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Excitonic Effects in 11-VI Serniconductor 
Heterostruct ures * 

'The pot,ential i i i ter~xt iii cpit.a.xia1 growi-i Iieterost,riictiircs, hasecl o11 witle bantl gap 11-VI 
r;eiiiicoiiductors, for devicc. applications Iias hctm recognizecl in tlie last few years. Het- 
tirostriictures of tahis t,ypt: are kiiowii t,o Iiavc: baiicl g a p  wlii<:li are co~ilpatihle with emission 
in (110 \-isihle range a.ncl t1o rxhil)it. iioii-linear opt.ical effects. Tliese optical properties are 
t,urrently being iiivestiga.tcx1 iil applicatioiis sucli as liglit, eriiit.t,ing drvices, optical wave 
5;uides a.nd opt,ical swit,ches. It. hecame cviclcnt t.liat. excit.onic t2ffect.s play a very important 
~ o l e  concerning tlie optical propert,ies of t,liese Iieterostriict~iires~ arid t.rmic~ndous efforts have 
I w n  made to fincl oiit aiid clescribe tlirse exritori st.a.t,es. Iii tliis paper n7c fociis our att,ent,ioii 
iii the excitoiiic effccts of t.wo cliflerciit 11-\:I Iiet~t~rost~rii(:t.i~res: stra.incd CdTe/Çdl-,Zn,Te 
.superla.t,t,ices ancl sc.iriiniagnpt,ic CcI l ' c~ /C!c l~- , ,Yl i~ ,~~ ' re  inult iple q~iaiitiini meils. 

Arlvances in tlie growt.11 t,ecliniclues lilíc. t.he Molec- 

~i1a.r B e a n  Epita.sy (MBE) Iias led t,o Iiigli cliialit,y Iiet- 

erostructurei- coilsisling of altcwiative I;iyc>r> of sem- 
conductors n ith different I>a.nc-gap cwergies. Tlie ri~ost. 

layers, t,his k a d s  t,o t,he wc:II knon.ii qiiaiituiii ~ rc l l  a.ncl 

superlatt,ice st,ructurtts wliicll oRc,r 111c possil)ilit,y of [ .a -  

propriate clicice of tlie laycr th ickn~ss .  A ratlicr new 

111 this paper me review sorm int crestiiig fea t urrs 

of these systems obtained I)y optical spectroscopy. \It: 

will first discuss the coinbinctd effect,s of 11aritl-gap offsrt,s 

and lat,tice-parameter iilisinatcli oii the I~aiitl st.ruct.ure 

of tlie CdTe/Cdi-,Z~i,'l'e S I 3 .  E'som t.liis tlisciission! 

Exciton Diiiding Energics (ERE) aiid Exciton Osdli t-  
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t,or Strengtl-is (EOS) are estimated and found to vary 

appr~ciahly  witli t h r  superlattice period. In the second 

part rire will sliow the  cffect. of a niagnetic field, applied 

hotli para,llel xiid perpenclicular to tlie growth directioil, 

o11 thc. optical propert,ies of a CdTe/Cdl-,Mn,Te Mul- 

tiple (I i~a~it , iui i  IYe11s (MQW). The possibi1it.y to have 

a t,ransition from type I to type 11 band structure, as 

i r d l  as t,he observecl anisot,ropy of the Zeeman effect, 

are tlisc:ussed. 

11. C d T e / C d l - ,  Zn,Te superlattices 

Due t,o t,he lat,t,ice-paraiiiet,er mismatch, the different 

layers of t,lie CdTe/Cdl-,Zii,Te systeni are strained. 

Provitled tliat the layer t,liicknesses are less than some 

strain-dqxiident critical values, the niisinatch is acco- 

rnodated hy elastic strain. Resides tha t ,  this syst.em 

is cliara.ct.erized hy a very small Valence-Band Offset 

(VRO). ir1 absence of ~ t r a i n [ ~ ] .  Therefore, the valence 

baricl coiifigiiration is essent,ially tailored by tlie inter- 

lia1 stra.iri iiiipo>c>d by t.lie substrate of the buffer layer. 

Becaiise of this straiil, t,liese superlattices will be an 

uiiiisiial r i i ix~d t,ype sy~ter i i [~] :  t,ype I for heavy-hole ex- 

citons (clt~ctroiis antl lieavy-holes l~eing confined in the 

siiinc I I I ~ L ~  erial: (:tITe) aiid typt, I1 for light,-liole excit,ons 



(elect,rons a.nd light-lioles being co~ifiiiecl in CdTe anel 

Cdl-,Jii,Tc respect.ivelg: giviiig ris, to ai1 "iiidirect," 

Ijglil-hole cxcit,oii in t . 1 1 ~  real spacc). 

A. Strain effects 

Sjnce tlie VBO, iii tlie abseiice of st.rain, is al- 

most. zero['], t,lie Imid struct,iire coiifiguration of tlie 

Cc17è/Ccll-,Sn,Te sysleili resultas froin tlle btrn.iii: 

whicli is clctcrminecl 11'. tlie clioicc of tlie biiffer layer. 

Tlic eiicrgy sliift of tlic co~ícluct~ioi~ band AV,: aiicl t.lie 

sliifts and splittiiig of t,lie valcnce Lmd esticiiin. (414,,i,, 

for lieavy-lioles aiitl AT/li,, foi liglil-lioles). cai1 11e writ,- 

te11 as["]: 

and 

AS'= B(S,,  -S , , )X  : 

wlierc: ( i  = c , v ) :  A, a.iicl A,: íirc t.lie liycliostiilic clc- 

forii-ia.tioii poteiit,ia.ls of coiitliict,ioii riiicl vnlcnct: baiitl 

rcs~ect,ively, L? is tlic slicar dcforiiia.tioii potciit.ia1. ,Si1 

aiid S12 a.re t,he elast,ic coiiiplia~icc coiist,ailts: aiitl X is 

t,hc in-plni-ie stress cxperiencctl 113' Ilic iaycrs: 

wliere (Q) is t,lie lat.tice para,riielcr of the sulxlra.te 

of buffcr Iayer (layer). Foi ihc sn,inples st,iiclied herc, 

CdTe/Cdi-,~Zi~,Tc (7: = 8%) Ire cai1 clist.iiiguisli t,l-iree 

clistiiict sit:ua.tioiis: illustrat.ed iii l i g .  1. b-it,li a. CdTe 

buffer layer (Fig. la.) t,he clua.nt,um \ ~ c l l  is not stra.iiiecl 

(Sw = O):  sirice it lias tlic samc latt,ice parainct,cr as tlie 

buffer layer, mliercas tlic harricrs are in biaxial dilata- 

tio11 (Xu > O). Tlie grouiitl st,a.t.e of tlie systern is tlie 

iiiclirect 1ight.-liole cxcit1on (e 1 l l ) .  í 'he i i  a C'dI-, ZnyTe 

Figiire I: Schernatic cliagram of tlie condiict,ion (Vc) and va- 
leiicc. (Vi,!, and % i , )  baiids of a strained CdTe/Cdl-rZn,Te 
siiperlal.tice as a fiiiictioii of tlie zinc content of t.lie 
Cd-,Zii,Ik bnffei layer. ( a )  y = 0: (b) y = 0.08: and 
( c )  g = 0.04. 

(y = 8%) buffer layer is used (Fig.lb),  the  barrier is not 

st-ra.inec1 (XB = O), but the cluantum well is in biaxial 

compression (Xu/ < O). The heavy-holes are pushed 

a l ~ o \ ~  tlie light-holcs in tlie CdTe layer, a.nc1 the heavy- 

hole cxciton (ei k l )  is the  ground state of the system. 

Ali irit.erinediate situation occurs when the  zinc con- 

t,eiit of tlie huffer layer is in hetiveen 0% and 8%, for 

example y = 4% (F ig .1~) .  Tlie CdTe layer is in biaxial 

coiiipressiori aiicl t,he Cdi-,Zn,Te (a: = 8%) layers are 

i11 hia.xial dila.t,a.tion. Wliile in the well tlie Iieavy-holes 

a.rc pushed a.bove the light-holes, tl-ie inverse occurs in 

t,lic barricrs. Nevertlieless, i11 a11 ca.ses, \?;e have a type 

I superlatticc: for t,he hcavy-hole e x c i t ~ i ~ s  and a type I1 

siipcrlatticc for t,he liglit-holc ones. 

The saiiiples Tvcre grown by MBE on (001)-oriented 

Cdl-,Zn,Te (y  N 4%) substratcs. Most of tlie samples 

discussed here consist of equal thicliness layers of CdTe 

aild Cdi-,Zii,Te (tvitli tlie ainount of zinc ranging be- 

tweeii 6% aiid 12%) They were giown either directly 
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Table I. Çample parameters. y<j/c and a.re the ziilc. 
coiitent of ,11e substrate a.iicl ba.rriers rcspect.ively, LTrV 
aiid L. tht: cluant,um well antl Imrrier widt~lis: niid 3' 
thc nlln-~be~ of periods. 

on t.lie substrate or o11 a buffei layer. 'The struct.ura1 

I .  The optic i1 stiicly of these samples incliicles t.railsmis- 

sion, reflect,.vity, pliotolui~~iiiescei~ce (PL), and pliot,o- 

luniinescence excitat,ion (PLE) slicct.ra. Slie liigli qual- 

holc ones by polarized pliotoluii-~iiicscericc excitation 

(PPLE)["]. 

I I I I I I I  I  I I  

TYPE I! IYPE I ,,.,..' 

SLS average strain r,, (1 

Figure 2: Iiifili~eiice of 511, tlie siiperlattice's average in-plane 
strain: on the calciilat,ed gaps E1 Hi (solid line) and E1 Li 
(tlaslted linc) for sa~iiples with a period (6.5 nm)/(6.5 nm) 
and oii tlie experimeiital excitonic energies E ( e l h i )  (closed 
ciscles) and E(ell l)  (closecl scliiares) for samples S I ,  S2, S3, 
aiid S4. Tlie strain €11 = (afree-stancling - abuffer)/abuffer, 
where afrec-stali~ilig is t,lie in-plane lattice parameter of the 
livpot,liet,ical free-standiiig superlattice and abiifir is tlie 
biiffcr's lat,t,ice paramet,er. 

antl Cdi-,,Zn,Te (x x 8%)  are such that  VhlL and K h  

are coiistant within ai1 acciiracy of 1%. Varying the 

bulfer only sliifts the lieavy- and light-hole potentials 

as a wliole relative to eacli other. Then, the inversion 

of tlie opt.ical type i11 tliese superlattices is entirely due 

to tlie st,raiil changes. 

D. Iilfliiencí: of the period 
C. Buffcr layer effect 

'rlie expe~riinental positioiis of t.he I-ieavy- antl liglit- 

hole cxciton tra.nsitions a.re plo(.t.ccl in Fig. 2 for tlie 

saniples S I ,  S2, S3, ancl $1'4. Thesc tla.ta. are coi~iparetl 

with thc ca.l:ula.tecl direct gap EIITI and inilirect. ga.p 

E i L i .  plotted versus tlie averagc st.ra.iii ;II iii tlie SLS, 

i.e. as a f~tnction of t,hc Zn conlposit~ioii in t,lic l~iiffer 

layer tha t  iniposes the in-plane lat,tice paranlct,cl:r. 

1% einpl.asize t,liat the zinc con~ent~rat~ion a.nd the  

width of the barrier and tlic mel1 layers are nearly t,he 

same for t h ~  four sa.mples. Therefore: lhe  dept,ll and 

width of tShe confinement p0t~eiltia.1 V,,/,, for heaiy-lioles 

and \/iI, for light,-holes a.re pra.cticallg unchanged when 

one varies the buffer la~ler. The differences i11 t,he elas- 

We have plotted iii Fig. 3 the experimental energy 

positions of t,lie elhl a.nd e l l l  excitonic transitions as 

a. fiinction of tlie period of the superlattice. The solid 

aiid daslied lines represent the variations of tlie opti- 

cal gaps EIHi  and EiLl respectively, obtained using 

a Kronig-Penney ca.lcula.tion assuming that  the VBO 

is zero in the absence of strain. The heavy-hole ex- 

citon energy E(e1hl) follows the optical gap EIHi  as 

the period increases, whicli shows tha t ,  over this range 

of thickness, the  heavy-hole EBE (of the order of 14 

meV, i.e. only 40% larger than in the  bulk CdTe) re- 

ma.ins roughly constant. The experimental values of 

tic constants and deforination poteritials betirecii ÇdTe tlie l i & - l i o l e  EBE (i.e. the energy difference between 
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SLS period (nm) 

Figure 3: Calculated gaps Ei Hi (solid liiie) ancl 
EiLi (daslied line) versus tlie superlattice period for 
CdTe/Cdl-,Zn,Te SLs ( E  N 0.08, LCdTe  = L C d i - , ~ 7 i , ~ e  
grown on a Cdi-,Zn,Te (y N 0.04) substrate). Tlic c-losed 
circles and syuares are t,lie experimental excitoiiic energies 
E(eih1) and E(eIl1) nieasnred for sarriples S3, S5. 58, S l l ,  
aiid S13. 

the experin~ent~al excitoiiic energies aiid tlie calcula.ted 

optical gaps, see Fig. 3) are a.l~vays smaller than the 

lieavy-hole exciton values, which appears reasona.ble for 

ali indirect exciton. Moreover, the energy position of 

elll tends towards the calculated optical ga.p E I L ~  a.s 

tlie period increases. This result is fully consisteiit mitli 

tlie indirect nature of the liglit,-hole excit,on; tlie 1a.rger 

the  period, the smaller the overlap integral, and there- 

fore, tlie smaller tlie indirect EBE. 

The  VBO for the heavy- a.nd light-holes have Lhree 

components. T h e  first is due to  the shear stra.in: which 

is approximately equal aiid opposite i11 tlie well aiid in 

the barriers, in a11 the samples considered here. Ti:<; 

second coinponent is tlie so-ca.llecl chemical offset AV,, 

which is often expressed as a. fractioii S of t.he energy gap 

difference A E g  between the  mel1 and barrier. The  third 

component is a hydrostatic strain term whicli depends 

oii the absolute deforma.tion poteritia1 A, of the valence 

hands of tlie two inaterials. Tliese absolute deforiiia- 

tion potentials are not a.ccessible by piezospectroscopic 

experiinents, wliich measures the relative cleformation 

potential, A = A, -A,, of the conduction- and valence- 

band edges in tlie same material. The  second ancl third 

components cannot be determined independeiltly, so we 

will cal1 tlie suin of these two component,s tlie "avcr- 

age band offset" AV,, the average being over the light- 

and hea.vy-hole band edges. Note tha t  the conduction- 

ba.nd offset is determined by AV,, since AE, and A are 

known. To  est,inlate AV, we wiI1 analyse the binding 

energy of tlie light-hole exciton. 

The  ohserved 1s excit,on energy for the spatially di- 

rect (heavy-hole) and indirect (light-hole) transitions 

may be expressed as: 

Here EY = 1.606 eV is the band gap of the  hulk CdTe, 

A H ~  + A H ~  t,he hydrostatic strain shift of the con- 

cluction band edge in the CdTe layer relative to  the 

valence band, AV, the average VBO, ASW the  shear 

stmin shift of the  heavy-hole band in the CdTe layer, 

and A s B  that  of the light-hole band in the Cdi-,Zn,Te 

layer. E ( E l ) ,  E ( H l ) ,  and E(L1) are, respectively, the 

electron, heavy-liole, and light-hole confinement ener- 

gies in the n = 1 subband, aiid Ehh and Elh are the  

respective EBE's. In principle a11 of these parameters 

are accurately I<nown, the only unknown one is AV,, 

which is taken as an  adjust,ahle parameter. 

Since tlie Iieavy-hole transition energy does not de- 

peiid explicitly on AV,, we will concentrate our anal- 

ysis on the  light-hole transition energy. Fig. 4 shows 

the liglit-hole EBE as a function of the superlattice pe- 

riod. The  points are the  experiinentally determined 

EBE obtained from tlie difference between the opti- 

cal gap E1 L i ,  calculated using different values of A I/, , 
and the measured transition energies E(e i l l ) .  T h e  two 

liiies are ca.lcula.ted hinding energies using the method 

of Leavitt and ~ i t t l e [ ~ ] .  The  lowest curve is obtained for 

a light-hole in-plane effective mass given by (yl - y2)-' 

where yl aiid ya are the Luttinger parameters. The  

highest curve, which is calculated using an  infinite in- 

plane cffcctive mass, represents an upper limit. The 





SLS period (nm) 

Figure 5: Oscillator streiigt,li nieasiired for e l h l  (closed cir- 
cles) ancl e l l l  (close squares) for çairiples S7, S8, S10: S11! 
S12: and S13. The liiies sliow tlie resii1t.s oht.ained for e1 h1 
(solid line) and eili (daslietl line) iisiiig eq. (5). 

iiiteraction between tlie spins of tlie carriers essen- 

tially confined in tlie CdTc la.yers! and t,liose of the  

paramagnetic Mn2+ ions 1oca.ted in tlie Cdl-,Mn,Te 

harriers[l1]. These exchange effectss cause a. lot of 

nem spin dependent phenoi-ilena like large Faraday 

r~ta . t io i i [ '~] ,  inagnetic polaroils[l 3' "'I ! and t heir dyna,n~- 

ical be l i a~ io r [ ' "~~] .  Noticeably, the formation of t11e 

magnetic polaroiis is expectccl to great,ly iiiflueiice tlie 

recoinbination dyiia.n~ics in these s t r ~ ~ c t ~ u r e s .  IIowever, 

tlie far most spectacular propert,y, due t o  the spin ex- 

cliange, is tlie so-ca.llec1 gia.nt Zeeinan split,ting of tlie 

band edges[l71. Thus, the application of a.n cst,ernal 

magnetic field a t  low t,empera.ture opens the  unique 

possibility of a inagnetic tuning of Lhe barriers heights 

experienced by the carriers['"'"]. 

A. Experiilieiital details 

Tlie structures investigatcd were pseucloiiiorp1~ica.lly 

g r o w  by AlBE on a (001)-oricnt,ed InSb s i i l ~ t ~ r a t e .  

T h e  growtli t,einperature was 235OC. Further details of 

tlie growth are given in referente [20]. The  growtli was 

initiated by a 0 . l p m  layer of CtlrTe ancl the kIQI1' st,aclí 

clad between two 0.15pin layers of C'tlL-,Mn,'lè, ench 

with tlie same maiiganese contlent1 as the Ixrrier lay- 

ers. The  two samples clescribecl in cletail here were eacli 

grown with eight wells of widt,hs 7.5 and 3 5 n m  respec- 

tively. We refer to these as sa.mples I aiicl I1 (see Table 

Table 11. Structural parameters and observed exciton 
t~ra.nsition cnergies for samples I a.nd 11. A11 energies 
:ire given in meV, ancl tlie well (Lw) a.nd barrier ( L B )  

11). Tlie barrier thickness were 20 nni in each structure. 

i\;Iagnet,o-optical invest,igations were carrier out with 

t.he samples n~oun t~ed ,  strain free, in a superconduct- 

ing nmgnet,, and immersed in overpumped liquid he- 

liiim. Phot~ol~~mii~escence  (PL) and photoluminescence 

excitation (PLE) n w e  performed in both Faraday and 

Voigt configurations with the sample excited by a pyri- 

dine dye laser. Since the magnetization of the saniples 

vary st,rongly wit,h ten~pera ture  the sainple temperature 

lias to be carefully controlecl; therefore to  avoid heat- 

ing of the mangaiiese spin system the laser beam was 

loosely focrisecl wit,ls a. power leve1 mantained bellow 

0.01 11:/c11l2. 

B. Zero-field spectra 

PL aiicl PLE spectra of sa.niple I1 are shown in Fig. 

6. The lines observed in botli spectra a t  1602.6 meV are 

due to tlie e ih l  free exciton. The absence of a Stokes 

shift ancl the small linewicltlis, N 1 nieV, are represen- 

tative of good quality samples. T h e  relative intensity 

of tlie PL line observed 2.8 meV below the  free exciton 

liiie clecreases as t,he laser power is increased; we assign 

it to ali exciton trapped on a donor. A polarized PL 

s t~dy["]  sliowed tliat the line a t  1607.3 meV is related 

to a liglit-hole traiisition; it is assigned to  the t i l i  ex- 

cit,oii. The  large dianiagnetric shift observed leads us  to  

assign t,he 1615.2 meV line t,o the 2s state of the e l  h l  

free exciton. Sample I has similar spectra. 

C. Parallel magnetic field 

Due to  the exchange interaction between the car- 

riem ancl tlie rnagnetic ions, it is possible to tune 

tlie bancl-gap of the nmgnetic layers, and hence the 

concluction- a.nd valence-band offsets, by a.pplication of 
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Figure 6: Pliotoit~minesceiice (daslicd lhe)  ancl photoliirni- 
iiesceiice excit; tion (solid linc) spectra of sarnple I1 at 1.45 
I<. Tlie excitatioii spectriiin was recortled whilst nioiiitori~ig 
the iinpiirity b ~ n d  at 1596 ineV. 

a 1riagilet.i~ f idd.  Thus tlie appliecl field cai1 induce 

large cha.nges of t,he carrier confinenient energies and 

the  EBE[~"'~].  Eventually if the  changes of t>l~e baiid 

offset are largc: enough a field-inducecl t,ransit,ioii of t,he 

MQTI' fion-i t,ipe I (direct ground &ate t,ra.ilsition in 

real space) to type I1 (iiidirect grouncl sta.te tra.iisition 

in real space) niay take place. Such t,ransition have 

been observed by Liu c t .  d.["] in ZiiSc/Zni-,:Fe,Se 

structures and by Deleporte e t .  nl.['"] in { l l l ) -grown 

CdSe/C!di-,Mn,Te structures with z = 6.7%. How- 

ever, in a (001) CdTe/Cdl-,Mn,Te structure with t,he 

same rnanganese c~ncentra t~ion Wasiela c t .  n1.[~'1 found 

no evidence for this transition. In an at.t,enipt to bet- 

ter understand this tra.nsition, rve have chosen NIQW 

samples wit,h m ~ a l l  ma.iiganese c~ilcentrat~ions iil tl-ie 

range of 3% t 3  5%: a.s clescribed a.hove. Tliis range 

was chosen because a t  s iml l  inanganese concentrat,ions 

the relative va.iiations of tlie baníl offset wit,li magnetic 

field are the  largest. This occurs because i t  is oidy a t  

very small z (< 2%) tha t  tlie magnetic susceptibility of 

Cdl-,Mii,Te increases linearly with z [I7]. At higlier 

concentratioils the susceptibility iiicreases less rapidly 

and eventually decrea.ses a t  > 15% as more ancl 

more maliganese ions form a.ilt,iferromagnet.ica.lly cou- 

pled pairs whi(h do iiot contribute to  t h  susceptibil- 

ity. On the other Iiand the band-gap of Cdl-,Mn,Te, 

and hence the hand offsets, vary lineraly with x. Thus 

the  type I t o  t l p e  I1 transition should be most readily 

observed a t  loiv x values. At. low x values the ]>ar- 

rier heights, a r  d hence the carrier confinement ener- 

gies, a.re sniall and n1aj7 be coinparable with the EBE's 

of about 15 ineV so that  the interpretation of the  low- 

t.empernture opt,ical spect,ra requires a precise deternii- 

nation of the EBE's. A11 a.clditiona.1 advaritage of using 

low-x Cdi-,Mn,Te layers is that  the lattice inismatch 

to the InSb substmte is small, 0.07% ate a: = 5%, and 

pseudoinorphic ~ t~ ruc tu res  of high quality can be grown. 

In Fig. 7 the Zeeman splitting of the PLE lines 

ineasured a t  1.5 K is shown for sample I1 with a mag- 

netic field applied paralied to  the growth axis. Each 

line splits into a doublet with the u+ and u- compo- 

neiit,s nea.rly 100% polarized. The  splittinps are larger 

by one order of magnitude than those observed in the 

non-magnetic CdTe/Ccli-,Zn,Te structures. The  ef- 

fect of a.pplying a magnetic field, parallel t o  the growth 

direction, to the MQW st,ructure is shown in Fig. 8. 

The  nmgnetic field causes large changes in the barrier 

lieiglits which in turn result, in changes of hoth the car- 

rier confinement energies and the E B E ' s [ ~ " ~ ~ ] .  

We now describe various simulations which show 

that  t,he large band-gap decrease, expected to  be  ob- 

served in rf polarization a t  the type I t o  type I1 tran- 

sition, inay be fully compensated hy a simultaneous de- 

crease of tlie EBE. We first discuss the three diagrams 

on tlie left-hand side of Fig. 9 which refer to sample 

11. Tlie ba.11~1-ga.ps are calculated in the effective mass 

approximation with the heavy- and light-hole longitu- 

cliiial effective masses given in terms of the  Luttinger 

parameters (yi 2y2)-'. Because the Mn composi- 

tion in tlie alloy is small, the Luttinger parameters are 

taIten from the  CdTe optical for both CdTe 

and Cdl -,Mn,Te. T h e  binding energies have been cal- 

culated witli a variational nioclel t ha t  is applicable to  

quantum wells with a sinal1 or negative valence band 

ofl~ed"]. 

In the upper diagram of Fig. 9(a) the shifts of the 

band-gap are very asymmetrical, due to  the larger rel- 

ative variation of the +3/2 VBO with magnetic fieId. 

The a.rrows indicate the type I to  type I1 transition. In 

the centre dia.gra.m (h) we show the binding energies, 

E; ancl Eg of the o+ and a- heavy-hole excitons as 

a function of the magnetic field. Large variations of 

the E; are observecl in the vicinity of the  type I to  
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Figure 7: Zeeman spliting of tlie exciton lines observed in 
sample I1 at 1.45 I<: witli closed circles the ut and tlie 
open circles tlie u- polarizations. Tlie curves show pre- 
dicted splittings for different ualiies of 6, tlie fraction of tlie 
band offset in the valence baiicl: & = 0.2 (daslied lines), 
5 = 0.3 (solid lines), and 6 = 0.4 (dashed-dot,terl lines). 

HEAVY-HOLE LIGHT-HOLE ' 
Figure 8: Effect of a inagnetic field applied parallel t,o tlie 
growtli axis on the bantl edges of a CdTe/Ctli-,Mn,Te 
cluantum well. Tlie solid lines show tlie band edges at zero 
inagnetic field while tlie effect of applying a magiietic field 
is sliown by the changes in tlie barriers lieiglit given by the 
dashed and dotted lines. The dotted and daslied liries iuside 
of the quantum well represent t,he energy of tlie confiiied 
states of the corresponding qiiantum rvells formed b.y the 
dotted and daslied barriers. Tlie ut and a- opt,ical t,ransi- 
tioiis observed in PLE are shown by t.lie vert,ical arrows. 

type I1 t>ransitions; as the valence band barrier height 

approaclies zero, E; a.pproaches the three-dimensional 

va.lues, 10 meV, and for higlier inagnetic fields the bind- 

ing energy reaches a plateau of about 5 mev for 6 = 0.2. 

Ir1 the lo~ver diagram (c) we sliow the  energy shifts of 

tlhe c+ a.nd u- excitons, calculated from the  difference 

of tlie two upper curves. Because the band-gap and 

binding energy variations counteract, the shape of the  

lower curve can depeiid niarkedly on the value of the  

assuined VBO and of tlie other parameters such as tlie 

width of the quantum well. This is well illustrated when 

da ta  for S = 0.2 and 0.3 are compared. 

Tlie three diagrams on the right-hand side of Fig. 

9 apply to  sample I and illustrate the effect of reduc- 

ing the  quantum well width from 15 to  7.5 nm. Whilst 

the magnetic-field-induced changes of the hinding en- 

ergy remain nearly the same, the band-gap variations 

in sample I are much larger than those of sample I1 as a 

result of tlie larger confinement energies. Consequently 

the  variations of the exciton energies with applied field 

a.re also larger. The  lower diagram (c) also shows that  

for sample I there is no clear signature of a type I t o  

type I1 t r an~ i t~ ion  wliereas there is a clear step-like fea- 

ture for sample 11 when 5 = 0.2. 

The  great sensit,ivity of the shape of the  n~agnet~ic  

va.ria.tion of t,he u+ e lh i  exciton energy to  the  various 

paraineters s~icli as ba.nd offset and quantum well width 

may explain the  previously reported[24] observation of 

a plateau in a sample similar to  I. IIowever, this sample 

1va.s grown along the (111) direction so that  the strain- 

induced piezoelectric field may also be a t  the origin of 

these differences. The  experimental Zeeman da ta  for 

tlie two samples are also shoivn in the  lower diagrams. 

For sample I1 the date indicate a value of 5 equal t o  0.3 

or larger. Simulations for 5 = 0.4 are not significantly 

diffcreiit from those of 0.3. Thus  these da ta  are consist- 

ing with the measurements previously reported[l" on 

a superlattice with well and barrier widths of 7.5 n m  

a.nd witl-i a manganese composition of 6.7%. The mag- 

netic splittings observed for sample I are larger than 

those ca.lculated assuming 6 = 0.3. This may be due 

t,o a. slight diffusion of manganese into the quantum 

well wllere int,eraction with the carrier is high. The  en- 
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Figure 9: Caiciilated variation with magnetic field of (a) 
tlie band-gap energies, (b) the binding energies, and (c) tlie 
transition energies of the heavy-liole exciton for sample I1 
(left part of tlie figure) and sample I (right part). Tlie cal- 
culation are shown for two values of 6, the fraction of Ilie 
total band offset in the valence baiid: 6 = 0.3 (solid lines) 
and 6 = 0.2 (dashed lines). The arrows indicate t,he mag- 
netic field at which tlie type I to type I1 transitioiis occurs. 
The points show tlie experimental data. 

hancement oi' the  Zeeman effect due to such a diffusion 

i11 a sniooth interface cai1 be very large in a quantum 

well with a high RI111 content iii tlie l~arr ier [ '~] .  This ef- 

fect, if riot talten into account will lead t,o a sigiiificaiit 

underestimation of the VBO. 

D. Perpendicular magnetic field 

We analyse now the  Zeeman splittiiig ohserved for a. 

magnetic field applied perpendicular to  t,lie growth di- 

rection. Due ;o the anisotropy of tlie va.lence band, tlie 

Zeeman effect. shows a complex hel-iavior: very strongly 

asymmetric splittings are observecl, reflecting tlie va.ri- 

ation of the ' best" quantization axis from the growth 

direction a t  zero field to  t,he magnetic-field direction. 

At low field . h e  four lowest valence-baiicl e igen~t~ates  

are well desci,ibed ii-i ternis of heavy- a.nd light-holes 

states and tlic Zeeman splittiilg withiii t,he heavy-liole 

doublet is quil e small as is a.lso tlie case in iion-niagnetic 

h e t e r o ~ t r u c t u i e s [ ~ ~ ] .  At high field tlie best quai~tizat~ion 

axis is along t he field direction and la.rge Zeeman shifts 

are observed. 

The PLE spectra of sample I shown in Fig. 10 were 

measurecl iii the Voigt configuration while monitoring 

the  DOX emission. The  field was applied perpendicu- 

lar to  tlie growth direction and the laser beam was po- 

larized eitlier parallel (r) or perpendicular (C) to  the 

applied field. 
I I I i 

Figure 10: Photoluminescence excitation spectra measured 
in tlie Voigt configuration with the magnetic field equal to 
0, 1: and 3 T.  (a) C and (b) x polarizations. The lines are 
noted 1, 2, . . ., 8 in accordance with the transitions identified 
in Fig. 12. The R liiie is due to Raman scat,tering. 

1610 > , L I ,  

O 1 2 3 
magnetic field (Tesia) 

Figure 11: Zeeman splittings observed at 1.45 K (circles 
- C polarization; triangles - x polarization). The curves 
show the calculated Zeeman shifts: dashed lines show tran- 
sitions originating from the 11, 112) and [ h ,  -312) valence- 
baud states; dashed-dotted lines show transitions originat- 
ing froni the 11,312) and / h ,  -112) valence-band states. The 
numbers correspond to t,he lines shown in Figs. 10(a) and 
Figs. 10(b) and to the transitions identified in Fig. 12. 

Tlie liiies observed a t  1619.2 and 1626.2 meV in 

zero fielcl are assigned to  the e1 h1 and e111 excitons 

respectively. In an applied field each line splits into 

two C a,nd two ír components. Thus,  eight transitions 

are observed. Their energies are plotted in Fig. 11 

as a function of the magnetic field. This fan diagram 
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is very different from tlie oiie ol)scivcitl n~lieii t li(. iiiag- 

netic fielcl is appliecl pa.rallel t,o tlic growtli dircclion 

(Fig. 7). In Faraday configurat.ioii 110th t,lie lieavy- 

and light-hole excit,ons split nearly synm~it,rically int.0 

two components with opposit.c? circiilar polarixat.ioii c+ 

and a-. In Voigt coiifignratioii, at. siiiall ficld: t,lic Zee- 

mari split.tiiig of thc lieavy-hole cxciton is vcry small, 

as espected tlieoreticallg antl as o l ~ ~ e r v e t l ~ ' ~ ]  iii noii- 

rnagnetic qua.ntum ~ c l l s .  At. higli fic+ltl ia.rgc sl)lil~ting is 

observed due t.o la.rge mixing of tl ie licavy- anc! ligllt- 

hole statcs induced by the magnet,ic ficld. 

Tlie Zeeman split!.ings liave bccii ciilcii~nt,etl['~] for a 

Ldri'e qiiaiitSuin well surroundetl by (:tll-,Mn,Te 11a.r- 

riers wit.li a magnetic fielcl applicd prrpeiicliciilar t.o t.he 

growth di re~t~ion.  Tlie rcsult of ~ h i s  calculation is sl1ow11 

in Fig. 12a.. The notation of l,hc coníined eigc?~ist,at,cs['7] 

I?:, 172) rcflects t,lieir bel-iavior at zero ficlcl. ( c  = lt and 1 

refers to 1iea.vy- aiicl liglitr-liolcs) i ~ i i c l  ai. lligli fieltl (t.ho 

eigeiistates a.re labelccl m. = + 3 / % ,  +1/2! -1/2. -312 in 

order of increa.siiig encrgg). \\é cai1 sce in Fig. 12 

tliat a t  small field tlie heavy-liole Zerniaii split.t,ing is 

vanishingly small. One also iiot.icc tlic ant,icrossing of 

the  11: +1/2) ancl 111! -3/2) st;it,es at. 2 T. I'or compari- 

son, t,lie Zeernan splittiiigs calculat.cd for a ficld iipplied 

along the  gro~t~1-i  axis are slio~vri iii Fig. 12h. .h nlreatly 

noticed, t,lie split,t,iiig in tlie conduction ba.iitl is indcpeii- 

dent of the orientation of thc magnetic fieltl. Opposite 

to  tha t ,  t he ,  valeilce-bailcl Zeciilaii effcct is striltingly 

ani~ot~ropic.  

Tl-ie cnergies of tlie trrtiisit.ions a.llo\rcd in C ancl ír 

po1a.rizatmions, calculatecl using t lie confineirieiit eiirrgies 

sho\vn iii Fig. 12 and assuming a n  K13E indepeiideiit of 

tlie magnet,ic íield and eqrial to 13 meJ: are plot.t,ed iii 

F i g  11. A good overall agreeiiieiit bet,werln tlie t heoret,- 

ica.1 results a.nd the expcriniciit,al data is ol~servetl. At, 

small fielcl, t.lie liiies involving l~ea\:~-lioles exliihit i-iiuch 

srrialler splitting tlian thosc invol\~ing liglit-lioles. Tlie 

spliltirig bet,ween lines h' and 7. which iiivolvt: tra.iisi- 

tions originat ing fro111 t,he same 11. $312) valence ba.nd 

st,ates$ measures thc: Zceinan effect in t,he conduction 

lmnd. This is also t.riie for lines li a.nd 5: whicli involve 

transitions originat.ing from t.hr I / .  $1 12) valence band 

st,ates. Therefore! t)hese t,wo split1t,iiig slioiiltl 1x eyual, 

vllicli is not t-lie case; lhe ineasured splitting 0rigina.t- 

ing from 11, +3/2) is appreciably larger tlian t,he one 

from 11, $112). We at,tribut,e this difference to exci- 

tronic effcctrs. Analyzi~ig the Zeeman egect ohserved for 

a ficlcl applied along the growth axis, we can see that  

tlic exc.it,on binding cncrgy varies rapidly wit,h the mag- 

nctic fielcl. Tliis is specially trile for samples with low 

imiigancse coticentrat.ion in the barrier where the off- 

set of t-he -312 subband niay become very small or even 

iiegative (typc 11 struct,ures). We recently measurcd 

spiii-flip resoiiant Ra1i:a.n ~ca t t~e r ing  for a field applied 

in t.lie plane of tl-ie layer, i.e. we directly measured the 

coiidiiction-hancl Zeeniaii splitting. \Ve found a value 

wliich is i1ltermediat.e betweeil the two values rneasured 

ir1 t,he presmt experiment. 

IV. Suiilniary 

In t . 1 ~  f rst. part of t.liis paper we l-iave shown t.he ef- 

fect. of clianging tlie huffer layer on the band st.riicture 

of a SLS CdTe/Cdi-,Zii,,Te. \Ye also sl-iow that  the ex- 

cit,oii binding energy of t,ype I1 e l l i  excitons decreases 

a.t. 1a.rge superla.ttict? periods as predicted theoretically. 

Tlic corresponding variat,ions of the oscillator strength 

a.re iiot ohserved experimentally. The  origin of these 

discrepancies woiild deserve more elaborated calcula- 

tions t,aking into account the valence band mixing and 

a possible excitons localisation near an interface. 

For tkie CdTe/Cdi-,Mn,Te MQW system with 

sniall niangaitese coiit,ent in thr: barriers, we have shown 

t,ha.t a type I t,o type I1  transition takes place a t  niod- 

erat,e magnetic field applied along the growt,h axis. 

Tlie Zeeman encrgy shift of the u+ heavy-hole exci- 

ton does not show any clear signature, such as a. s tep 

or a plat,eau, a t  the t,ransit,ion. Calculations sliow that  

t.liis is clue t,o t.he nearly perfect compensation of the 

magnetic variations of t.he band-gap ancl of the  exciton 

biiiding energy. A magnetic field applied perpendic- 

u1a.r t.o the growth direction induces large mixing of 

tlie valcnce-ba.nd subhands. This mixing occurs inde- 

pendently in the (-3/2, $1.2) and (+3/2, -1/2) mani- 

folds. I t  reflects the variation of the best quantization 

axis from t.he growth a.xis towa.rd the magnetic-field di- 

rect,ion. A calcuIat,ion of t,he Zeeman splittings made 
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Figure 12: Qiiantiim well encrgy levels as a fiilict~ioii o£ t,lie magnet,ic fieltl: (a) in-plane field, allowed transitions in C and x 
polarizat,ions. Tlie nunibers coriespontl to t,he Iines sho~vn on t,Iie expeririieiit,al spectra of Figs. lu(a) and lO(b). (b) field 
applied par alld to tlie growtli axis 

in tlie eilve1o;)e-fui~ct,iori approxiina.tioil account,~ fa.irly 

well for the t!xperimeiital results. The renmining diç- 

crepancies a.re probably due to varia.t,ion of tlie excit,oil 

binding eilergies wit,h t,l-ie magilet,ic field. 

This paper is a. review of worlí wliicli has heen car- 

riecl out in collaborat.ioii wit,li P. Peyla. .A. M'asiela! 11. 

Mariette, N . PiIa.giica! Y. Merle cl'Xu11igné: D. E. Ashen- 

ford, a.iic1 B. 1,unil. 

I .  H. Ma.iidte,  1;. Dal%o, N .  Ma.gnea: G .  Leii t .~,  and 

11. Tuffigo: Phys. Rm7. B 38 ,  12443 (1988). 

2. R. N .  Bicknell, R. M'. Yaiika, N .  C. Giles-Ta.ylor, 

D. I<. Bl d s ,  E. L. Buclíla.iicf, antl J .  I;. Schet,ziiia., 

Appl. Pliys. Lett. 45 ,  92 (1984). 

3. H. Mat'l-iieu, A. Clmtt ,  J .  Allegre. aild J .  P. Fmrie,  

Phys. R I : ~ .  B 41, 6082 (1990). 

4. J .  Y. hkirzin! M. 3. Charasse, a.ilcl B. Sernia.ge: 

Pliys. Rev. B 31 8298 (1985). 

5. F. 11. Pollak aiid M. Cardona, Pliys. Rev. 172, 

816 (1968). 

6. 11. T~ i f igo ,  A. Wasiela, N.  RiIagnea, H.  Mariette, 

aiid Y. Merle c1'Aubigné: Phys. Rev. B 43 ,  14629 

(1991). 

7. R. r'. Leavitt and J .  W.  Little, Phys. Rev. B 42 ,  

11774 (1990). 

S. r,. C. Aildrea.iii aiid F. Ba,ssa.ni, Phys. Rev. B 41, 

7330 (1990). 

5 ,  Y. Merle d'Aubigné, Le Si Dang, A. Wasiela, N. 

Ma.gnea, F. Dal'bo, aiid A. Million, Proceedings of 

tbe Y d  Conferente on Modulation Semiconductor 

S t r~c t~ureç ,  Moiltpellier 1987, J .  Phys. (Paris) 4 8 ,  

C5-363 (1987). 

10. For a aeceiit review see, e.g.: J.  A. Gaj ,  in Semi- 

coi~rlmctoi-Y nizd Sei iz~nzetals~ Vol. 25, edited by 

J .  I<. Fiirclyna aiicl J.  Kossut (Academic Press, 

Boston, 1988) 13. 275. 

11. J .  I<. Furdyiia., J .  Appl. Phys. 53, 7637 (1982). 

12. M. Kohl, M.  R. Freeman, J .  M. Hong, and D. D. 

Awshalom, Pl-iys. Rev. B 43, 2431 (1991). 

13. D. R. Yakovlev, W. Ossau, G. Laildwehr, R. N .  



V. A. C'hitta 

Biclinell-Tassius, A. Waag, and I. N. Uraltsev, 

Solid St,a.te Commun. 76,  325 (1990). 

14. G. E. Marques, V. A. Cliit,ta, M. H. Degani, aiid 

H. Hipolito, Surface Sci. 1 9 6 ,  659 (1988). 

15. D. D. Awshalom, M. R. Freeman, N. Samarth,  H. 

Luo, ancl J .  I<. Furdyna, Phys. Rev. Lett. 6 6 ,  

1212 (1991). 

16. M. R. Freeman, D. D. Awshalom, J .  M. Hong, and 

L. L. Chang, Phys. Rev. Lett. 64 ,  2430 (1990). 

17. .J. A. Gaj ,  R. Planel, and G. Fishman, Solitl State 

Commun. 29 ,  435 (1979). 

18. A. Wasiela, Y. Merle d'Aubigiié, J .  E. Nicholls, D. 

E. Ashenford, and B. Lunn, Solid State Coinmun. 

76,  263 (1990). 

19. E. Deleporte, J .  -&I. Berroir, G.  Bastard, C. Dela- 

lande, J .  M. Hong, aiid L. L. Chang, Phys. Rev. 

B 4 2 ,  5891 (1990). 

20. G. M. Williams, A. G. Cullis, C .  R. Whitehouse, 

D. E. Ashenford, and B. Lunn, Appl. Phys. Lett. 

55, 1303 (1989). 

21. Y. Merle d'Aubigné, Le Si Dang, F. Dal'bo, G. 

Lent,z, N. k g n e a ,  and H. Mariette, Superlatt. 

Microstruct. 5, 367 (1989). 

22. S. K. Chang, A. V. Nurmikko, J .  -W.  Wu,  L. A. 

I<olodziejski, ancl R. L. Gunshor, Phys. Rev. B 

3 7 ,  1191 (1988). 

23. X. Liu, M. Petrou, J.  Warnock, B. T. Jonker, G. 

A. Prinz, a.nd J .  J .  Krebs, Phys. Rev. Lett. 20, 

2280 (1989). 

24. E. Deleporte, J .  -M. Berroir, G. Bastard, C. De- 

lalande, J .  M. Hong, and L. L. Chang, Superlatt. 

Microstruct. 8, 171 (1990). 

25. Cli. Neuman, A. Nothe, and N. O. Lipari, Phys. 

Rev. B 37 ,  922 (1988). 

26. A. Fasolino, G.  Platero, M. Potemski, J .  C .  Maan, 

K. Ploog, and G. Weimann, Surface Sci. 267 ,  509 

(1992). 

27. P. Peyla, A. Wasiela, Y. Merle d'Aubigné, D. E. 

Aslieiiford, and B. Lunn, Phys. Rev. B. 47 ,  3783 

(1993). 


