V. DISCUSSION: COMPARISON WITH EXPERIMENT

As is obvious from Eq.~29!, the anisotropy and possibl
random degeneration of HH splitting do not influence O
for high temperaturesTh@vh ~or Peh}vh). In this case we
may expect the additive contributions of different aforeme
tioned OPA mechanisms:r0

(0).2 3
2 R(Gh /Th)tanh(ve/2Te),

r45
(0).2 3

2 Q(Gh /Th)tanh(ve/2Te); i.e., the amplitude of sec
ond harmonic of OPA is proportional tot while that of the
fourth harmonic is proportional toq1.

If HH splitting is not small~as compared to temperatu
Th) in some range of anglesw, Eq. ~29! shows a qualita-
tively different character of OPA. Namely, higher harmon
with large amplitudes can appear. This can be regarded
04532
c-

e

e

e

g-
nt

l

an

-

s a

manifestation of higher powers in an expansion
tanh(vh/2Th). Figure 2 reports some calculated curves
OPA and corresponding effectiveg-factor anisotropy demon
strating a new net effect without the influence of the cu
anisotropy ofVq .

Very interesting experimental data had been obtained
Ref. 1, where second and visible fourth harmonics of
OPA were detected in PL of a 20-Å CdTe QW with sem
magnetic Cd12xMnxTe barriers. The exchange interactio
with magnetic ions in the barriers and interfaces enlarges
HH splitting, which makes it possible to reach a significa
magnitude of HH and electron spin polarization at liqu
helium temperatures.8 A quantitative analysis on the basis o
Eqs. ~29! and ~26! shows that the parametersh520.056,
ve50.014DHL , Te5Th5DHL/720, t50.001, and q15
20.0006 describe nicely the OPA experimental data of R
1 ~see Fig. 3! assuming thatDHL5125 meV and electron and
hole spin temperatures are equal to the lattice tempera
T52 K. These calculations explain also the effect of gre
OPA amplification from 0.1%~which could not be detected
in Ref. 1 because of experimental errors! to 15% under the
magnetic field action. On the other hand, we cannot ass
the above magnitudes to microscopic parameters of
structure under consideration because some parameters~such

FIG. 2. The OPA~a! and transversal effective HHg factor g̃'

5vh /Gh ~b! calculated forq150, t50.01, DHL5125 meV, Te

5Th52 K, and few magnitudes of magnetic field strengthh5

2cA2t: c50.4 ~curve 1!, c50.8 ~curve 2!, c51 ~curve 3!, andc
51.25 ~curve 4!.
2-6
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as temperature, HH-LH splitting, effective electron and h
fields! are missing in Ref. 1. The example of the experime
tal data fitting shown in Fig. 3 gives a demonstration of t
proposed theory adaptability for a nontrivial experimen
situation. Besides that, the calculations show high sensiti
of the OPA@Eq. ~29!# to independent variation of differen
parameters. For instance, the small change of paramet
form 0.0009 to 0.0011 leads to a significant modification
the OPA curves. Nevertheless, fairly good agreement w
the experiments1 can be achieved for othert values if the
unknown parameters in Ref. 1~like the exchange-enhance
magnetic filed and HH-LH splitting! take other values.

A successful description of the experiment raises
question about the relationship of the above obtained par
eters with those for QW’s with other widths. There are a f
mechanisms of the QW widthLw influence on OPA.~i! The
carrier exchange interaction with magnetic ions along w
an external magnetic fieldB contributes to the effective field
Ge andGh . Note that in the case of nonmagnetic QW’s wi
semimagnetic barriers, this exchange interaction is pro
tional to the overlap of the envelopes of the carrier wa
functions with barriers. Thus, one can expect a signific

FIG. 3. Comparison of the OPA calculated in terms of Eq.~29!
~solid lines! with experimental data~points! of Kusrayevet al. @Ref.
1, Fig. 3~b! therein# recorded parallel (a50°) to the magnetic field
polarization plane~a! and plane witha545° rotated relative toa
50° by 45° ~b!. The fitting parameters see in the text.
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decrease of this exchange contribution to the effective fie
in a very wide nonmagnetic QW. On the other hand,
values of the exchange fields can have an additional com
nent with a weaker dependence on the QW width related
the so-called interface smoothing.8,19 However, one can ex-
pect a reduction of the magnetic field influence on the O
with QW broadening, especially for contributions ofVZ

(3) ,
Eq. ~16!, andVht

(2) , Eq. ~20!, which are proportional toGh
3Ge

andGhGe , respectively. A similar reduction of theVq
(1) @Eq.

~18!# contribution may not be so important~being propor-
tional to BGe) if this term of the Luttinger Hamiltonian is
described in the model of Ref. 12. In such a case this mec
nism contributes to increasing the role of the fourth harmo
with respect to the second harmonic of OPA with a broad
ing of the QW.~ii ! The HH-LH splitting depends primarily
on Lw . In the case of infinitely high QW barriers, one ca
expectDHL}1/Lw

2 . This increases the contribution of term
VZ

(3) , Vht
(2) , andVhk

(2) to OPA with QW broadening but doe
not influence the termVq

(1) . This mechanism contributes t
decreasing the role of the fourth harmonic with respect to
second harmonic of OPA with a broadening of the QW.~iii !
Narrow QW’s are most favorable for carrier localization o
the fluctuations of the random potential as well as for p
laron formation. This increases the role of the random pot
tial ~21! that can suppress OPA, as has been mentione
Sec. III.

We can see that mechanisms~i! and ~ii ! predict opposite
dependences ofVZ

(3) and Vht
(2) contributions on QW widen-

ing. These contributions decrease with decreasing ofGe and
Gh and increase with decreasing ofDHL . At the same time,
the termVq

(1) does not depend onDHL and has a peculia
dependence onGh . Thus the combination of the above d
pendences can result in either a suppression or enhance
of the fourth harmonic of the OPA~described by theVq

(1)) as
compared to the second harmonic~described by theVht

(2))
with QW broadening. Note that experiment in Ref. 1 sho
the significant role of the OPA fourth harmonic only in th
narrowest QW.

The aforementioned analysis shows that the situation w
a dependence of the OPA onLw may be quite complex. The
most adequate approach to this problem seems to cons
independent determination ofDHL as well asGe and Gh
from magneto-optical measurements in Faraday geometr
experiment. Then, the microscopic constantst, f, andq1 in
Hamiltonian~24! should be found from a comparison of ge
eral expressions~29! with experimentally observed OPA
The data of Ref. 1 do not allow one to accomplish this s
nario due to the lack of values ofDHL , Ge , andGh .

VI. CONCLUSION

We have developed a microscopic theory of OPA in QW
subjected to an in-plane magnetic field. Two types of opti
polarization contributions should be distinguished. The fi
is due to an admixture of LH to HH states. This effect
small in accordance with the predictions of perturbati
theory. A HH splitting in a magnetic field determines th
other type of polarization mechanism owing to phase co
2-7



u
o

ro
b

a

on
f

ar
ti
p

i-

ce.
-

S
n of

Y. G. SEMENOV AND S. M. RYABCHENKO PHYSICAL REVIEW B68, 045322 ~2003!
lations of electron and holec functions. This effect can lead
to almost 100% polarization for suitably distinguishable fo
spectral lines of electron-HH optical transitions in spite
the relatively small interactions (!DHL) responsible for HH
splitting. Besides that, we have considered the spectral p
erties of OPA. These polarization peculiarities turn out to
sensitive to the details of the PL~absorption, reflectivity,
etc.! line shape in the case of a relatively small Zeem
splitting.

Our theory considers the Zeeman interaction, n
Zeeman HH splitting, andC2v potentials to be the sources o
different OPA. Their joint manifestation reveals peculi
OPA behavior due to interference effects. A random poten
localizing HH’s should be considered separately as a de
larization factor of the PL.
h-
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We predict and describe some effects: namely,~i! the an-
isotropy of HH splitting~or g factor! due to the interference
of different HH potentials,~ii ! the manifestation of fourth
and higher harmonics in OPA caused by only theC2v poten-
tial ~Fig. 2!, ~iii ! polarization suppression under the cond
tions of the crossing~anticrossing! of HH levels, and~iv! the
depolarization effect due to a random potential influen
Our theory gives a full qualitative description for many im
portant experimental details of OPA found earlier.
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