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Effects of photoluminescence polarization in semiconductor quantum wells
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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 of 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
(1) 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.
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[. INTRODUCTION electron and hole spins rather than pseudospins.
Here, we pay attention to the well-known fact that any
The linear optical polarizatiop of photoluminescence interaction splitting the degenerate electron and HH levels
(PL) in quantum wells(QWSs) is very sensitive to low- imposes some phase correlations between the electron and
symmetry interaction®, which can be responsible for this hole wave functions. In addition to the above small contri-
polarization'™* A typical situation corresponds to relatively Pution caused by LH-HH mixing, this correlation forms the
weak V, which mixes the light-holgLH) and heavy-hole Polarization and its anisotropy associated with some pairs of
(HH) states. By this virtue the polarization reaches a magnigistinguishable electron-hole optical transitions regardless of

_ i ; he spin level splitting value.
tude of aboute=|V|/Ay. (A, is the HH-LH energy split- t ) L .
ting) without an external magnetic fiefc On the other hand, there are different possible interactions

The strong polarization of luminescence frofa01]- which are ablg to I'Tt the HH d‘?ge”ef?‘FV ina magneth freld.
oriented quantum wells Gd,Mn, Te/CdTe/Cq. Mn,Te Latter interactions impose their specific correlations petween
) . : XX XX electron and hol@-function phases as well as the period and
and its 7 periodic anisotropy(i.e., dependence on sample

. ; phase of optical polarization anisotrop@PA), i.e., the po-
rotation about the QW normghas been observed in Refs. 1 larization dependence on QW rotation about its normal.

and 4 under in-plane magnetic fielid It has been assumed Thys, if one of the four possible electron-HH transitions pre-
there that these properties are due to@g symmetry po-  yajls (for instance, due to low enough temperatirese can
tential of a hole in a QW. It was found that polarization a”dexpect the appearance of strong optical polarization.

its anisotropy_ in_crease sharply with an increase of the in-_ In this paper, we provide a quantitative microscopic
plane magnetic field and reaches a few tens of a percent. Thét'°f1alysis of the optical polarization anisotropy caused by dif-
fact cannot be consistent with a small value of the ratio  ferent low-symmetry interactions of a hole in QW's. First,
Moreover, strong polarization effects as well as the signifiyye discuss the general expression for OPA in terms of elec-
cant contribution of the fourth harmon:(d:e., w/2-periodiC  tron and HHy-function phases. Then we show that the dif-
component of the aforementioned anisotropy for narow ferent interactions leading to HH splitting reveal various
QW's remains so far unexplainédrhe phenomenological PA dependences on in-plane magnetic fi2lobtation. This

apprpach Qe\ieloped in Ref. 1 in terms of a representation q emonstrates the necessity to account for a joint contribution

p bilinear in B cannot describe the strong effects when  of the aforementioned terms to OPA resulting in qualitatively

~1. . new peculiarities due to interference effects. Finally, in the
The complementary approach of Ref. 1 in terms of aframework of our theory, we explain quantitatively the most

pseudospin formalism requires the proper determination ofyteresting experimental results that are accessible from the
pseudospin basic functions both for real electron spin operajterature.

tors and for the nonspin part of the interaction being respon-

sible for optical transitions. Moreover, different kinds of HH Il. THEORETICAL BACKGROUND
interactions, determining the HH splitting under in-plane
magnetic field, need further consideration. This means that
for a correct description of the above experimental data it is We are interested in the linear polarization of the PL spec-
necessary to have a microscopic theory in terms of actualum that involves four optical transitions from two electron

A. Photoluminescence linear polarization
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spin sublevels to two HH sublevels. To avoid the problems of E B
these component spectral shifts in a magnetic fiskk be-

low) we assume that integral PL intensitiesof polarization

a can be extracted from experiment and associated with tran-
sition probabilities in terms of the thermal population of spin
sublevels. We also assume that luminescence occurs due to a
recombination of noninteracting electrons and holes. Actu-
ally, excitonic effects might have an influence on OPA be-
cause of the electron-hole exchange interactibh,

=3[ AgJs+A3,3%s— 8(J3s,+33s,)] whereA, is isotro-

pic andA; and & are anisotropic exchange constahihis FIG. 1. The relative positions of the crystal axighe axisx’ of
interaction leads to an energy level splitting of excitons con+he c,, interaction(19), direction of the in-plane magnetic fiel},
sisting of electrons and HH's in zero magnetic field as welland the lineE of the intersection of the plane of linear polarization

as to a spin state mixtufeSo we can suspect some pecu- with the (001) plane and the angles between these lines.
liarities due to exciton effects until the electréimole) spin
splitting in the effective fields does not exceed | and|d|.
Since the manifestation df ., needs also significant differ-
ences in exciton levels populations, the excitonic effects ar
negligible in the case of strong enough magnetic fields o N .
hig%] 2nough temperatures. Hergafter V\?e assm?me that the con- In the case of HH's ==, ) thE." ba_15|s| D=L.T, |2)
ditions for excitonic effects to be small are satisfied. The data- ~ -1 corresponds to a-3/2 projection of HH angular
for the magnitudes of exciton exchange interactioeing ~Momentum on thgd|_rect|on,Li=(1/\/5)(Xt|Y), whereX
less than 1ueV (Ref. 5] give enough evidence to neglect andY are the periodic parts of the valence-band Bloch func-

H., in the very wide range of magnetic fields and temperafions. The dependencé=6(¢) has to be found for each
tures. specific form of the HH Hamiltoniaisee below.

Thus, according to definition The operator of the interband optical transition with the
polarization plane rotated relative to the magnetic fiBld
=B{cosp,sing,0} by anglea about theDZ axis (see Fig. 1

units) is a sum of the external magnetic field and so-called
gxchange field emerging from the exchange interaction of
I(,alectron with magnetic ions.

| 0(_ I a’
Po= , (1)  takes the form
[
where the plane o’ polarization is perpendicular to that of Va= piei(¢+a)+ p+e—i(¢+a), (4)

a polarization. Then, we introduce the reference frame asso-
ciated with the main crystal axes so QT is parallel to the

— — _1 ;
growth axis[ 001], while OX|[100] andOY|[010] lie in the ‘;":;;ept =z(etiey) ande, ande, are transformed az
QW plane. " I S

The electron(or HH) spin splittingw=w, (or w= wy) is Using the definitiong3) and (4), one can easily find the

assumed to be described by the following matrix Hamil-matrix elementM{; = (y&V,|y)) of the electrodipole opti-

tonian in a certain basi®), n=1, 2, cal transition between electron stat$§, k==1, and HH
statesy) , j==*1, as well as the corresponding probability
w/ 0 e’ WIZj:|M§,j|2
||Hn,n’||:§ gl? 0/ (2

. e .
wherew=2|H; j and sinf=—2 ImH »,/ . The eigenvalues Si(3¢/2+ a=6/2), k=],

W o _ (5)
and eigenfunctions of the Hamiltonid®) are K7 | cog(3pl2+ a—0/2), k#],

1 1 , , where an unimportant dimensional coefficient has been
_ *_ —i0/2 012
E.= ii(‘” pr=rp(xe L) +e™2)). Q) dropped. Similarly, one can find the optical transition prob-

V2 ,
ability Wy; for the perpendicular polarization plane, which

In the case of an electron subjected to an in-plane magf_qrmaII);] means.:)he. S“bsftit”tic;‘]m_;“':_“TWIZ i'n.kI)Eq..(S).
netic field §=B{cos<p,sin<p,0}, yF=yT, the Hamiltonian Since the contribution of each of optical transitika-j to

- - . i the total PL intensityl , is proportional to spin sublevel
H=G,s takes the form(2) in a representation ofL)=St populations of electron®XeekedZTe/(gve/2Tet g~ wd2Te)

and|2)=S|, whereSis a periodic part of the conductivity- i oc o= i 0n2Th/ ( @@n/2T, — wp/2T

band I?%Ioch function and and | are the eigenstates of spin &nd HH Proce 7o h/(e. e ) (Te and T, are
. ) > - e electron and HH spin temperatures in energy units that

projections,. Here 6=¢ is an angle bet\iveeB andOX,  can differ from lattice temperatufg), the general Equation

and the effective magnetic fiel.=wB/B (in energy (1) assumes the following form:
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frj(w)=f(o—(wo+kw2—jwy/2)), where the possible

kpj a _ \pja' hie .
- > kiPePh(Wic; = W) dependence of&, on magnetic field describes the effect of
Pa= o L ®)  the line center-of-mass shift in a magnetic fild We as-
2 PEPHOWE, + W) sume also that line shapég; (w) with linewidth o;= o are

the same for all transitionsk)—|j). So Eq.(10) takes the

Substitution of Eq(5) and expressions fd?X andP}, into ~ form
Eq. (6) leads after some algebra to the following simple re-

sult: kEjfk,jw)(ws,j— ¢ PEPL
(0= _p,.coq3¢+2a—0), 7) pO(w)=— —. 1
2, fii(@) (Wi + W) PP,
Pop=tanh w /2T ) tani w,/2T},). (8) ki

Note that Eq.(7) does not describe all possible polariza-  In the case of small magnetic field shiftg and w, <o,
tion effects in QW’s. A closer look at the derivation of Eq. the line shape function can be expanded into a power series
(7) shows that low-symmetry perturbatiosof HH basic
wave functiong1) and|2) should also be taken into account
along with HH splitting in spite of the small value
=|{m|V|m=Am)|/Ay_, where|m) and|m=Am) are non-
perturbed HH [m|=3/2) and LH (m*Am|=1/2) basic +£f”(Aw)(kw —jwp)? (12)
functions. Doing so needs a distinction between the case 8 © o
Am=1, leading to HH splitting in the third order, and the
caseAm=2, leading to the formation of an effectiggactor
in the first order. Thus, the perturbatidhgives rise to cor-
rections 8p,~&3 2™ to the total polarization that can be
now written as a sum

1
fij(©)=~f(A0) = 51 (A0) (koe—jop)

wheref’(w) andf”(w) are the first and second derivatives
of f(w) respectively, and\ w= w— wy. Substitution of this
expansion into Eq.11) with respect to Eq(5) results in a net
effect similar to that of Eq(7) whereP,, should be replaced

by
pe=p0+ 8p,,. 9
Wh We
% a5
(13

wn of' (Aw)
The explicit form of 8p,, depends on specific form of the Pt(w)=tan

ta”r(z_Th) T 208w
interaction leading to HH-LH mixing. The comparison of
contributions of two terms to Eq9) permits us to conclude we p,
that electron-HH spin correlationg)(f) term) dominate in - ?tanl‘( _)
OPA at sufficiently low temperatures. However, e, term
can dominate at high temperatures or zémal) magnetic  The latter equation displays a sharp polarization dependence
field. In the subsequent discussion we concentrate on twon the detuningAw. Moreover, this dependence is deter-
important cases: polarizatigry along a magnetic field direc- mined by the specific line shape.In the case of a Gaussian or
tion with «=0° and polarizatiorpys in the plane rotated Lorentzian shape,

relatively B by a=45°.

" (Aw) wewp,
C 4f(Aw) 42

: . PS(w)=Pept
B. Spectral dependence of linear polarization (@) eh" 12 o2 a?

1 sz) WeWp

In this subsection we discuss the effects of spectral shift
of electron-HH optical transitions caused by spin splitting

(3). A simplest situation corresponds to the electron-HH op- ?—300? wewy,

tical line splitting into four plainly distinquishable compo- PL(w)=Pgen+ 5 PR

nents with polarizations ;= (W ; — Wi )/ (Wi + W) 2(0°+A0)" o

= —Kkj cos(3p+2a—6) and intensitiesl kjocPéPL. If these respectively.

components overlap with each othgre., the splitting of Finally, we have to consider an intermediate cage<o

spectral components is smaller than their linewidth), the <, . This is because the inequality,<w, usually takes
polarization depends on the spectral position at the contoyfjace in a wide range of magnetic fields. Two components
of a composite line of optical transitions. Thus it is conve-k— + of different electron spin states have intensitigs
nient to determine the spectral-dependent polarization ocplé and opposite signs of polarization. Their OPA is de-

scribed in a form similar to that of Eq7) but with
(@) =1, (@)
polw)= ——— (10)

(@) () P (w)=k af' (Aw) oy

Oh) 2% 14
@ o |~ 2w o

The intensityl ,(w) of the optical transition at frequenay
depends on the line shape of each electron-HH transitiomstead ofPy,.
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The difference between the Gaussian and Lorentziamesponds to isotropi@.e., independent of angke) polariza-

shapes of spectral lines becomes evident if we consider theiion p(®= — P, cos 2v. The polarization is maximal along or
asymptotics P?Yk(w)’:k[tanh@hIZTh)-l—whAwlaz] and  across the magnetic field directiom€0 or 90°) and is
Pr (@) =K[tanh@y/2T,) + opA o/ (Aw?+ ?)]. absent fora=45°, which can be also expected from sym-

It is well known that an in-plane magnetic field contrib- metry considerations. If the magnetic field is weak enough,
utes to the linear polarization of the optical spectra of absorpene can findPethﬁGe/TeThAﬁLmB“. In this case the
tion, reflectivity, etc. In these cases the effect of the correlaeontribution from the LH admixture can be more important.
tions of wave function phases can become apparent also ddée calculation of the LH contribution to HH polarization
to HH and electron spin splitting. Unlike the case of PL, herestemming from the LH admixture to the basic functidh$
the optical transitions occur between electronic states ohnd|2) gives rise to the correctionsp{?)= —h? and 5p2
completely populated valence band and empty conductivity=0Q .
band. Therefore, Eq$13) and(14) describe this situation in
the limit Te, Th—oo. However, the polarization of reflectiv- B. Non-Zeeman interaction with a magnetic field
ity spectra should be still described in terms of a standard . o )
equation for the reflection coefficient with transition prob- The symmetry of the Luttinger Hamiltonian admits the
abilities (5). In subsequent calculations, we primarily focus €XiStence of a non-Zeeman interaction of holes with a mag-
on PL polarizatio Egs. (7) and (8)] since it has been thor- Netic field in the form
oughly studied experimentally in the literature. Vq:quh(J3COS@+stin¢)’ 17

Ill. HH INTERACTIONS whereq; is a relatively small parameter reflecting the inter-
. . . . action between valence aitjs conductivity bands?! If we
Here we consider the HH interactions sequentially ac s y

) : oo . ‘derive Eq.(17) in terms of the approach of Ref. 12, the
cording to their contribution to lowering the symmetry of t_he external magnetic fiel® substitutesG,, on the right-hand

! Zide of Eq.(17) so that the Luttinger parametgrappears in
are SET“a” p%r]turlé)?rtlloTsttas compar(E)c;Attt?L. In t_r:je g?_neralf the formqg,=qB/G,,. If we supplement the consideration of
case(l.e., without the fatler assumpupine consideration ol peg 15 by mechanisms sensitive to the effects of exchange

OtPA Cﬁn be pe_rfotr)med gl::]y numenc?lg. Such atcon5|der ield influence, the latter equality can be modified. Neverthe-
ation, NOWEVET, 1S beyond the Scope of the present paper. ess, we preserve the notatidh in the form (17) to unify

e o Gattor 242 e e form f xpressions forieractons ofdferent ype
' P P The Hamiltonian(17) has nonzero matrix elements be-

of Ref. 4. Namely, in Ref. 7, the important case of an arbi-y ooy state$3/2) and|—3/2), which defines the effec-
trary relation between the effective magnetic field acting ONive HH Hamiltonian in first order in perturbatiofd?):

the holeG,, and HH-LH splittingA, has been considered,
while other low-symmetry interactions have still been as- 3
sumed to be small. Vgl)zzAHquh(axco&p—crysin ®). (18)

A. Zeeman interaction Comparison of Eq(18) with Eqg. (2) gives isotropic HH
s _3 _ H — _
The Zeeman interaction is isotropic in terms of the hole]f'p"tt'_ng “’q_.ZQ11Gh and ‘é’ function pEIaS?H h ‘P'f Th(;.‘-]reh
effective angular momentugi=3/2: ore _mteractlon( 7)(O?an e responsible or_t e o_urt_ ar-
monic of OPA(7), p;,’= — P¢rC0S(4p+2a), which coincides
Vy=GpJ=Gp(JIxcose+Jysing). (15) with a cpbic anisotropy of the !_uttinger Hamiltonign. Note
R that the in-planey tensorg;,, [which can be defined in terms
HereGy, is an effective in-plane magnetic field acting on the of Eq. (18) for HH pseudospilt s, = o,/2 and§y= —a,/2] s
hole in energy units. This field can include the effects ofigntropic—i L_gb gl=qgl=0
- . . L - 1SOtropIC—I.€.,9y,=0yy s Uxy™ Gyx
carrier-ion(hole-ion exchange interaction in the case of di-
luted magnetic semiconduct¢ébMS) quantum structuré’
In the case of001]-oriented QW’sV;, does not split the HH
states in first and second orders in perturbation. Third order Most OPA experiments performed up to now have found
can be represented by some effective Hamiltonian with Paukome m-periodic component of OPA. It was assumed that

matriceso in the basg1) and|2), calculated in a second Such kind of anisotropy is due to the potentials®y, sym-

order of perturbation theory according to théwidin proce- ~ Metry in a hole Hamiltoniafv®“*We consider two reasons
dure (see Ref. 1D for the appearance of th&,, hole potential in a QW. First is

a C,, component(so-called interfaceC,, potentia) of the
3)_ 3 , B heterojunction potential inherent [001]-oriented structures
Vz'=7Anh"(0xcos 3p+0ysin3¢), N=Gp/Ay. composed of zinc-blende semiconductt$* In QW struc-
(16)  tures with common aniokcation, the contributions of two
interface potentials compensate each other. However, this
Equation(16) gives isotropic HH splitting w,=3A, h®  compensation is not complete in the case of nonidentical
and y-function phased=3¢. According to Eq.(7) this cor-  barriers or interface profile Such a kind of interaction can

C. Potentials of C,, symmetry
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be written in terms of a hole angular momentum in thesplitting of localized HH'’s can be represented as s@pg
form?®3 Vir=tif{Jx,Jy}, Wheret;; is the interaction constant potential(see Ref. 17 for details

(Jtis| <Aup), {Ic.dy}=3(3cdy+3yJy). Additionally to Vs, ) .

there is also &,, potentialVy=ds, , {Jy.Jy } caused by ViZ)=Ap he[oycod o +2¢,) + oysin(o+26,)].
in-plane strains.Hered is a deformation potentiabxdyd is (21)

the strain withxy andyq principal axes forming some angle Here ¢, determines the axesand » for canonical represen-
with [100] and[010] directions. Actually, we do not need to tation (19) of the V{2) potential by means of an angle be-

considerVis and V4 separately since their sum is also the yyeen x' and ¢, K:;hZ(Ké_KZ)/mOAHL and K2
C,, potentialV,, which takes the canonical form in terms of ( 2. 2 K — g
. =Wy W (WL [=%9v*Wy), v=§ n, y,<y<ys and

total amplitudeT; and axex’ andy’ forming angle¢ with : .
[100] and[010] directions: v, and s are Lutt_lnger paramet_ers.zln tge case of an g))qally
symmetricys function, the equalityKy=K?, gives zeroVy,/
Vi=Tddy ) (19) potential. In the general casK,éa& K?,, the potentials20)
by and (21) can be combined into a single quanti?) that

As an illustration, Fig. 1 shows a position of the coordinatetakes the forn(20) with effective amplitude, and angleg,

axes defining the angles, ¢, anda. instead oft and ¢:
The potential19) does not lift the+ 3/2 HH state degen- , _ ,
eracy but results in their mixing withr 1/2 LH states in the t, = (t+xcos2p,)%+ (ksin2¢,)?, (22
first order of perturbation theory. This generates some _
temperature— and magnetic-field-independent polariZation qﬁr:Earcsi Kk SiN 2¢, o 23

5pY) with respect to the polarization plane: &p'Y=
—tsin2(e— ¢+ a), wheret=T, /Ay .1° _ _ .
In the presence of a magnetic field, the potendagen- |t should be emphasized that 1) has to do with a single
erates an effective in-plang factor for HH's® This effect ~ hole localized on some fluctuation of a random QW poten-
can be taken into account in lowest order as the interferencé?l- The observable PL polarization is the result of the addi-
of V,, Eq.(15), andV,, Eq.(19). In terms of Pauli matrices, tion of a great number of localized state contributions with
the HH splitting is described by the effective Hamiltonian "andom amplitudes and principal axis directions. Thus, a
complete description of PL polarization has to include an
3 averaging over the parametetsaand ¢, with some distribu-
V@=— EAHLht[oXsin(go+2¢)—0ycos(<p+2d))], tion functions. If there are no preferential directions for HH
(20  localization in the QW plane, the potentidf2) cannot lead
to OPA. Moreover, numerical analysis shows that the random

which defines the phase= ¢+ 2¢+ 7/2 andisotropicHH  Ppotential(21) can greatly suppress the magnitude of polar-
splitting wp,,=3A . ht. In spite of this fact, representation of ization and therefore amplitude of OPA as soon as it exceeds

Eq. (20) in the form of a Zeeman interaction for pseudospinOther regularnonrandom ir}tergction%é)lp a subsequent dis-
s yields an anisotropig tensor. In thex'y’ reference frame C:Jssmn we orr:“tl the contrlk()jutlon thf ”:0 OPQ for sim- |

: icity. Nevertheless, consideration of the random potentia
one can findgy,,, =g, =0, andgy,,, =gy, .** So, the PV P

influence may be in need of a description of realistic experi-
effect of C,, OPA (7) is described byp!¥=—P,sin2( Y P b

e = __mental situations. The magnetic polaron eftecshould
—¢+a). Ifamagnenc;ulald is sufficiently weak, one can find 5155 he considered as an intensification factor for the
P = 3G,Go/4T T, B2.

) arametelk.
Here we once more emphasize that the nature of the poR

larization pff) calculated with nonperturbed basic functions
|+3/2) is different from that ofépfyl) calculated with LH
admixture in first order. Thus, one can easily imagine a situ- The foregoing analysis has shown a few important polar-
ation whenp?> 5p'}) despite the fact thav{?) generates ization properties attributed to different kinds of HH interac-
p'® in second perturbation order W, andV,, while §p!)  tions in QW's. We have found that HH splitting is isotropic
arises in first order inv;. for each HH Hamiltoniari16), (18), and(20). However, they
reveal different OPA's, which points to a possible interplay
between these contributions. Let us consider a joint manifes-
tation of interactions that can split HH states:

2 t,

IV. INTERFERENCE EFFECTS

D. Random potential of HH localization

The PL in QW's is known to stem from localized exci-
tonic (hole) states, which are formed by a random potential V=v®+v+ v, (24)
(interface roughness, defects, ¢t the general case, the )
profile of this potentialand therefore the hole densitg not ~ First, we should find the total module,/2 and phase for
symmetric in the QW plane. In-plane asymmetry of localizedthe matrix element:
hole ¢ function leads to mixing of HH¥, and LH ¥
states, which results in the appearance of a finite ¢iH v :}( e3¢ 1 gy @0t o, @ (67265 72)) (25
factor!' The corresponding Hamiltonian, describing the 12739z a ht '
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After some algebra, the HH splitting can be rewritten in -100
terms of two expression® andR: . -80
X
3 < 60
wh=§AHLhVQ2+ R?, (26) c 401
o
w201
Q=2tcos A ¢— ¢)—q;sinde, (27) 50
© i .
R=h2+ 2t sin 2( o — ¢) + ;08 4e. (28) a (@) ,
40 .
In a similar manner, we calculate the polarizati@h where 60 ]
0 has to be found from definitio25). Thus, after some 1
transformations, we obtaip,, for two values ofa: 0 45 90 135 180 225 270 315 360
R ¢ -45 (degree)
—Pop———=—h?—tsin2(¢—¢), a=0°, —————
Q%+ R? 0,084 4 |
Pa™
P —tcosde—g),  a=45".
[Q?+R? 0,06 -
(29 O}
For completeness, here we also take into account the correc- & 9.041
tions for LH-HH mixing. Equation(29) with Egs. (8) and
(26) are the final results of our calculations that cover the 0,021
most practical important cases.
One can see that HH splitting6) reveals magnetic an-
isotropy with finite magnitudes df and q, despite the iso- LA
tropic character of HH splitting of each of terni24) taken

separately. Moreover, the effective HH transvergdhctor ¢ -45 (degree)

9, =w,/Gp, can be turned to zero for some direction and £ 5 The OPA) and transversal effective HH factorg,
amplitude of a m~agnet|c field. To demonstrate this, we note_ /Gy, (b) calculated forq,=0, t=0.01, Ay, =125 meV, T,
that the equatiory, = 3 /Q?+R?=0 can be identically re- =T,=2 K, and few magnitudes of magnetic field strengts
written in the form of a set of two equatiorf3=0 andR —cy2t: ¢c=0.4 (curve 1, c=0.8 (curve 2, c=1 (curve 3, andc

=0 in terms of variableg (the angl¢ andh (the amplitude =1.25(curve 4.

The simplest solution of this system can be obtained in the

case of =0, namely,¢o=*x/4 andh=h.=*2t+q;. manifestation of higher powers in an expansion of
The latter expression separates also the magnetic field matgnh,/2T,). Figure 2 reports some calculated curves of
nitude for the case where the Zeeman interaction is dominaf®PA and corresponding effectigefactor anisotropy demon-
(h>h,) (which fixes the relatively small amplitude of the strating a new net effect without the influence of the cubic
polarization anisotropywith the casen<h., where the po- anisotropy ofV.

larization oscillations due to the contributions, proportional Very interesting experimental data had been obtained in
to the product of Zeeman and non-Zeenfand/orC,,) in-  Ref. 1, where second and visible fourth harmonics of the
teractions, would not be suppressed by the isotropic Zeema@PA were detected in PL of a 20-A CdTe QW with semi-

interaction. magnetic Cd_,Mn,Te barriers. The exchange interaction
with magnetic ions in the barriers and interfaces enlarges the
V. DISCUSSION: COMPARISON WITH EXPERIMENT HH splitting, which makes it possible to reach a Significant

magnitude of HH and electron spin polarization at liquid

As is obvious from Eq(29), the anisotropy and possible helium temperaturéSA quantitative analysis on the basis of
random degeneration of HH splitting do not influence OPAE(Qs. (29) and (26) shows that the parametehs= —0.056,
for high temperature$,,> wy, (or Pgpxwy). In this case we 0e=0.014,, T.=T,=Ap /720, t=0.001, andq;=
may expect the additive contributions of different aforemen-—0.0006 describe nicely the OPA experimental data of Ref.
tioned OPA mechanismgil”=—3R(G,/T)tanh@J2T), 1 (see Fig. 3assuming thah,, =125 meV and electron and
pD=—2Q(G,/T)tanh@/2T,); i.e., the amplitude of sec- hole spin temperatures are equal to the lattice temperature
ond harmonic of OPA is proportional towhile that of the T=2 K. These calculations explain also the effect of great
fourth harmonic is proportional tq;. OPA amplification from 0.1%which could not be detected

If HH splitting is not small(as compared to temperature in Ref. 1 because of experimental erpots 15% under the
Ty) in some range of angleg, Eq. (29) shows a qualita- magnetic field action. On the other hand, we cannot assign
tively different character of OPA. Namely, higher harmonicsthe above magnitudes to microscopic parameters of the
with large amplitudes can appear. This can be regarded asstructure under consideration because some paranistets
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orr———T————T——T decrease of this exchange contribution to the effective fields
in a very wide nonmagnetic QW. On the other hand, the
values of the exchange fields can have an additional compo-
nent with a weaker dependence on the QW width related to
the so-called interface smoothifig® However, one can ex-
pect a reduction of the magnetic field influence on the OPA
with QW broadening, especially for contributions @£,
Eq.(16), andV{?, Eq.(20), which are proportional t6G:G,
andG,G,, respectively. A similar reduction of thé" [Eq.
(18)] contribution may not be so importagibeing propor-
tional to BG,) if this term of the Luttinger Hamiltonian is
described in the model of Ref. 12. In such a case this mecha-
0 45 90 135 180 225 270 315 380 ni_sm contributes to increasing the rple of the foyrth harmonic
with respect to the second harmonic of OPA with a broaden-
¢-45 (degree) ing of the QW.(ii) The HH-LH splitting depends primarily
10 T——————————————————————— onlL,. In the case of infinitely high QW barriers, one can
expectAHLocllLﬁ,. This increases the contribution of terms
v V2 andV{? to OPA with QW broadening but does
not influence the ternv'} . This mechanism contributes to
decreasing the role of the fourth harmonic with respect to the
second harmonic of OPA with a broadening of the QiiV)
oy® Narrow QW'’s are most favorable for carrier localization on
the fluctuations of the random potential as well as for po-
laron formation. This increases the role of the random poten-
oo T tial (21) that can suppress OPA, as has been mentioned in
(b) _ Sec. II.
We can see that mechanisitis and (ii) predict opposite
A+ dependences o¥%®) and V{?) contributions on QW widen-
0O 45 9 135 180 225 270 315 360 ) Zo . .
ing. These contributions decrease with decreasin@goéand
¢-45 (degree) Gy, and increase with decreasing &f,, . At the same time,
the termV{" does not depend on,, and has a peculiar
dependence ofs;,. Thus the combination of the above de-
1, Fig. 3b) therein recorded parallel¢=0°) to the magnetic field pendences can resu_lt in either a SqureSSIOn or enhancement
polagzatign planga) and plage withcf: 452 rotated regllative tay of the fourth harmonic of the OPN?SC”b_ed by thé’gl))zas
=0° by 45° (b). The fitting parameters see in the text. compared to the second harmoriitescribed by thev(y)
with QW broadening. Note that experiment in Ref. 1 shows

as temperature, HH-LH splitting, effective electron and holethe significant role of the OPA fourth harmonic only in the

fields) are missing in Ref. 1. The example of the experimen-narroweSt QW. . . N .
tal data fiting shown in Fig. 3 gives a demonstration of the The aforementioned analysis shows that the situation with

proposed theory adaptability for a nontrivial experimental® dependence of the OPA &n, may be quite complex. The
situation. Besides that, the calculations show high sensitivity"OSt @dequate approach to this problem seems to consist in
of the OPA[EQ. (29)] to independent variation of different 'ndependent determination df,, as well asG, and Gy,
parameters. For instance, the small change of parameter’®M magneto-optical measurements in Faraday geometry of
form 0.0009 to 0.0011 leads to a significant modification oféXPeriment. Then, the microscopic constani$, andq; in

the OPA curves. Nevertheless, fairly good agreement wittiamiltonian(24) should be found from a comparison of gen-
the experimeniscan be achieved for othérvalues if the €ral expressiong29) with experimentally observed OPA.
unknown parameters in Ref. (like the exchange-enhanced Thg data of Ref. 1 do not allow one to accomplish this sce-
magnetic filed and HH-LH splittingtake other values. nario due to the lack of values dfy, , G, andGy,.

A successful description of the experiment raises the
guestion about the relationship of the above obtained param-
eters with those for QW'’s with other widths. There are a few
mechanisms of the QW width,, influence on OPA(i) The We have developed a microscopic theory of OPA in QW's
carrier exchange interaction with magnetic ions along withsubjected to an in-plane magnetic field. Two types of optical
an external magnetic fiel contributes to the effective fields polarization contributions should be distinguished. The first
G, andGy,. Note that in the case of nonmagnetic QW'’s with is due to an admixture of LH to HH states. This effect is
semimagnetic barriers, this exchange interaction is proporsmall in accordance with the predictions of perturbation
tional to the overlap of the envelopes of the carrier wavetheory. A HH splitting in a magnetic field determines the
functions with barriers. Thus, one can expect a significanbther type of polarization mechanism owing to phase corre-

2 :
o o«
N 1

polarization (%)

(%)

polarization

FIG. 3. Comparison of the OPA calculated in terms of E&29)
(solid lineg with experimental datépointg of Kusrayevet al.[Ref.

VI. CONCLUSION
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lations of electron and holg functions. This effect can lead We predict and describe some effects: nam@jythe an-

to almost 100% polarization for suitably distinguishable fourisotropy of HH splitting(or g factorn due to the interference
spectral lines of electron-HH optical transitions in spite ofof different HH potentials(ii) the manifestation of fourth
the relatively small interactions€A ) responsible for HH and higher harmonics in OPA caused by only @ poten-
splitting. Besides that, we have considered the spectral progial (Fig. 2), (iii) polarization suppression under the condi-
erties of OPA. These polarization peculiarities turn out to beions of the crossinganticrossingof HH levels, andiv) the
sensitive to the details of the Plabsorption, reflectivity, depolarization effect due to a random potential influence.
etc) line shape in the case of a relatively small ZeemanOur theory gives a full qualitative description for many im-
splitting. portant experimental details of OPA found earlier.

Our theory considers the Zeeman interaction, non-
Zeeman HH splitting, an@,, potentials to be the sources of
different OPA. Their joint manifestation reveals peculiar
OPA behavior due to interference effects. A random potential The work was supported, in part, by Grant No. INTAS
localizing HH'’s should be considered separately as a depd9-015 and by State Fundamental Research Foundation of
larization factor of the PL. Ukraine Grant No. 02.07/0125.
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