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11% report oii a detailerl analysis of electroiiic R,amail sca.tt,ering result,s in niodulatioii doped 
siiigle qua.iltum mells. We illustrat,e t,liereby lhe great power of tliis t,ecliilique t,o get a 
detailed cllaract8erizat,ion of t,lie elcct,ron de11sit.y dist8ril)utioii a.nd t,he band st,ructure iil doped 
liet~erostructures. We report in particular oii a. receilt observaton, for first time directly by 
spectroscopy,. of tl-ie spin split.ting of t.lie c.oiiduction 1)aiicI of Ga.As due to t . 1 ~  laclí of inversion 

Xilodulation doped st,ructures are of great ii~t~erest, 

for tlie st.uily of t,he quasi-t,~vo-dii-ilciisioiia.1 eltxlroii gas 

(2DEG), i11 botli t,ra.nsport aiid opt,ical experiment,s IJe- 

ca.use o i  tl-ic liigli imobility acliicvecl 133' sep;irat,irig t,lic 

electroiis from t . 1 ~  ionized cloiiors. Xiiioi~g t,hese stud- 

ies: a Ixgc amouiit. of worlí lias I~ceii devot.ec1 to oiie 

sitle mocl~~lit,ioil doped siiigle qiiailt,un-i wells. Tliis sys- 

t,em a p p e x s  very promisiilg for spect,roscopic prol~es of 

the integer aiid fractional cluanturi-i Hall effect.~ 11y opti- 

cal iileasurt:meiit,s under quaiit,izii~g rna.giietic fielrl['-4. 

On the  otl er h m d ,  elect,ronic Ramail sca.t,t,cring is a 

ponwful tcol to probe electronic excita.tioils, botli col- 

lect.ive aiid siiigle-partiele! occuriiig iii a ZDEC4. Sliis 

was first s ~ g g e s t e d  by Bursteiii el. a.l.~'] mel ha.s sirice 

heeii estençively dernonstrat,ed[". h4oreovtir. in t,he 

baclíscatt,criiig setkup, we cai1 cliailge t,lie wn7evect,or 

ii-i tlie plaiw of t,lie 2DEG by simply rotat,iiig Lhe saiil- 

ple rela.tive to tlie fixcd incident liglit wa.vc vector. Tliis 

provides a ~iiliqiie possihility to cletermiile t,lie disper- 

sioii of tlie.je excita.tioils a.nd t,o ext,ra.ct, t,l-ie subbarid 

structure ar: well as tllie electron densit,y iii modulat,ioii 

doped stru< ture~[" '~I .  More recently, t lie observat,ion, 

i11 tliffererit polari~at~ion coi~figurat,ions, of dist.inct spin- 

deiisity ailc single-particle excit.at,ioils, i11 adclitioil t,o 

cliarge-density waves, opeiied t>lie n7ay t,o ai1 iiidepen- 

deiit measure of botli direct and excliniige-cori.ela.tioil 

*hv i t cc l  t z l k .  

Coolorill~ iiiteractioiis of the e lec t~on ga.s[12-14]. 

Iii t.liis coininuiiicatioii, we will illustrate these pos- 

sibilit.ies t,lirougli tl-ie preseiit,atioil of a wl-iole set of elec- 

troiiic Ra.iilaii scatt,eriilg resiilts on 180 A tliick GaAs 

singlc cluailt,um weIls claded between GaAlAs barrieis. 

Modrila.tioii dopiiig is obtained from a Si localized dop- 

iilg i i i  tlie upper barrier oilly. This results i11 an  asym- 

rrictric potentkl  profile due to the self-coilsistent elec- 

t>ric field. Moreover, due to tlie thin spacer ( I O O ~ ~ ) ,  

tlie typica.1 electron density lies above 1.0 x 1012cm-2 

11ut. tlic Fernli energy reniaiiis below the bottom E2 of 

tlie second subband. \$'e will present Raman scattering 

resultas oii intersubband n.nd intrasubband transitions 

110th witli single part,icle and collective character on 

t,lie sai]-ie sa.mple. From tlieir in-plane dispersion and 

liiie-sliape! we extract determinations of tl-ie electron 

t:leiisit,y, tlie 11a.nd structure and the lifetime of tlie in- 

volver1 stlates["'ll]. 1% will i11 particular report on our 

receiit first spectroscopic 011serva.tion of tlie spin split- 

ting of tlie GaAs conduction band because of the lack 

o i  iriversioi~ syinmetry[lO]. A11 Rama11 scattering exper- 

iincnts are done a t  licluicl Helium temperature (1.8 K )  

aiid uiirler close eiiergy resoilailce witli the f ~ n d a m e n t ~ a l  

energy ga.p. 

Fig. 1 slioms electroilic iiit,ersubbaiid Raman spec- 

1x3. i11 pa.ra.lle1 (pola.rized spectra.) a.nc1 crossed (depolar- 

ized spect,ra.) polarizat,ioiis respectively, for severa1 dif- 

fercilt Ramaii in-plane rvave vectors q. Due to  the sym- 
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Figure I: Electroiiic Raiiiaii scat,t,eriiig spectra obtained 
witli a resonance laser energy of 1.64 eV aiid at. puriipetl 
liquid I-Ie temperatiire (1.810. Tlie left. side of tlie figure 
sliows collective (CDW and SD'i17) aiid iiidioidiial (SPL) iii- 
lersubbaiid excitations of the 2DEG for a very sinal1 Raman 
in-plane wavevector: wliile t.lie riglit side exliibits tlie same 
excitations at Iarger q. 

inetry of the va.lence baiicl statcs iii Ga.As, Raiilaii cioss- 

sections, due to  virtual iiiterba.iid processes, in crossed 

(respeclively parailel) polarizatioli h a . ~  becii s h o ~ i i [ ' ~ ~  

to be related to spin-clensity (respcct,ively cha.rge deil- 

sity) mechaiiisii~s. Oiie thus obscrves in parallel (re- 

spectively crossed) pola.rizat.ion collective cliaigc den- 

sity wa.ves (CDW) and spin density waves (SDJI') oc- 

curing in tlie 2DEG. In strong rcsonance conclit.ions, 

oiie also observes, in botli polarizations! a. broa.der band 

of single particle excitations (SPE), with an  intensity 

coinparahle to  the collective ones: contrary t,o tlie tlie- 

oretical prediction of complete screening. Though the 

origin of this observation is not yet fully undeistood, 

i t  appears to  be very uscful: the S P E  ba.ntl indeecl 

peaks a t  the ba.re intersubbaiid energy E2 - E1 of 

t,he cloped struct,ure (this is oiily st,rict,ly true when 

assuming tlie same parabolic dispeision for 11ot~h sub- 

bands). Oii our sample we ca.n t,liereby extract ali accii- 

rate determiiia.tion of tlie subba.nc1 separalio11 (49nieV) 

in good agreerneiit wit,h the est,iniation clediicetl from 

lumiiies~ence[~ '1 (48111eV). hloreover t,liis hand displays 

a specific beliavior as a funct,ioii of cl. Uiilike t,lie CDW 

and SDW: wliicli remain approximatively unchangecl, 

the S P E  barid is strongly bioaclened with increa.siiig 

Ramaii in-plane wave vector accorcling to  tlie clensity 

of intersubband transitions. 

Tliis is schematized on Fig. 2 in wliicli wc sliow tlie 

Figure 2: Scliernatic geornetrical determination of the SPE 
Ranian signal for tlirce clifferent band filling situations. 

2D Fermi disk as~ocia t~ed to  tlie initial and final bands 

rcspectively for t,hree clifferent ca.ses: a) t,he seconcl sub- 

band is empty as in the sample discussed in this com- 

munica.tion, b) it is par th l ly  filled a.nd c) the density 

is tlie same in 110th sribbands, a situation wliich ap- 

plies t,o iiltrasubbaiicl transit,ions. Tlie final st,ate Ferilii 

disk lias becn shift.ec1 by -V t,o account for tlie Ra- 

1iia.n wavevect,or transfer. As the Ramali sliift ainounts 
4 

t,o npproxiiuately fi.". k / m *  when assuming q << li., 

tlic horizoiital sede of Lhe figure cai1 be directly traris- 

formecl irito ai1 energy scale. Tlie Ra.man signal for eacli 

case is tlien grapliically decluced from tlie length of the 

equi-energy lines inside tlie initial and outside the final 

Fermi clis1;s. In ca.se a ,  thc S P E  signal appears as a. 

broad band ext,ending between two cut,-off frequencies, 

shifted by -fiquF a.nd -/-hqvp from the E2 - E1 en- 

ergy re~pect~ively. Tlie corresponding dispersion curve 

is sliown in Fig.3 and compared to tlie experimental 

dispersion. The  slope of t,lie S P E  dispersion reflects t.he 

electron clensity iii Ei. However the accuracy of this de- 

tmmination is limited due to t,he intrinsic broadening of 

tlie transitioiis (2meV). This quantity reflects the life- 

time of 110th initial and fina.1 states. Energy-dependent 

values me needed to correct,ly fit tlie S P E  1inesha.pe a t  

evexy in-phae  wavevect,or[l '1. 

Tlie CDW and SDiV lines are not strongly disper- 

sive and,  due t,o the la.rge electroii density, they are 

well separatcd from t,lie SPE band (see Fig. 1 and 

3).  Thus oiie is able to  accurately determine their en- 

ergies, a,nd t,o deduce the electron density. Using a 

RPA calculation based on self-consistently determined 

wavefui~ctioris[~~~"],  we deduce from the CDW energy 

a.ii electioii density of 1.3 x 1012cni-2. With  this value, 
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Figiirc 3: I~ispersion curve of t,lie collective (CDW and 
SDW) aiitl iridivitliial (SPE) intersubband escit,aí.ions of tlie 
2DEG; tlcdii:ctl from Raman sca!t.eriiig experiinents as a 

fiiiict,ion of q 'The vert,ical lines are t,lie widt,li a t  Iialf inaxi- 
mnin of thc SPE line and tlie soliJ lines calculatetl tlispersioii 
curves. 
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one niay exxact  from self-consistent, subbancls calcu- 

latioils tlie ,~otent ia l  profile of tlie st,ruct.ure a.nd tlie 

sulibaiicls energies. Tlie ca.lculated value of tlie El to 

Cz intersubband eilergy obtained by tliis proceclure is ir1 

very good agreement with experimental va.lues provided 

by PL a.nd P.,aman measurenients. Moreo\wx. from t,he 

experimental SPE, CDW and SD\lr lines, one ma.y ex- 

tract ai1 expi:rimental cleterminat,ioii of the direct ancl 

exchaiige-cor-ela.tioii Coulomb intera.ction in quasi-two- 

dinieiisional t:lectron gases ancl compare t h m  to differ- 

ent  rnodels 01' these quailtit,ies[lL-l"]. 

Let us i l o ~  turn t,o tjlie a~ialysis of t,lie intrasubbancl 

electronic transit,ioix. Tlie corresponding Rama11 spec- 

t r a  are sliowii on Fig. 4 for several in-plane wavevectors 

i11 hoth polarization configurations. As we alreacly ex- 

plained for tl-e i~itersubband ones: SPE ancl collective 

excit,ations c:,n he olxerved simultaneously a t  strong 

resonance. Tlie low energy part of Lhe spectra iii both 

poIarizat,ioils is attributed to SPE band. I t  extends 

from zero to a nia.ximum energy +hqr/~. .  However, coii- 
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Figure 4: Electronic Raman scattering spectra on intrasub- 
bantl excitations in parallel (left-side) and crossed (right 
sitle) polarizatioris for several in-plane wavevector. 

Figure 5: Schematic representation of the states partici- 
pating to the intrasubband Raman process (thick hatched 
siirface) arnong the occupied ones in the Fermi sea (thin 
liatchecl). 
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Figure G:  Sc1iemat.i~ representat.ioil of tlic differeilt j~ossibie iiitrasiibbaiid t,raiisit,ioiis arid tlie correspoiiding calciilated dis- 
persioii curves: also iiicliidiiig t . 1 ~  plasirioii oiie. X coiripariso~i is inacle rvit,li t,lic expcrimeiit,al dispersioiis. 

trary t,o the iiitersu1)ba.ncl case: it ie f l~cts  t,lie tlensity 

of traiisitions bet,ween t,~vo occ~ipiecl sulibands: E i  aiid 

El.  Due to tlie fim1 stat,e occupation, antl becaiise t,lie 

Ramari ivavevector is iisually mucli sinaller t li:in k F :  i .11~ 

only initial states whicli ca.n pa.rticipa.t,e in i.lie Raina.11 

process (see F i g . 2 ~  and 5) are verg dose t,o t.lie Ferini 

leve1 and their in-plane wavevect,or is orient,ed along cl. 

Due to this rest,rictioii, lhe 1-la.ina.n liiie slmpe is im:ll 

pealíed around + l i q i / ~ .  Moreovcr, t.he IiSet,iine hrorid- 

eiling is very sma,ll for Iliese transitioiis (< 0.2172eV) i.e. 

t,en times less tliail for iiltersubba.~id t,raiisitioiis. Tliis 

is a further indicat,ioil tliat this broadeiiiiig iiidecd sig- 

iiificantly clepends oii tlie erieigy of t,lic iiivolvecl st,a.t,es. 

Tlianks to  t2hese fea.t,iires! tlic tlet,erii-iination of t,hc in- 

trasubband SPE dispersion pro~icles ali a.ccurate test, 

of tl-ie 21) clia.ract,er of the iiivolvecl s h t e s  (1iiiea.r clis- 

persioii) and ai1 accura.t,e clct,crrninat~io~i of the elect,ron 

density. h value of 1.3 x 10'"rii2 is decluced from t,he 

parallel spectra. 

Moreover the Ramari l h e  shape is pe.rticiila.rly sen- - 
sitive to tlie detail of the ba.iid stmctiire a.round kF ,$ 
nrliich mias up to now assuiiied parabolic aiid cloubly 

spin-degenerate. This appea.rs in our spectra tlirougli a 

split.ting of the SPE I m l c l  i11 crossed polarization. This 

split,t,iiig reflect,s a very small, generally neglected effect 

in t.he ba.iic1 structure of Ga.As: tlie additioniial spin 

~pli t~tir ig due to spiii-orl~it interaction in crystals wit,h- 

out. inversion ~ ~ n i i n e t r y [ ~ ~ ] .  Taking into account this 

split,ting ancl tlie Raman select,ion rule, we indeed pre- 

clict (see Fig. 6)  the observat.ion of a single SPE ba.iid 

iii pxallcl  poIa.rizat,ion, wit,h a cut-ofT energy hyvFj and 

tmo SPE baiids in crossed polariza.tioi1 with the saiiie 

wa.ve\~ect,or depencleilce but sliifted from tlie previous 

one by respectively + A E  and -AE, wliere A E  is the 

splitrt,iilg a.t. trhe Fermi ivavevect,or i11 the direction of < 
Tliese predictions are in perfect qualitative agree- 

meiit irit,li tlie experimeiit.al (lispersion (see Fig. 6) 
antl provicle trile first clirect. nieasure of the spin 

split,ting (0.38 ineV). This coilt,rasts with tlie previ- 

ous iiidirect cleterininations deduced from polarization 

~iieasurernents[~"]: iii tliese experiments, t,he splittiiig 

was assuii~ed to  be negligible with respect to leve1 

broadening and the adclitional spin orbit eRect was esti- 

ina.tecl from t,lie inducecl precession of the electron spin 

i11 tlie concluction ba.iicl. The same niechailism was also 

iiivolved i11 tlie receiii. spin-split,ting determimtion from 
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I+,iire 7: Cpiii-split,t.iiig calciilatetl aloiig [lO] aiid [I 11 tlircc- 
f.ioiis as a fiiiictioii of tlie saniplc pa.ra.iriet,er r;/kil. 

anti-wca1;-1oca.lizatioii st,uclics in ir~a.giiet.ocoiid~~ctlailce 

expcr i i i i e i~d '~ ] .  111  OU^ 1iaiiia.n esperinie~it ,~ wc are ahle 

to 1ncasiii.t: t,lie splittiiig bcw~ust: of tlic specific fixliires 

of Rainaii scatt.eriiig 1 ~ y  int ra-s~~bhaii t l  SI'E cscit.atioiis 

wl-iicli nre previo~islg empliasizetl a.iicl I~ecause n7e are 

stiitlying i-~ocliila.tioii clopetl lit't.t:i.ost,riictures. Tliis iii- 

decd allows to ohtaiii large doping conceiitratioiis, niicl 

t,liiis large ;;plittiiigs ( A E  cx k f  ), n?it,li Iiigll mol~ilities at, 

low tc:mpe .ature! and t.lius wea.k liiie 1,i'o;i.clciiiiig of t-lie 

transitions. \T?e compare t,his accura1,e cleteriiliiiat.ion 

witli models of t,lie spin splitting in ~ietc~rost.ructurcs["]. 

Oiir experimeiltal value is iii goocl agreeiiieiit. witli t.he 

predict,t:d m e  averaged ovcr t.lie iii-planc? direct,ioiis, 

thiis proii(1iiig a frirtlier siipport. t,o t.lie descriptioii of 

this split,t,i ig  in I->ull< Ga.As in t,criiis of an atlditional 

q>iri-or1)it. coupling of t,lic coiiductioii baiicl irritl~ t.lie 

liigher ene.,gy aliti-boiitling l~-stat~es['"]. Ilon.evei. 2D 

moclcls predict a large aiiisotropy of t,he spin split.t.ing: 

whicli niorcover strongly tlepencls on t.lie corifinemtiiit. 

iv:i\w7c.ct,or t iS =< A:: > ["'I. l 'liis is illiisí~aterl o11 

Fig.7 wlierc Te  sliow t,lie depeiiclence of tli(i splittt.ing 

onto tlie ia.50 c / k l l .  Tl~eq~l i t t~ i i ig '  coi~t~iiiuously evolves 

froin a 3D situat,ion for va.iiishiiig viilim of t,lie ratio 

to~va.rds LI :!D oiie a t  l x g c  /i. Iii t.lie formei' case t,lie 

splitting morcover is proport,ioiina.l t1o kll \vliilc it. mrics 

linearlg wil. i kll in tlie 2D limit. Ia I~ct~~veen,, various sit~- 

uatioiis appear with a. split,t,iilg a!ong [ l u ]  eitlier siiia1l~:r 

or larger tli in aloiig [ll]. A syst,einatic sludy as a fuiic- 

t,ion of t ; / k l  and of the wa\-cvectoi or ie i i tdoi i  is t,licre- 

fore of g r e ~ . t  iiiterest 1.0 probe t.lie 2D iiiodels of t,liis 

effect,. 
? .  
Iht: t1el:endeiice on thc n7avevector iria.giiit,iide can 

be prol~ed I I ~  Rama11 scat.t.eriiig citlier on cliflimmt, s m -  

ples with t,lie same parametcrs (isccpt. tlie elect,roii den- 

sity or! mole acciirat,ely, 11y t,hc applicatioii of i1.n clec- 
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F'iguic 8: Lkpolarized intrasiil>baiid Raniaii spectra for tlie 
sariic iii-plane wavevector orieiited along tliree different di- 
rect,ioiis i11 tlie laycr plane. 

tric fi(:ltl oiit,o the electron gas using a Schottky con- 

ta.ct to clq~let~e tlie eIectsron channel. The effect of the 

wa.vevect,or orientatioii can he more easily investigated 

b y  turni~ig  tlie sa.inplc n~itli respect to the s d t e r i n g  

wave\-ect,or direction. Tllis allows to  select a given di- 

rect,ion to be probed in the Ferini sea as shown on Fig. 

2 rind 5. Some preliminary results on tlie saine sample 

are slionw oii Fig.8 [20]. Cont,ra.ry t,o the predictions 

illustrated on Fig.7: we observe a moderat,e anisotropy 

whicli inalics us supect some deficiency in t,he 2D exten- 

siori. Furlher experiinents on the angular and density 

depeiitlence of the sp l i t t hg  a.re in progress and should 

briiig soine iiew lig11t oiito this problem. 

111 concIiision~ we illustrated the great power of elec- 

honic 1ta.inan sca.tt.ering t,o probe inodulat.ion doped 

clua.iitiiin \~rt>lls aiid to obtaiii thereby nove1 information 

a l~ou i .  tlie band struct,ure of GaAs ancl about many 

I~otly eífect,s at low climeiision. The work reported 

iii tliis conliilunicatioii lias greatly heiiefited from the 

collahora.t,ioii for saniple preparation and characteriza- 

t,ioii. optical experiments, t,heoretical a.nalysis anci dis- 
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