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Str ong opt ical p olari zatio n ani sotrop y observed previo usly in the exci -

ton photolu min escence from [100]-oriented quantum w ells sub j ected to the
in- plane magnetic Ùeld is describ ed within microscopic approach . Develop ed
theory involves tw o sources of optical p olarizati on anisotropy . T he Ùrst of
them is due to correlation betw een ê - functions phases of electron and heavy

hole w hich arise owing to electron Zeeman spin splitti ng and j oint mani-
festation of low -symmetrical and Zeeman interactions of heavy holes in an
in- plane magnetic Ùeld. Other optical polariza tion anisotropy source stems

from the admixture of light- holes states to heavy- holes ones by low -symmetry
interactions. T he hea vy hole splitti ng caused by these interactions separately
and the e˜ects of their interf erence are analyzed. T he dominati on of C 2 v

low -symmetry interaction connected w ith quantum w ells interf aces and /or

in- plane deformations ta kes place in relatively low magnetic Ùeld. T he di-
rections of this perturbation determine main direction s of the ¤ -p eriodi cal
optical p olarizati on anisotropy . T he cubic anisotropy of valence band can
add the ¤ = 2-p eriodi cal contribution to the optical p olarizati on anisotropy .

I n the case of quantum wells w ith semimagnetic barriers the Zeeman term
contribution can reach value, w hich dominates the C 2 v ones, and crossover
to polarizati on connected w ith magnetic Ùeld direction may be observed in

low temp erature.

PACS numb ers: 78.67. {n, 78.20.Ls
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1. I n t rod uct io n

The l inear polari zati on £ of photo lum inescence(P L) in quantum wells (QW s)
is sensiti ve to relati vely weak low sym metry intera cti ons V , whi ch m ix the l ight
hole(L H) and heavy hole (HH) states [1{ 5]. One coul d expect due to thi s vi rtue the
polari zati on magni tude about " = j V j =Â H L § 1 (Â H L i s HH{ LH energy spli tti ng).
In contra st wi th such estim ati on of " a stro ng polari zati on of PL from [001]-ori ented
QW Cd 1 À x Mn x T e/ CdT e/ Cd1 À x Mn x T e and i ts anisotro py (i .e. dependence £ on
sam ple rota ti on about QW norm al) has been observed in R efs. [2, 4]. The polar-
izati on increased sharpl y wi th an increase in the in-pl ane m agneti c Ùeld B and
reaches a few tens of percents. The pseudospin form al ism and the phenomenologi -
cal describing of ẽ ect were developed in R ef. [2]. The m icroscopic appro ach ta ki ng
into account the di ˜erent intera cti ons causing the HH spli tti ng wa s used in [4, 5].

It is known tha t any intera cti on spli tti ng the degenerate electron and HH
levels im poses phase correl ati on between the electron and hole wa ve functi ons.
Thi s correl ati on form s the polari zati on and i ts ani sotro py for electron{ hole op-
ti cal tra nsiti ons between the pai rs of di stinguishabl e levels regardl ess of v alue of
spi n levels spl itti ng. The smal l opti cal polari zati on anisotro py (OP A) caused by
LH{ HH m ixing is an addi ti onal one to thi s main contri buti on to OPA. The di f-
ferent intera cti ons, whi ch are able to l i ft the HH degeneracy, im pose thei r speciÙc
correl ati on between electron and hole ê - functi ons phasesas well as the period and
phase OPA. The e˜ects of electro n{ hole exchange intera cti on insi de the exci to n
are sensiti ve to the smal l C 2 v perturba ti on, to o [6]. Neverthel ess, thi s intera cti on
is smal l enough and, as i t was di scussed in R ef. [5], the e˜ects connected wi th i t
m ay be neglected in m ost casesat the analysis of exci to nic PL of the semimagneti c
structures .

In thi s paper we summari ze a perform ed in [4, 5] analysis of OPA caused
by di ˜erent low- symmetry intera cti ons of a hole in [001]-oriented QW . It wi l l be
shown tha t they reveal the vari ous OPA dependenci es on in-plane magneti c Ùeld

rota ti on and qual i ta ti vel y new peculiari ti es OPA ari se due to interf erence e˜ect
of these contri buti ons.

2. T heor et ica l b ack gr ou nd

Let us intro duce the reference fram e associ ated wi th structure axes so tha t
O Z i s para l lel to growth axi s [001], whi le O X k [ 1 0 0 ] and O Y k [ 0 1 0 ] lie in
QW plane. An in-pl ane m agneti c Ùeld is di rected at the angle ' to O X , =

B f cos ' ; sin '; 0 g . The polari zati on rati o of PL l ine in relati on to polarizati on
pl ane rota ted relati ve to the by angle about the O Z axi s (see Fi g. 1) is

£ = (I À I )( I + I ) 1 : (1)

Here I i s the integ ra l intensi ty of PL wi th polarizati on plane ˜ ; plane ˜ i s
perpendicul ar to tha t ˜ .
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The 1e{ 1HH PL- spectrum inv olv esfour opti cal tra nsiti ons from two electron
spi n subl evels to two HH ones. The electro n (or HH) spi n spli tti ng ! = ! e (or
! = ! h) is assumed to be described by fol lowing matri x Ham i lto ni an in certa in
basis j n i , n = 1 , 2:

k H n ;n 0 k =
!

2

˚
0 eÀ i ˚

ei ˚ 0

Ç

; (2)

where ! = 2 j H 1 ;2 j ; sin ˚ = À 2 Im H 1 ;2 = ! . Eigenvalues and eigenfuncti ons of Ha mi l -
to ni an (2) are

E = Ï

!

2
; ê =

1
p

2
( Ï e i 2

j 1i + ei 2
j 2i ) : (3)

For the c-band electro n, Ha mi l to nian H e = e ta kes the form (2) wi th ˚ = '

and ! e = G e in representati on of j 1 i = S " and j 2 i = S # . Here " and # are the
eigenstates of spi n pro jecti on s ; S i s a periodic part of c-band Bl och functi on and

e k is an e˜ecti ve in-pl ane m agneti c Ùeld (i n energy uni ts) tha t can include
the e˜ects of carri er{ ion exchange intera cti on in the di luted magneti c semiconduc-
to r based (D MS- based) structures [7]. In the HH case, the basis j 1 i = L + " ;

j 2 i = À L # corresponds to Ï 3 =2 pro jection of HH angul ar mom entum on
O Z ; L = 1

2
( X Ï iY ) ; X and Y are the periodi c parts of v -band Bl och functi ons.

The dependence ˚ ( ' ) has to be found for each speciÙc form of HH Ham i lto ni an.
The operato r of interba nd opti cal tra nsiti on wi th polari zati on plane ˜ ta kes

the form

V = p ei ( + ) + p + e i ( + ) ; (4)

where p = 1

2
( e Ï ie ) ; e and e are tra nsform ed as x and y . The probabi l i ti es

of opti cal tra nsiti ons, W = k M k
2 = j ê j V j ê j

2 , between electron states

ê ; k = Ï 1 , and HH ones ê ; j = Ï 1 are

W /

sin 2 (3 '= 2 + ˜ À ˚ =2 ) ; k = j;

cos2 (3 '= 2 + ˜ À ˚ =2 ); k 6= j:
(5)

Thus, Eq. (1) ta kes the f orm

£ ( 0 ) = [ P e P h ( W À W )] [ P e P h ( W + W )] 1 : (6)

where P e / e 2 =( e 2 + e 2 ) and P h / e 2 =(e 2

+ e 2 ) are subl evel of electron and HH popul ati ons. Here T e and T h are
the electron and HH spin tem peratures (in energy uni ts).

Substi tuti on of (5) and expressions for P e and P h into (6) leads to the
fol lowi ng sim ple result:

£ (0 ) = À P eh cos( 3' + 2˜ À ˚ ) ; (7)

P eh = ta nh ( ! e=2 T e)2 T e) ta nh ( ! h =2 T h ) : (8)
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Equa ti on (7) does not describe al l possible polarizati on e˜ects in QW . The
low sym metry perturba ti ons V of HH basis wa ve functi ons j 1 i and j 2 i should
also be ta ken into account along wi th HH spli tti ng in spite of small value " =

j h m j V j m Ï Â m ij =Â H L . Here j m i and j m ´ Â m i are non-perturb ed HH ( j m j = 3 =2 )
and LH ( j m ´ Â m j = 1 =2 ) basis functi ons. It gives rise to temperature indep endent
correcti ons £ £ ˜ ¿ " 3 À Â m to to ta l polari zati on rati o £ ˜ tha t can be now wri tten as
a sum

£ ˜ = £ (0 )
˜ + £ £ ˜ : (9)

Expl ici t form of £ £ ˜ depends on speciÙc form of intera cti on V . General ly, the
electron{ HH opti cal l ine spli ts up into the four com ponents wi th intensi ti es
I ˜ k ; j / W P e P h . Each of them has a strong ani sotro pi c polari zati on,

£
(0 )

= ( W À W ) =(W + W ) = À k j cos(3 ' + 2 ˜ À ˚ ) .
If the spli tti ng of spectra l com ponents are smal ler tha n thei r l ine wi dths

¥ , the polari zati on £ depends on spectra l positi on at the PL l ine conto ur ! .
The £ ( ! ) is deÙned by (1) wi th substi tuti on I ( ! ) = I ( ! ) instead of I .
The I ( ! ) depends on l ine shape of tra nsiti ons f ( ! ) = f [ ! À ( ! 0 + k ! e=2 À

j ! h =2)] , where ! 0 i s the spectra l positi on of the centre of gravi ty of spl i t spectra l
quadrupl et. The latter feels som e shift in the in-plane magneti c Ùeld due to LH{ HH
m ixi ng. The analysis of £ ( ! ) was perform ed in [5] for the casesof Gaussian and
Lo rentzi an l ine shape and HH spl i tti ng smal ler tha n ¥ .

The wave functi ons phase correl ati on due to HH and electro n spin spli tti ng
determ ines the OPA in the cases of absorpti on or reÛectivi ty opti cal spectra , to o.
As di stinct from PL, in these cases opti cal tra nsiti ons occur between com pletel y
popul ated valence and empty conducti vi ty electron states and the l imit Te and
T h ! 1 shoul d be used.

Let us consider sequenti al ly the HH intera cti ons tha t lower the QW potenti al
sym m etry . And let us assume tha t they are small perturba ti ons wi th respect to
Â H L . In general , the e˜ecti ve Zeeman intera cti on in the semimagneti c structures
can lead to the hole state spli tti ng com parable wi th Â H L . The OPA in such case
is connected wi th in-plane m agneti c Ùeld di recti on. W e wi l l not analyze thi s case
in deta i l here.

3.1. Zeeman i nteract ion

Zeeman intera cti on HH wi th in-pl ane m agneti c Ùeld is isotro pi c. In term s of
hole e˜ecti ve angul ar momentum J = 3 =2 i t has the form

V = h = G h ( J cos ' + J sin ' ) : (10)

Here h j j i s an e˜ecti ve in-plane magneti c Ùeld for holes. Thi s V does not
spl it the HH states in Ùrst and second orders of perturba ti on. Thi rd order can be
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represented by e˜ecti ve Ham i lto ni an wi th the Paul i m atri ces ¥ in term s of basis
functi ons j 1 i and j 2 i , calculated in second order of perturba ti on theo ry

V
(3 )

Z
=

3

4
Â H L h 3 ( ¥ x cos 3 ' + ¥ y sin 3 ' ) ; (11)

where dim ensionless param eter h = G h =Â H L i s intro duced. Equa ti on (11) gives
isotro pic HH spli tti ng ! Z = (3 =2 ) Â H L h 3 and ê -functi on phase ˚ = 3 ' . The po-
lari zati on, £

(0 )
˜ = À P eh cos2˜ , is ' - indep endent. If G e < T e and h 2 G h < Th , one

can Ùnd P eh ¤ G 3
h G e=T eT h Â 2

H L / B 4 . The LH adm ixture gives rise to the correc-

ti ons £ £
(2 )
˜ whi ch for importa nt cases of ˜ = 0 and ˜ = 4 5 £ are £ £

(2 )
0 = À h 2 and

£ £
(2 )
4 5 = 0 .

3.2. N on-Zeeman int eract ion wi th a magnetic Ùeld

Sym metry of Lutti nger Ham i lto nian adm its the existence of non-Zeeman
intera cti on of holes wi th a m agneti c Ùeld [8], whi ch has the form

V = q1 G h ( J 3 cos ' + J 3 sin ' ) ; (12)

where q 1 i s a relati vel y smal l param eter reÛecting the intera cti on between valence
and À 1 5 -conducti on bands [9]. Let us note tha t in term s of the appro ach of [10],
the real m agneti c Ùeld B substi tutes G h in (12). Thus, the Lutti nger parameter
q appears in the form q1 = q B =G h . If the consi derati on of [10] wo uld be suppl e-
m ented by m echanisms sensiti ve to the exchange Ùeld inÛuence, the la tter equal i ty
could be m odiÙed. Presence of non-zero m atri x elements of V between HH states
j 3 =2 i and j À 3 =2 i leads to the e˜ecti ve Ha mi lto nian in Ùrst order of perturba ti on

V (1 ) =
3

4
Â H L q 1 h ( ¥ cos ' À ¥ sin ' ) : (13)

It gives isotro pic HH spli tti ng ! = (3 =2 ) q1 G h and ê - functi on phase ˚ = À ' . The
in-plane g -tensor g tha t can be deÙned in term s of Eq. (13) for HH pseudospin [9]
s = ¥ =2 and s = ¥ =2 i s isotro pic, i .e. g = g ; g = g = 0 . Neverthel ess,

i t leads to a ¤ =2 -periodi cal OPA, £
(0 )

= À P eh cos( 4' + 2˜ ). It correl ates wi th a
cubi c anisotro py of Lutti nger Ham i l to nian.

3.3. Pot ent ials of C 2 symmet ry

Two reasons for appearance of C 2 hole potenti al in QW are usual ly consid-
ered. The Ùrst is a C 2 consti tuent (so-cal led interf ace C 2 potenti al ) of hetero -
juncti on potenti al inherent in [001] ori ented structures [11, 12]. In structure s wi th
comm on anion (ca ti on), the contri buti ons of two QW interf ace potenti als com pen-
sate each other. Thi s com pensati on is not compl ete in the case of non- identi cal bar-
ri ers or interf ace proÙle [3]. Thi s intera cti on can be wri tten in the form [11] V =

t f J ; J g . Here t i s an intera cti on constant and f J ; J g ² ( J J + J J )=2 :

Addi ti onal ly to V , there is also C 2 potenti al V = d " f J ; J g caused
by in-pl ane stra ins [6]. Here d i s a deform ati on potenti al ; " i s the stra in wi th
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Fig. 1. The relative positions of the structure axis x , the axis x
0 of C 2 v interaction

(14), direction of in- plane magnetic Ùeld B and the line E of intersection of the plane

of polarizati on with the (001) plane.

x d and y d pri ncipa l axes f orm ing some angle wi th [100] and [010] axes. The sum
of V i f and Vd i s also C 2 v potenti al V wi th to tal ampl i tude T and axes x and y

form ing angle ¢ wi th [100] and [010] di recti ons (see Fi g. 1). Thus,

V T J ; J : (14)

The potenti al (14) does not l i ft the = HH degeneracy but results in
= LH adm ixture in Ùrst order of perturba ti on theory . Thi s generates some

tem perature and m agneti c Ùeld independent polari zati on [3] ££
(1 )

t sin '

¢ ˜ , where t T = Â . The interf erence of V (10) and V (14) generates an
e˜ecti ve in-plane g - factor for HHs [6]. It m ay be described by the Ha mi l to nian

V
(2 )

Â ht ¥ sin ' ¢ ¥ cos ' ¢ ; (15)

whi ch deÙnes the phase ˚ ' ¢ ¤ = and isotro pi c HH spli tti ng !

Â ht . Neverthel ess, the polari zati on, £
(0 )

P sin 2 ' ¢ ˜ , is ani sotro pi c,
¤ -periodical. If G < T ; ! < T , one can Ùnd P G G = T T B 2

in agreement wi th data [2]. Equa ti on (15) determ ines anisotro pic HH g -tensor
g g ; g g . Let us note tha t in [2] there were used the
ref erence system axes x and y i .e. ro tated relati ve x and y by
about the z -axi s. It leads to : g g ; g g .

In- plane asym metry of local ized by a random potenti al (i nterf ace roughness,
defects, etc.) ho le ê -functi on leads to mixing of HH and LH states [9], to o. It can be
represented as the sum of C 2 potenti als (see [13] for deta i ls) wi th dispersed local
m ain axes. If there is no pref erenti al di recti on for HH local izati on in QW plane,
thi s potenti al cannot lead to OPA. The num erical analysis [5] shows tha t random
potenti al can suppress the OPA as soon as i t exceeds other regular (no n-rando m)
intera cti ons.

The HH spli tti ng was obta ined isotro pic for each HH Ha m ilto nian (11), (13),
and (15). Let us consider joint m ani festati on of intera cti ons tha t can spl i t HH
states
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V = V
(3 )

Z
+ V (1 )

q
+ V

(2 )

ht =
1

2

±
! Z eÀ i3 ' + ! q ei ' + ! ht eÀ i ( ' + 2 + 2 ) : (16)

The HH spli tti ng for thi s intera cti on can be wri tten in term s of two expressions Q

and R :

! h =
3

2
Â H L h Q 2 + R 2 ; (17)

Q = 2 t cos 2 ( ' ¢ ) q 1 sin 4 '; (18)

R = h 2 + 2 t sin 2 ( ' ¢ ) + q 1 cos 4 ': (19)

The polari zati on £ for ˜ = 0 and ˜ = 4 5 can be now wri tten as

£ =

P eh
+

h 2 t sin 2 ( ' ¢ ) ; ˜ = 0 ;

P eh
+

t cos 2 ( ' ¢ ) ; ˜ = 4 5 :
(20)

Equati on (20) wi th Eqs. (8) and (17) are the Ùnal resul ts of our calcul ati ons tha t
cover the m ost pra cti cal ly im porta nt cases.

One can see tha t HH spli tti ng (17) reveals an anisotro py wi th Ùnite magni -
tudes of t and q1 despite the isotro pic character of HH spli tti ng of each of term (16)
ta ken separatel y. Mo reover, the e˜ecti ve HH tra nsversal g - factor g = ! h =G h can
be turned to zero at som e di recti on and value of e˜ecti ve m agneti c Ùeld (cro ssing
of spli t HH subl evels). Simpl est soluti on of the equati on g = 3

2
Q 2 + R 2 = 0 in

the case of ¢ = 0 gives ' = ¤ =4 and h = 2 t + q 1 .
As i t is obvi ous f rom Eq. (20), the anisotro py and possible random degen-

erati on of HH spli tti ng do not inÛuence OPA for hi gh temperatures Th > ! h ,
(or P eh ! h ) . In thi s case the di ˜erent OPA contri buti on are addi ti ve and
£

(0 )

0
3

2
R ta nh ( ! e=2 T e) , £

(0 )

4 5
3

2
Q ta nh ( ! e=2 T e) , i .e. the ¤ -periodi cal

Â
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OPA is pro porti onal to t and ¤ =2 -periodi cal one is pro porti onal to q 1 . If HH spl i t-
ti ng is not small as compared to temperature T h , Eq. (20) leads to qual i ta ti vely
di ˜erent character of OPA in the range of angles ' corresp ondi ng to eg? ¤ 0 and
h Ñ

p
2 j t j . Fi gure 2 reports som e calculated curves of OPA and corresp ondi ng

e˜ecti ve g -factor anisotro py.
Qua nti ta ti ve analysis carri ed out in term s of Eqs. (20) and (17) shows tha t

exp erimenta l data of R ef. [1], where ¤ - and vi sible ¤ = 2 -periodical components
of the OPA were detected from D MS- based QW , m ay be described nicely wi th
appro pri ate set of param eters (see [5] f or detai l ).

5 . Co n cl u si on

It is shown tha t two typ es of opti cal polari zati on contri buti ons shoul d be
ta ken into account for describi ng OPA in QW s subj ected to the in-pl ane m agneti c
Ùeld. The Ùrst of them ari sesowi ng to phase correlati on of electron and hole wa ve
functi ons, whi ch is determ ined by a HH spli tti ng in a m agneti c Ùeld. The second
one is due to adm ixture of LH to HH states.

The Zeeman intera cti on, q term of the Lutti nger Ham i lto ni an, and C 2 v po-
tenti als are consi dered as sources of di ˜erent OPA. Thei r joint m ani festati on re-
veals peculiar OPA behavi or due to interf erence e˜ects. Some new e˜ects such
as (i ) the ani sotro py of HH spli tti ng due to interf erence of di ˜erent HH poten-
ti als, (i i ) polarizati on suppression at the condi ti ons of crossing (anti crossing) of
HH levels, (i i i ) depolari zati on e˜ect of random potenti al inÛuence are predi cted.
The nature of ¤ =2 -periodi cal contri buti on to OPA caused by q1 term is expl ained.
The theo ry gives qual i ta ti ve descripti on f or som e im porta nt experim ental deta i ls
of OPA found earl ier.
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