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A rev iew on selected areas of researc h on low -di mensiona l str uctures con-

sistin g of diluted magnetic (semimagnetic ) semiconductors is attem pted . I n
the intro ductor y part , af ter short historica l prelimi nari es, w e descri be some
early ideas and speculati ons concerning prop erties of such structures and w e
conf ront them w ith real results obtained in the course of their exp erimental

investigations. Several issues are addressed to but, in view of the richness of
the Ùeld, the review is by no means not pretending to be an exhaustiv e one.
W e begin w ith early studies of metal {insul ator{s emico ndu ctor structures

and progress to structures grow n by molecula r b eam epitaxy . W e discuss, in
particular, the idea of a spin superlattice, typ e-I-to- typ e-I I transition, wave
functions mapping, and detailed determinati on of the proÙles of realisti c
quantum w ells. W e put special emphasis on digital grow th and, speciÙcall y,

parab oli c and half -parab oli c quantum w ells, use of tunable g-factor in studies
of trions, self-assembled quantum dots, spin inj ection and, Ùnally, on hybrid
structures of ferromagnets and diluted magnetic semiconductor structures.
T he focus of the present pap er is on w ork done in the Institute of Physics

of the Polish A cademy of Sciences, mostly in the Lab oratory of Grow th and
Physics of Low -Dimensional C rystals.

PACS numb ers: 78.20.{e, 78.67. {n, 75.70. {i

1. I n t r oduct io n an d sco p e

D i luted m agneti c semiconducto rs (D MSs), kno wn also as semim agneti c semi-
conducto rs (the term coined by R.R. Ga¤̈ zka in the Insti tute of Physi cs of the
Pol ish Aca demy of Sciences at the end of the seventi es and used unti l now as fre-
quentl y as the form er one) are studi ed for m ore tha n twent y years [1{ 5]. Basical ly
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the term appl ies to semiconducti ng sol id soluti ons in whi ch one of cati on com po-
nents is substi tuted by a m agneti cal ly acti ve species. Ori ginal ly, the nam edenoted
m ostl y I I{ VI compounds wi th a fracti on of cati ons substi tuted by m anganese.
La ter, the numb er of compounds incl uded into the DMS fam ily has expanded and
now i t encom passesa wi de num ber of compounds : II{ VIs, I I I{ Vs, IV{ VIs, I I{ Vs,
etc. , wi th m any m agneti c cati ons intro duced into thei r respecti ve latti ces: Mn,
Co , Cr, V, Fe, Eu, etc. Som e very early work has been done in W arsaw and i ts
descripti on can be found in the revi ews quoted above. Ini ti al moti vati on for the
early interest wa s vari ed: i t ori ginated pri m ari ly in an intenti on to study an inter-
acti on of magneti c and \ semiconducti ng" properti es of materi als, but i t stem med
also f rom an extra ordi nari ly high electron m obi li ty observed in Hg Mn T e by Mo r-
ri ssy [6] and then, m ore speciÙcal ly, from, has later become kno wn as the giant
spi n spl i tti ng, observed in CdMnT e [7, 8] and ZnMnT e [9]. Apa rt from these m o-
ti vati ons, in the course of investigatio ns underta ken, there appeared a spectrum
of interesti ng phenomena tha t singled out di luted magneti c semiconducto rs as a
di stinct and uni que group of m ateri als. The most interesti ng feature of the physi cs
of DMS ari ses, of course, from the intera cti on between conducti on and/ or valence
electrons wi th the m agneti c com ponent vi a the spin-dependent s p À d intera cti on.
The l i tera ture devoted to these m ateri als is vast and covers m any subjects ranging
from thei r m agneti c properti es, latti ce properti es, electro n tra nsport pro perti es,
and opti cal and magneto opti cal properti es. At the beginni ng of the eighti es, nearl y
para l lel wi th bi rth of D MS physi cs, the semiconducto r research wo rldwi de became
fascinated, and subsequentl y dominated, by studi es of low-dim ensional structures
such as quantum wells and superlatti ces (to pro ve thi s statement one can have
a look into proceedings of the School held in N ±̂m es in 1979 [10] where one of
the Ùrst com prehensi ve papers on DMS was publ ished by R .R . Ga¤̈ zka and the
present autho r and i t appeared nearly back- to -back wi th the seminal arti cle of
L. Esaki on semiconducto r superlatti ces). Al ready in the mid-eighti es an ẽ o rt
wa s m ade to bri dge the gap between these two branches of semiconducto r physi cs
[11{ 14] and Ùrst ideas app eared of low- dimensional structures inv olvi ng com po-
nents made of D MS. Mo re im porta ntl y, in the sam e period of ti m e Ùrst attem pts
to grow such structures by molecular beam epita xy were underta ken, m ostl y in
the Uni ted States [15, 16]. These e˜o rts were closely connected to an, now mostl y
abandoned, e˜o rt of constructi ng work able bl ue emi tti ng laser made of I I{ VI m a-
teri als wi th the m agneti c aspect of the physi cs pl ayi ng a less im porta nt ro le in thi s
pro gram [17{ 19].

Thi s paper is not an ordi nary revi ew paper. Its aim is to describe a devel -
opm ent of low-di mensional DMS program in the Insti tute of Physi cs of the Pol ish
Aca dem y of Sciences in W arsaw. Even wi th thi s di sclaimer there are noti ceable
om issions in the paper. They are m ade because of the lack of space as well as be-
cause of lack of exp erience of the autho r in these special ized Ùelds. These omissions
incl ude, for instance, structures of I I I{ V ferromagneti c D MS whi ch recentl y have
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attra cted considerable attenti on in vi ew of the pro spect of thei r appl icati ons in
future spintro nics or even more rem ote quantum com puta ti ons [20]. Sim i larl y, no
covera ge is made of a fascinati ng subj ect of magneti c interl ayer coupl ing in super-
latti cesconsi sting of II{ VI or of IV{ VI consti tuents [21{ 23]. In other words, the pa-
per concentra tes on II{ VI- based di luted m agneti c semiconducto r low- dimensional
quantum structures fabri cated and studi ed m ostly in W arsaw.

Mo st of the low-di mensional systems inv olving D MS are now prepared wi th
the use of molecular beam epi ta xy [24]. However, the earl iest reports were de-
vo ted to pro perti es of quasi-tw o-di mensional electron gas in such system s tha t
were form ed ei ther in metal { insul ato r{ semiconducto r (MIS) devi ces [25] | see
Fi g. 1 | or natura l ly occurri ng at the grain boundari es exi sting in crysta ls grown
by the Bri dgm an m etho d. In the form er case a thi n insul ator deposited on the

Fig. 1. (a) Schematic representation of a metal{in sulator{semi conducto r (semiconduc-

tor, in this example, b eing p -typ e diluted magnetic semiconductor H g1 À x Mn x Te, as in

[25]) structure ; (b) the conduction ( E c ) and valence (E v ) band edge proÙles in MI S

structure show ing a band bending in the surf ace region and formation of the n -typ e in-

version region with the Fermi level E F lo cated above the conduction band edge; (c) tw o

low est electron levels (edges of electric subbands) quanti zed by spatial conÙnement in

an e˜ective potential well w ith approximately triangul ar proÙle in the inversion layer.

surf ace of as grown, natura l ly p - typ e Hg 1 À x Mn x T e (wi th Mn content corresp ond-
ing to a smal l but open-gap orderi ng of the À 6 conducti on and the À 8 valence
band edges). As an insul ato r a thi n Myl ar Ùlm or a layer of a special lacquer were
used, on to p of whi ch a meta l lic gate electro de was further deposited (see Fi g. 1a).
The structure s m ade wi th the Myl ar Ùlm pro ved to be di£ cul t to fabri cate in a
contro l led and repeata bl e way. As in al l MIS devi ces, a gate vol ta ge of a pro per
polari ty (a ttra cti ng electro ns to the gate) leads to an inversion of the conducti vi ty
of the charge carri ers at the surf ace of the semiconducto r by bending the bands
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in such a way tha t the Ferm i level wa s shif ted below the conducti on band edge
(see Fi g. 1b). Under such condi ti ons an asym metri c, appro xi m atel y tri angul ar po-
tenti al well is form ed whi ch can quanti ze spati al ly the moti on of electro ns in the
z -di recti on (ta ken as the di recti on perpendicular to the surface of the semiconduc-
to r). Soluti ons of a correspondi ng one-dim ensional Schr �odinger equati on can be
expressed in term s of the Ai ry functi ons [26] and the corresp ondi ng eigenenergies
are known as the electri c subba nds. The presence of Mn ions in MIS devi ces made
of D MS materi als leads to a strong modi Ùcati on of the spin spli tti ng characteri s-
ti c of D MS (see below). These features were clearly observed in experim ents on
Shubni kov{ de Ha as oscil lati ons of the conducti vi ty in [27] in thei r MIS structures.
No to rious insta bi l i ti es present in tho se structure s (b oth duri ng thei r prepa rati on
and duri ng thei r operati on) m ade studi es of the two -dim ensional electron gas ac-
cum ulated at gra in bounda ries parti cul arl y attra cti ve. The ori gin of the spati al
conÙnement of the carri ers in the vi cini ty of the gra in bounda ries wa s pro babl y
due to sheets of charge impuri ti esdecorati ng these bounda ries. These charges gave
ri se to a, thi s ti me sym metri c, in approxi mati on, tri angular potenti al . The resul tant
quasi-two- di mensional electro n gas possesseda superior mobil i t y compared to tha t
in MIS devi ces m ade of D MS and, theref ore, the Shubni ko v{ de Haas exp eriments
were parti cul arly cl ean and m eaningful in the form er systems. The disadvantag e
of the structures wi th gra in bounda ries was tha t it was hardl y possible to vary the
concentra ti on of the quasi- two- dimensional electron gas and, theref ore, inÛuence
the occupati on of the electri c subba nds. Al so conta cti ng these regions electri cal ly
in a rel iabl e way wa s not an easy ta sk.

For these reasons i t becam e desirabl e to develop m etho ds of fabri cati on of
thi n Ùlm structures m ade of D MS and thei r subsequent doping (pref erably m od-
ul ati on doping) by one of the growth m etho ds tha t al ready were kno wn to be
successful in pro duci ng good qual ity quantum wells and superlatti ce structures
of vari ous semiconducto rs, i .e., either by m olecul ar beam epi taxy (MBE) or m et-
alorgani c chemical vapor depositi on (MOCVD ). The Ùrst metho d wa s pref erable
because of i ts greater versati l it y (the question of a thro ughput was not a deciding
issue at the ini ti al stage of research). W i th appl icati on of the MBE m etho d var-
ious structure s of I I{ VI di luted magneti c semiconducto rs soon becam e avai lable
(f or ref erences on early research on quantum structures of D MS see, e.g. [11]) and
extensi vel y studi ed. It quickl y becam e evi dent tha t thi s parti cul ar growth metho d
can produce m ateri als otherwi se not possible to achi eve by other techni ques, e.g.,
cubi c MnT e (as opposed to \ norm al" MnT e wi th Ni As crysta l structure) or cubi c
CdSe (whi ch norm al ly crysta l l ized in the wurtzi te structure). Al so the e£ ciency
of doping, both n - typ e and p - typ e, could be achieved to up- to - then unprecedented
levels [28, 29]. Mo re importa ntly , i t becam e clear tha t incorporati on of DMS m a-
teri als into low-di mensional structure coul d lead to a weal th of new phenom ena
interesti ng from both basics physi cs point of vi ew and thei r potenti al for appl ica-
ti ons [12, 14].
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In the Insti tute of Physi cs of the Pol ish Aca dem y of Sciences a radical change
to ok pl ace only in 1993 where a smal l MBE system (m odel 620 made by, then, EPI)
wa s insta l led. The system has six e˜usi on cell ports (at present also the centra l
vi ew port, ori gina lly intended for pyro metri c tem perature measurements, is also
used as a materi al source port accomm odati ng a special cell equipped wi th i ts own
interna l shutter). On the other hand, i t is possible to load up to six molybl ocks at
one ti m e(see Fi g. 2), thus shorteni ng the ti m enecessary for ini ti al pum p down, and
considerably speeding up the work. The system ini ti al ly conÙgured for depositi on
of CdT e, ZnT e, MnT e (and, of course, thei r terna ry and quaterna ry com pounds)
has been now used to grow also Mg T e-conta ining m ateri als [30], experim ents were
m ade wi th Cr as the m agneti cally acti ve ingredient [31], as well as extensi ve studi es
of the doping of these materi als wi th indi um and iodine (f or n -typ e) and, m ore
recentl y wi th ni tro gen (f or p - typ econducti on). In parti cular, modulati on dopi ng of
CdT e/ CdMg Te quantum wells resulted in structures wi th two- dimensional electron
gas di splayi ng the hi ghest m obi l it y achi eved so far. W i th modi Ùcati ons intro duced
over the years the system was successful ly used for growth of so-cal led digi ta l
al loys and uni que and very useful wedge- or step-struc tures [32].

Fig. 2. Loading a molyblo ck with a piece of GaA s substrate to the intro ductory cham-

b er of EPI 620 M BE system.

In the fol lowing text, after intro duci ng som e basic inform ati on about di -
luted m agneti c semiconducto rs, we wi l l menti on som e of the work done in the
Insti tute of Physi cs stressing whi ch of the ini ti al ly dream ed of pro perti es of D MS
low- dimensional quantum structures were realized in fact, and whi ch were either
di sproved or sti l l remain in the realm of speculati ons.
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2. Bas ics of d i l u ted m agn et ic sem ico n duct ors

The archetypa l DMS materi al , Cd 1 À x Mn x Te, increasesi ts band gap at the À

point of the Bri l louin zone up on addi ti on of substi tuti onal Mn nearl y l inearly wi th
the molar fracti on x f rom i ts value of about 1.6 eV in CdT eat helium tem peratures
to about 3.2 eV in cubi c MnT e (at the earl y stages cal led \ hyp otheti cal" m ateri a l,
see later in thi s paper). Incl usi on of Mn does not only result in thi s e˜ect. The most
di stinct feature is appearance of a stro ng s À d and p À d intera cti on between the
conducti on and, respectivel y, valence electrons wi th tho se strongly local ized on the
hal f-Ùlled shell of substi tuti onal Mn ions. Thi s intera cti on is spin-dependent and
m akes i tsel f parti cul arl y clearl y observable upon appl icati on of an externa l m ag-
neti c Ùeld. In a nutshel l , i t leads to a m odi Ùcati on (usua l ly, a stro ng enhancement)
of the spin spli tti ng. The g -factors describing thi s enhanced spli tti ng acqui re an
e˜ecti ve addi ti onal term whi ch can be shown, in the mean Ùeld and vi rtua l crysta l
appro xi m atio ns, to be pro porti onal to the macro scopic m agneti zati on appearing
due to polari zati on of magneti c m om ents local ized on Mn sites

g e˜ = g Ê + J s p À d

M

ñ B B
; (1)

where g stands for the usual g -f actor of ei ther electro ns or holes (ori ginati ng,
pri mari ly, in the spi n{ orbi t intera cti on in the host m ateri al ), M i s the magneti -
zati on, B | an externa l m agneti c Ùeld, ñ being the Bohr magneto n and J

| the intera cti on proporti onal i ty constant (tra di ti onally denoted by ˜ in the case
of sÀ d intera cti on involvi ng conducti on electro ns, and by Ù | in the case of p À d

intera cti on invol ving valence band holes). The magnitude of J i s such in the
m ateri als in questi on tha t the second term in Eq. (1) can easily be greater tha n
the Ùrst one. It depends on the m agneti c Ùeld and on the tem perature tha t both
determ ine the magneti zati on. In crysta ls where the inter- Mn exchange intera cti ons
is signi Ùcant, i .e., where the m olar fracti on x i s large enough for pai rs and larger
Mn clusters to be probable to occur, these intera cti ons (whi ch are anti ferrom ag-
neti c I I{ VI D MSs) can reduce the m agni tude of the m agneti zati on. In other words,
the m utua l cancellati on of the m agneti c mom ents in an intera cti ng pai r of nearest
neighbori ng pai rs can wi n over an increased density of the m agneti c mom ents.
As a resul t the sp À d exchange contri buti on to the electron and/ or hole g -factor
can be also reduced. \ Opti m um" condi ti ons (i .e., corresp ondi ng to the maxi mum
of the m agneti zati on at a given temperature and a given m agneti c Ùeld) can be
usual ly f ound in a neighborho od of x = 0 : 1 { 0.15.

Let us stress here tha t in order f or the exchange contri buti on to the spin
spl itti ng of the conducti on electrons and of the valence band holes in I I{ VI di -
luted magneti c semiconducto rs i t is necessary to apply an externa l m agneti c Ùeld.
Usual ly low tem peratures also are equal ly vi ta l since the m agneti zati on at elevated
tem perature condi ti ons is negl igibly smal l. It is related to the fact tha t these sub-
stances are either paramagneti c (for low values of the m olar fracti on x ) or form , at
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su£ cientl y low tem peratures, a spin-glassy or anti ferrom agneti c state | for higher
values of x | for whi ch the m acroscopic magneti zati on vani shesin the absence of
the Ùeld. Thi s is a considerabl e drawba ck of these materi als i f one has in mind thei r
appl icati ons in real istic devi ces since the need of appl yi ng the m agneti c Ùeld com -
pl icates the design of, say, spi n Ùlters, and also since room tem perature operati on
of such devi ces is a natura l prerequi site. From thi s point of vi ew II I{ V based di -
luted m agneti c semiconducto rs, whi ch are ferrom agneti c at hi gh temperatures [20],
seem at present to be m ore prom ising, however, the oxi de semiconducto rs, in par-
ti cul ar ZnO wi th Mn and special ly wi th Co, are equal ly intensivel y studi ed in thi s
context (as evidenced by a num ber of contri buti ons at a recent interna ti onal con-
ference on I I{ VI compounds in Brem en; pro ceedings to appear in [33]). W i th al l
these reservati ons, D MS made of I I{ VI com pounds conta ining m anganese rem ain
an im porta nt testi ng ground for new ideas and designs.

The existence of the sp À d intera cti ons in D MS m ateri als m ani fest them selves
not onl y as an increased spin spli tti ng in the presence of a magneti c Ùeld. One of
the m ost im porta nt consequences of the sp À d intera cti on, when going beyond the
m ean Ùeld appro xi matio n, is a possibi l ity of form ati on of m agneti c polarons, i .e.,
self- local ized states of a carri er and surro undi ng cloud of m agneti zati on [34{ 37].
Bound (ei ther by donors or acceptors) magneti c polarons were una mbiguously ev-
idenced in three- di mensional D MS sam ples as, e.g., zero-Ùeld spli tti ng observed in
the R aman scatteri ng experim ent [38{ 40]. It turns out tha t of utm ost im porta nce
for the form ati on and stabi l i ty of m agneti c polarons are therm al Ûuctua ti ons of the
m agneti zati on whi ch can be parti cul arly large in vi ew of a Ùnite volum e tha t the
polaron occupies. It is evi dent, theref ore, tha t the reducti on of the dim ensionali t y
of the quantum structure (vi a the spati al conÙnement of the carri ers) can have a
pro found e˜ect on stabi lizati on of the m agneti c polarons [41, 42]. Parentheti cal ly,
the same Ûuctua ti ons of the spi n degree of freedom can contri bute also to the
m odi Ùcati ons of the fundam enta l band gap and, parti cularl y, to i ts tem perature
dependence, however, thi s contri buti on is less pronounced since i t is basical ly a
hi gher order perturba ti on e˜ect [43].

The dependence of the m agneti c polaron bindi ng energy on the dim ension-
al i ty gave rise to hopes of a possibi l i ty of observati on of free magneti c polarons
in low- dim ensional structure s [44] (i t wa s kno wn tha t free m agneti c polarons are
unsta ble in real isti c three- di mensional D MS). Soon, however, i t becam e clear tha t
the m agneti c polarons who se clear opti cal signatures were found in DMS quan-
tum wel ls [45] were due to exci tons tha t were not compl etely free but addi ti onal ly
stabi l ized by Ûuctuati ons of the quantum wel l wi dth. Neverthel ess, the bi nding
energy of m agneti c polarons was found to depend sensiti vely on the wi dth of the
quantum wel l [46] (and, thus, on the e˜ecti ve dim ensionali ty of the system ). In
parti cul ar, in quasi-zero-di mensional quantum dots there are reports of thi s energy
acqui ri ng very large values [47].
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La rge spin spli tti ng of DMS m ateri als is the source of a giant Faraday rota-
ti on e˜ect [48, 40]. Theref ore, one of the appl icati ons of D MS m ateri als wa s to use
them as opti cal isolators in opti cal circui try [49]. Unf ortuna tel y, parti cul arl y large
Faraday rota ti on angles are observed in the spectra l reg ion whi ch is inherentl y
associ ated wi th a stro ng absorpti on of l ight. Thi s f act m akes i t di£ cul t to Ùnd
a reasonabl e tra de-o˜ condi ti ons between the attenua ti on and e˜ecti veness of the
isolato r. The Faraday rota ti on, on the other hand, is exp ected to be even stro nger
in the two- di mensional conÙgura ti on [50]. However, the di £ cul ty m enti oned above
rem ains equal ly restri cti ve and as shown in [51] the hopes of maki ng useful Faraday
isolato rs of quasi-tw o-dim ensional DMS quantum structures rem ain pro blemati c.

The uni que character of DMS materi als as bui lding blocks of quantum struc-
tures is m ost evi dent when com pari ng the typi cal values of the valence and con-
ducti on band o˜set in semiconducto r hetero struct ures wi th possibl e to achi eve
values of the spin spl i tti ng described by Eq. (1). It turns out tha t under exper-
im enta l condi ti ons easily avai labl e in laborato ri es these two quanti ti es can have
comparable m agni tudes wi th the spi n spli tti ng som eti mes exceeding the band gap
di sconti nui t y. Of course, as m enti oned, such a situa ti on does requi re appl icati on
of an externa l m agneti c Ùeld (see Fi g. 3).

Fig. 3. C onduction (C ) and valence ( V ) band edges in a quantum structure made of

diluted magnetic semiconducto r (DMS) barriers, e.g. , C d1 À x Mn x T e, and non- magnetic

(n- DMS) quantum w ell, e.g., C dT e, in the absence (solid line) and in the presence (dotted

and broken lines) for, respectively , spin dow n and spin up states.

Thi s inherent feature of quantum structures m ade of D MS materi als made
vo n Ortenb erg [52] put forwa rd an idea of a spin superlatti ce. Starti ng wi th a
superla tti ce made of non-DMS and D MS sequence of layers (Hg Se and HgMnSe,
in the ori ginal proposal of vo n Ortenb erg), whose band edges in the absence of the
Ùelds wo uld be located at the sam eenergy, and then, by appl yi ng a magneti c Ùeld,
one arri ves at a situa ti on where for a given spin di recti on the carri ers exp erience
ei ther a potenti al maxi mum in the D MS layer and the potenti al minimum (qua n-
tum wel l ) in the non-D MS layers (f or the opposite spin di recti on the m aximum and
the m inimum woul d occur in, respectivel y, non-D MS and D MS layers). As a resul t
one could spati al ly separate carri ers havi ng opposite spins. The idea proved to be
not easy to real ize. Onl y after som e ten years there were two unambig uous reports



Low-Di mensi onal Str uctures . . . 119

on observati on of such spati al separati ons of spins. Thi s was achieved, however not
in mercury- based narrow gap materi als of the ori ginal proposal but in wi de gap
zi nc com pounds [53{ 55].

Cl osely related to the idea of a spin superlatti ce was the noti on of typ e-I- to -
- typ e-I I tra nsiti on induced by a m agneti c Ùeld [56]. In the l i tera ture on quan-
tum wel l structures , the typ e-I structure denotes a quantum wel l design where
both typ es of carri ers (electrons and holes) are local ized in one spati al region
of a hetero struc ture. Conv ersely, typ e-I I hetero struc ture denotes a sequence of
layers resulti ng in the hole local izati on in regions whi ch consti tute barri ers for
the conducti on electrons. Since the spin spli tti ng in D MS materi als can exceed
the (usua lly small) valence band o˜set, a situa ti on is conceivable (f or insta nce in
CdT e/ CdMnT e hetero structur es) tha t the typ e-I design in zero m agneti c Ùeld
becomes (f or one spin di recti on of holes) a typ e-II conÙgurati on wi th associ-
ated sudden decrease in, e.g., pho tolum inescence intensi ty induced by a sudden
Ùeld- induced reducti on of an overl ap of the wa ve functi on of electron and holes.
Una m biguous experim ental evi dence of thi s tra nsiti on also pro ved not to be an
easy ta sk but, Ùnal ly, i t was shown tha t such a tra nsiti on does ta ke pl ace [57, 58].

The exp erimenta l pro ofs of both ideas, the superlatti ce and typ e-I- to -typ e-II
tra nsiti on, rel ied on careful m easurem ents of the rate of the Ùeld- induced shift of
the energy of l ight either emi tted (in photo lum inescence experim ents) or absorb ed
(i n tra nsmission exp eriments) in spati al ly separate regions of a heterostruc ture in
two opposite circul ar polari zati ons. These achievements, in turn, gave a basis for a
concept of spin functi on mappi ng [59{ 61]. Kno wi ng the positi on of a thi n m agneti c
layer in the structure one could measure exp erimenta l ly in a quanti ta tiv e way the
pro babi l ity density of Ùndi ng a carri er in these areas by probing the spin spli tti ng
of exci to ns in tho sestructures . The m agneti c m ark ers in these parti cul ar structures
were very thi n (often below one m onolayer) so tha t the mappi ng in questi on could
be very preci se indeed.

Ano ther useful appl icati on of the large spin-spli tti ng feature in D MS het-
erostructure s was a quanti ta ti ve characteri zati on of qual i ty of the interf aces be-
tween the quantum wel l and quantum barri er regions. For the lack of space we refer
here the reader to comprehensi ve papers summari zing the resul ts of thi s series of
inv estigati ons [62, 63].

W hi le the above exam ples m ight serve as casesof \ success" stori es there are
a num ber of predi cti ons (or speculati ons, as som e pref er to cal l them ) tha t rem ain
to be either real ized or were outri ght dispro ved [12]. One of tho se ideas sti l l to be
pursued is i l lustra ted in Fi g. 4 where a structure resembl ing wha t is now kno wn as
a cascade laser structure is depicted. The use of di luted m agneti c semiconducto r
layer as a com ponent m akes, in pri nci ple, in such structures tha t a tunnel ing
between successive quantum wel ls is spin selective wi th a consequence being tha t
the l ight emitted from such a structure is circul arly polari zed. Let us remark in
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Fig. 4. The conduction band edge proÙle of a quantum structure with DMS quantum

w ells, e.g., Cd1 À x Mn x Te, and non- magnetic barriers, e.g., C d1 À y Mg y Te, x < y , subj ect

to external electric and magnetic Ùelds parallel to the grow th direction. T w o spin- spli t

conÙned electron states are show n in the quantum w ells, together w ith the shallow

donor state (w hich show s only very small spin splittin g, here neglected altogether) in

the barriers. By choosing the quantum w ell w idth and that of the barriers one can satisf y

the relative location of the levels as show n in the Ùgure, enabling series of cascade-li ke

spin- Ûip transitions.

passing tha t the concept of spin-dependent tunnel ing (f or an earl y exp eriments
see, e.g. [64]) has acqui red new importa nce in the concept of spin injecti on (see
below).

One Ùnal rem ark tha t one cannot avoid to m ake: the speculati ons or pre-
di cti ons of interesti ng new features often made use of narrow gap DMS inv olvi ng
m ercury com pounds. These turned out to be di £ cul t to obta in and equal ly di£ -
cul t to interpret. Thi s f act was parti al ly at least connected to an enorm ous e˜o rt
tha t was put in developm ent of growth techni ques of wi de band gap I I{ VI mate-
ri als tha t were to be the materi als for blue lasers, wi th the e˜o rt spent in the area
of narro w gap materi als being somewhat less extensi ve. One can only hope tha t
nowadays a certa in balance is restored [65].

Af ter thi s intro ducto ry part, the rest of the paper very bri eÛy presents the
m ain di recti ons of the di luted m agneti c semiconducto r related research carri ed
out over the period of nearl y eight years of acti vi ty of the Laborato ry of Growth
and Physi cs of Low-D im ensional Crysta ls in the Insti tute of Physi cs of the Pol ish
Aca dem y of Sciences in W arsaw.

3. Be yo n d t h e nat u ral sym m et r y

Epi ta xi al growth techni ques by an appro pri ate selecti on of substra te m a-
teri als and a careful choice of the growth condi ti ons (substra te tem perature and
chemical compositi on of the im ping ing molecular beam s in the case of MBE) enable
fabri cati ons of crysta ls tha t are otherwi se impossible to be obta ined by al terna ti ve
equi l ibri um growth techni ques. In parti cul ar, i t is possibl e to impose the crysta l
sym m etry of a substra te on a Ùlm tha t grows on i ts surf ace. One of the exampl es
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of such possibi l i ti es was successful growth of CdSe in the zinc bl ende form [66]
tha t was funda m enta l ly cruci al to num erous wo rks tha t f ol lowed aiming at ob-
ta ining selenide-based structures for laser diodes emi tti ng in the blue range of the
spectrum . Pri or to thi s achi evement the prev ai l ing opini on wa s skepti cal as far as
use of the selenides (whi ch natura l ly crysta l l ize in the hexa gonal wurtzi te form )
wa s concerned | they seemed to be incompati ble wi th GaAs substra tes tha t were
considered as the substra tes of choice at tha t ti me (and they rem ained such in
m any insta nces unti l to day).

Cubi c, zinc blende form of MnT eis another exam ple of such sym m etry of the
cubi c GaAs substra te being im posed on the grown Ùlm [67{ 69]. The interest in thi s
parti cul ar m ateri al was f urther moti vated by the fact tha t i f grown successful ly i t
wo uld represent one of the very few exampl es of cubi c anti ferrom agneti cal ly cou-
pl ed system s wi th Ùrst nearest neighbor intera cti ons prevai l ing by appro xi matel y
an order of m agni tude over tho se between the next nearest m agneti c neighbors.
Thus it would pro vi de an experim ental m ateri al to test the predi cti ons of Ander-
son [70]. In fact, a who le series of sam ples were grown by MBE of Cd 1 À x Mn x T e
wi th x exceeding 0.66 (whi ch was the l imi t achi eved by other growth techni ques
in the case of bul k crysta ls) and coveri ng the enti re range from x = 0 to x = 1 .
These sampl es were careful ly studi ed from thei r magneti c properti es point of vi ew
[71, 72] and showed tha t a well deÙned border l ine between anti feromagneti cal ly
ordered phase and the spi n-glassy behavi ng phase (wi th i ts characteri stic rem a-
nent m agneti zati on pro perti es) is very di £ cul t to pinp oint, i f i t exists at al l . These
very sampl es were also used in studi es di rected to observati on of magnons, both
by the R aman scatteri ng and neutro n scatteri ng techni ques [73, 74]. As a spin-o˜
of these studi es, i t turned out tha t the predi cti ons tha t cubi c MnT e Ùlms were
structura l ly unsta ble and, after certa in cri ti cal thi ckness was exceeded turned to
thei r \ natura l " hexagonal Ni As form , were not substanti ated. It was possibl e to
grow cubi c MnT e Ùlm s as thi ck as 8 ñ m wi th the pati ence of the MBE system
operato r being the onl y serious l imita ti on. Studi es of structura l and opti cal prop-
erti es of thi s m ateri al pro ved tha t the extra polated values of the crysta l parameter
and energy gap of zinc blende MnT e were fai rly accurate and di d not correspond
to a m erely \ hyp otheti cal " , but qui te real , substa nce.

Growth of cubi c Mg T e and Mg T e-ri ch Cd1 À x Mg x Te terna ri es represented
yet another pro blem. Ab ove, appro xi m atel y, x = 0 : 6 thi s compound is highl y
hyg roscopi c and decom poses quickl y in ai r. Thus some sort of pro tecti ve layer
were necessary in order to m easure, e.g., the latti ce parameter of thi s com pound
series [75].

Mo lecular beam epi taxy wa s also cruci al (a l tho ugh less successful ) in ex-
tendi ng the solubi l ity l im its of tra nsiti on m etal ions other tha n Mn in CdT e or
ZnT e host m atri ces. In parti cul ar, i t was possible to obta in by thi s m etho d crys-
ta ls conta ining up to x = 0 : 0 3 of Cr wi th good opti cal qual i ty tha t m ade possible
exam inati on of thei r reÛectivi ty properti es possible [31].
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4. D i g i tal gr owt h an d p ar ab ol i c qu an t um wel ls

The idea of \ di gi ta l" growth of terna ry alloys [76] pro ved i tsel f to be useful
on several disti nct occasions. In parti cul ar, a preci se pro Ùling of a shape of the
conÙning potenti al of a quantum wel l proved to be possibl ea lso in the case of I I{ VI
m ateri als incl udi ng DMSs. In fact, growth of parabol ic, tra pezoida l, tri angular, and
hal f-parabol ic potenti al has been achieved [77]. The growth of tho se structures
not onl y dem onstra ted ski l ls of MBE operato rs but m ade possible determ inati on
of the band o˜sets between CdT e and MnT e as well as between CdT e and Mg T e
wi th accuracy tha t coul d not be achi eved otherwi se [78]. In tho se studi es use
of asym m etri c hal f-parabol ic quantum wel l turned out to be parti cularl y helpful
since lack of the m irror- reÛection sym metry of the conÙning potenti al in the plane
perpendicul ar to the growth di recti on l i fted som e restri cti ons of the selection rul es.
As a result more characteri stic l ines becam eobservable in the opti cal spectra whi ch
put a m ore stri ngent l imita ti ons to the errors ensuing in the subsequent analysis
of these spectra.

The other exampl e where digi ta l typ e of growth was empl oyed is an attem pt
to grow an ordered al loy of Cd 1 À x Mn x T e on GaAs substra te who se ori enta ti on
di ˜ered from the typi cal (001) ori enta ti on and actual ly was para l lel to (120) di -
recti on. As predi cted by Wol˜ and R am-Mo han [79] i f three CdT e and one MnT e
m onolayers were deposited consecuti vely along such a crysta l lographi c di recti on,
the resul ti ng ordered alloy of Cd0 : 7 5 Mn 0 :2 5 Te would have no nearest Mn{ Mn neigh-
bors (only second nearest neighbors being possibl e who se anti ferromagneti c inter-
acti on is by about an order of magni tude weaker tha n tha t between the nearest
neighbors). In consequence, it was expected tha t the e˜ecti ve m agneti zati on of
such an ordered al loy wo uld be considerabl y greater tha n tha t in the disordered
al loy havi ng the sam e Mn content. Further, such greater m agneti zati on would cor-
respond to a greater spin spli tti ng as a consequence of Eq. (1). Growth of such
structures was proved to be possibl e [80] but, surpri singly, no enhancement of the
spi n spli tti ng of the excito ni c states was observed. On the other hand, these al loys
were di stinctl y di ˜erent from norm al disordered counterpa rts because the bi nding
energy of magneti c polarons measured in tho se sampl es were di ˜erent tha n tho se
on twi n sam pl esgrown along (100) di recti on. The latter di ˜erence was expl ainabl e
in term s of the ani sotro py of the hole e˜ecti ve m ass[80]. The exact reason for the
fai lure to observe increased spin spli tti ng in these (120)-ori ented al loys rem ains
not clear.

Al so attem pts to increase the e˜ecti veness of n - typ e doping usi ng In dopants
of CdMnT e and CdMg Te terna ry com pounds by empl oyi ng di gi ta l mode of growth
pro ved not to be very successful . Thi s fai lure had certa inl y to do wi th the f act
tha t CdT e (whi ch wa s relati vel y easier to dope wi th In) possesses a smal ler band
gap tha n the terna ri es wi th Mn and Mg . In the latter com pounds, in parti cul ar,
the meta stabl e e˜ects and DX- l ik e behavi or of the In im puri t y was, therefore,
observed [81, 82]. It is worth noti ng tha t the above menti oned tri ck seems to
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be worki ng in the case of GaSb/ MnSn structure s [83] owi ng to a peculiar band
o˜sets between these two materi als. The latter result gives hopes tha t such dig-
i ta l materi als wi ll be im porta nt in the future spintro nic materi als. On the other
hand, changing the dopant species to iodine resul ted in a possibi l i ty of doping in
the barri er regions of, say, CdMg Te/ CdT e quantum structure s. Such m odul ati on
doped structures were f ound to lead to two -dim ensional electron gas wi th extra or-
di nari ly high m obi li t y [84] enabl ing observati on of very cl ear integer quantum Hal l
e˜ect (wi th a pronounced spin spli t Ha l l platea us in the case of CdMnT e/ CdMg T e
structures [84]) but also intri guing opti cal anom alies in the region corresp onding to
fracti onal Hal l e˜ect [85, 86]. Parentheti cal ly, dopi ng wi th ni tro gen whi ch results in
p - typ e conducti vi ty in ZnT e and CdT e, has been recentl y com menced in W arsaw.
The Ùrst resul t (shown in Fi g. 5) indi cate tha t a good qual i ty tw o-dimensional
ho le gas m ight be achi evable also in I I{ VI materi als, possibly incl udi ng also D MS
m ateri als.

Fig. 5. E˜ectiveness of p-typ e doping of MBE- grow n ZnT e w ith nitrogen from rf -plasma

source in several samples. T he black bars indic ate amount of nitrogen detected by sec-

ondary ion mass spectroscopy (SI MS) measurements and the hatched bars | the con-

centration of holes measured at ro om temp erature by the H all e˜ect.

The above exampl es of di gi ta l m ode of growth do not exhaust the cases re-
ported in the l i tera ture. For instance, sampl esused for the wa vef uncti on m appi ng
m enti oned above [61] were prepared by thi s very m etho d, sim i larly to sampl es
used in studi es of Cro oker et al . [87] and studi es of ini ti al stages of growth of
self-assembled quantum dots [88].

5 . T u nab le g -f act or

As menti oned, the enhancement of the hole or electron g - factor is an out-
standi ng f eature of di luted magneti c m ateri a ls. Thi s feature can be used to advan-
ta ge when studyi ng phenom ena tha t cruci al ly depend on the spin polari zati on of
the carri er gas. One of the exampl es of such use of di luted magneti c semiconduc-
to rs was a recent study of form ati on of negati vel y charged exci to ns, kno wn also
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as tri ons [89]. By a careful contro l of the com positi on of Cd1 À x Mn x T e layers i t
wa s possible to obta in sam ples tha t changed the sign of thei r electro n g -factor as
the m agneti c Ùeld was swept, as shown in Fi g. 6. Because the sign of the Ùrst and
the second term in Eq. (1) happen to be opposite in the case of the conducti on
electrons in Cd 1 À x Mn x T e i t is possible tha t for a certa in value of a m agneti c Ùeld
(appeari ng in the denom inato r of Eq. (1)) there is a com plete cancellati on of each
other. The value of thi s parti cul ar m agneti c Ùeld does depend on the m agneti za-
ti on, i.e., on the temperature and Mn molar fracti on.

Fig. 6. The spin splitting of the conduction band states in C d1 À x Mn x Te with various

molar fractions x measured at T : K as a function of magnetic Ùeld. The e˜ective

g -factors at small Ùelds, g 0 , are dominated by the second term in Eq. (1) resulting

in positive values of the spin splitti ng, w ith the exception of x , where only the Ùrst

term is present leadin g to a negative value of the spin splitti ng [113].

A less tri vi al possibi l ity of tuni ng the g -factor stem s from i ts dependence
on the di mensional i t y [90]. In the quantum wel ls the conducti on electron g -factor
does depend on the thi ckness of the quantum wel l . Thi s dependence is associated
wi th the fact tha t the p -l ike adm ixtures to electro nic wave functi ons depend on
the quantum well wi dth thro ugh thei r eigenenergy. These adm ixtures, in turn, de-
term ine to what extent the ki neti c exchange m echanism (stro ng, but forbi dden by
sym m etry in the caseof s -l ike wa ve functi ons) becom es e˜ecti ve and contri butes to
the resul ta nt J constant. Again, since the sign of the exchange constant given
by the di rect exchange mechanism (and al lowed in the case of purel y s- l ike elec-
tro ns) is opposite to tha t of the contri buti on pro duced by the hybri dizati on-driv en
exchange, i t is in pri nci ple possible for the electroni c g - factor to vanish com pletel y
by caref ul ly choosing the quantum wel l parameters. Even greater modiÙcati ons of
the e˜ecti ve exchange constants tha n in quantum wells are exp ected theo reti cal ly
in the case of zero-dim ensional quantum dots [91]. Indi cati ons tha t thi s is indeed
the case were reported recentl y by Japanese researchers [47].
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The studi es tha t aim at an unam biguous pro of tha t, e.g., ˜ vari es wi th the
quantum well wi dth are greatl y facil i ta ted i f a set of sampl es is avail able tha t
di ˜er between them selves onl y in just one param eter, the wi dth. Thi s is onl y
possible i f the sam ples are grown in a sing le MBE pro cess. Onl y then one can
be sure tha t there no change of the growth param eters occurred, som ethi ng tha t
is impossible to achieve from one run to another. In fact, fabri cati on of such set
of sam ples is possibl e [92] by maki ng use of an ingenious m ethod intro duced by
W oj tow icz, whi ch involves growth of wedge-l ike or step- l ike sam ples in whi ch onl y
one parameter (f or instance, the wi dth of a quantum well layer) is vari ed along
the length of a sam ple by m ovi ng (at a constant speed or in steps) a m ain shutter
in front of a growi ng structure whi le the m ateri al is deposited.

6. Sp in i n j ect io n an d spin Ùl t er s

R ecent achi evements in inj ecting spin polarized carri ers either from ferro-
m agneti c semiconducto r or thro ugh a D MS spin al igners [93, 94] to a LED region
of a non-m agneti c quantum well structure s increased hopes in achi evi ng a wo rki ng
spi ntro nic devi ces. These works were preceded by a seminal work of Oestrei ch et
al . [95] who made use of D MS al igner idea, however, in thei r case the spin polari zed
inj ection m ade use of opti cal exci ta ti on wi th a given ci rcul ar polari zati on of l ight
in the al igning CdMnT e layer f ollowed by a di ˜usi on of exci to ns to a non-m agneti c
part of the structure wi tho ut a com plete loss of the spin polari zati on. A natura l
questi on arose how cri ti cal wa s the qual i ty of the interf acesbetween the D MS spin
al igni ng layer and the non-m agneti c part where the exci to n (or electro n{ hole) re-
combi nati on to ok place. In order to shed l ight on thi s issue, a structure was grown
whi ch on purp oseexaggerated the densi ty of latti ce param eter m ismatch-generated
di slocati ons at the interf ace. The structure consisted of a GaAs/ GaInAs quantum
wel l structure grown in a separate run in a dedicated I I I{ V MBE system , whi ch
wa s then tra nsferred in ai r to the I I{ VI MBE system where after rem oval of the
pro tecti ve As layer it was regrown wi th a layer of ZnMnT e (see Fi g. 7). As revealed
by tra nsmission electron microscopy cross-secti onal images, the interf ace between
the II{ VI and I I I{ V part of the structure al tho ugh reta ini ng a crysta l character (no
am orpho us layer present) is the source of a great num ber of dislocati ons (Fi g. 8).
In spite of thei r presence, careful opti cal studi es of the structure showed wi tho ut
doubt tha t the carri ers (or excito ns) tha t di ˜used to the non-m agneti c quantum
wel l reg ion buri ed up to 300 ¡A below the I I{ VI/ I I I{ V interf ace and there they
recombi ned radi ati vel y, did reta in a degree of thei r spin polarizati on [96]. Sim i lar
study was carri ed out in para l lel (and publ ished earl ier) in the selenide system
[97, 98]. Both exp eriments indi cate tha t spi n polari zati on of carri ers is a very ro-
bust property and i t survi ves a tra nsport thro ugh an even very crysta l lographi cal ly
im perfect regions of semiconducti ng materi al . It m akes the theo reti cal calcul ati ons
concerni ng the spi n Ùlteri ng devi ce [99] less speculati ve and closer to real ity .
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Fig. 7. Schematic representation of the quantum structure used in studies of spin in-

j ection across highly lattice- mis matched interf ace b etw een the I I I {V detecting quantum

structures and II{V I DMS spin aligner [96] .

Fig. 8. Cross- sectional transmission electron micrograph of the structure show n

schematically in Fig. 7, how ever, w ith the GaA s top layer being 2000 ¡A w ide.
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7. Sel f -as sem bled qu an t u m dot s

As in I I I{ V hetero structur e systems wi th large latti ce mismatch (InAs/ GaAs
being the classic exam ple) also I I{ VI grown by MBE can form self-assembled
quantum dots. In the case of I I{ VI there is an agreem ent, however, tha t the
exact machanism of growth responsible for the self assembly di ˜ers f rom the
Stra nski { Kra stanow m echani sm [100, 101]. The dots in the tel luri de system s grown
in W arsaw have a parti cul arly large density whi ch gives rise to a numb er of inter-
esting cross-ta lk e˜ects in the power and temperature dependence of thei r opti cal
signatures [102]. Thi s is also the reason tha t in the case of the tel luri des i t is very
di £ cul t, i f possible at al l , to register opti cal spectra corresp ondi ng to a sing le
quantum dot, as exempl iÙed in Fi g. 9 where a whole series of very narrow l ines
correspondi ng to a lum inescenceof as m any as 50 dots is vi sible in a micro photo lu-
m inescence(ñ -PL) experim ents perform ed thro ugh an aperture in a m etal l ic m ask
wi th 150 nm in di am eter [103]. In the case of the selenide counterpa rts the density
of the dots is smal ler and even conven ti onal ñ -PL wi th the use of a micro scope
(spa ti al resoluti on of the order of 1À 2 ñ m ) can resolve the spikes corresp ondi ng
to indi vi dual dots, as can be seen in Fi g. 10a.

Fig. 9. Photolumin escence from a macroscopic region of a sample containing

self-assembled C dT e quantum dots in ZnT e (top curve) and from a small region (deÙned

by a small aperture 150 nm in a metallic mask) of the same sample (b ottom curve).

A series of sharp features is observed each corresp onding to a single quantum dot. T he

nominal thickness of deposited C dT e layer forming quantum dots is 4 monolayers (ml).

It is interesti ng to note tha t tha t the average wi dth of the indi vi dual l ines
does not depend on the exact chemical com positi on and/ or size of the quantum
dot (the dots are kno wn to be interdi ˜used to a consi derabl e extent). Thi s is
further supported by the ñ -PL spectra of sam ples where a terna ry (CdMg Se)
m ateri al was deposited when growi ng the layers tha t form ed the self-assembled
quantum dots (see Fi g. 10b). The above statem ent remains true provi ded tha t
the terna ry m ateri al is non-m agneti c. Even a smal l adm ixture of Mn ions duri ng
the self-assembly of the dot layer results in a com plete di sapp earance of the Ùne
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Fig. 10. Microlumi nescence of samples containing (a) nominal ly C dSe, (b) C dMgSe,

and (c) C dMnSe self-assembled quantum dots emb edded in ZnSe. The ñ -PL intensity is

in the same arbitrary units in each part of the Ùgure.

structure due to the lum inescence of indi vi dual quantum dots. The smal l sharp
structures seen in Fi g. 10c are just no isy signals. Thi s fact is conÙrm ed further
by m easurem ents thro ugh smal l apertures in m etal l ic m asks both in the selenide
system [104, 105] and tel luri de system [106, 103] where onl y very broad structures
(bro ader by roughly an order of m agnitude com pared to the case of non-m agneti c
quantum dots) coul d bedetected. The bro adening is related to an addi ti onal source
of Ûuctua ti ons present in the magneti c system, nam ely the Ûuctua ti ons of the
m agneti zati on in dots tha t are characteri zed by a Ùnite smal l vo lume [105, 104].
R oughl y the line wi dth shoul d f ollow the dependence tha t can be deri ved in a
m anner sim i lar to tha t used in considerati ons related to the m agneti c polaron [107]
whi ch predi cts tha t i t should be proporti onal to

p
@M =@B , where M represents

m agneti zati on of the system and inv ersely proporti onal to
p

V , where V represents
the volum e to whi ch the polaron is conÙned (e.g., the volume of a quantum dot).
The magnitude of the Ûuctua ti ons of magneti zati on (and thus of the l ine wi dth of
indi vi dual quantum dot lum inescence) does cri ti cal ly depend on the volum e of the
system . It is l ikely, theref ore, to be of greater im porta nce in the tel luri de system
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where the dots grown so far are more dense but also smal ler tha n in the case of
the selenides.

8. Hyb r id f er r om agn et / D MS st r uct ures

The f act tha t in I I{ VI DMS m ateri als thei r interesti ng spin properti es occur
onl y when an externa l m agneti c Ùeld is appl ied (whi ch is related to thei r anti ferro-
m agneti c nature of Mn{ Mn intera cti ons) represents a dra wback when one intends
to use them in worki ng spi ntro nic devi ces. Theref ore, already two decades ago an
idea of a hybri d structure was put forwa rd [108]. In such structure one coul d m ake
use of a m agneti c Ùeld exerted by a m etal lic ferromagnet positi oned very close
(on an ato m ic scale) to a D MS layer or quantum structure , thus a˜ecti ng the spin
spl itti ng in the latter. For instance, one could use such fri nge Ùelds to shape the
band edges in such a fashion tha t an addi ti onal local izati on of the carri ers in a
two -dim ensional quantum well is induced leadi ng to f orm ati on of quantum wi res
or quantum dots. Recently, several attem pts to prepare structure s of such typ e
have been perform ed. The experi ments do indi cate tha t the pri nci ple of such hy-
bri d structures is real isti c. A schemati c vi ew of a typi cal structure used in these
exp eriments is shown in Fi g. 11. It consists of a di luted m agneti c semiconducto r
quantum wel l buri ed not very far away from the sam ple surface. Then, by a com -
bi nati on of l i tho ghaphi c l i ft- o˜ techni que and low- pressure sputteri ng smal l rect-
angular islands of ferrom agneti c substances were deposited on the surface (shown

Fig. 11. Schematic representation of a typical hybrid structure used in studies of the

e˜ect of fringe Ùelds of micromagnets made w ith permalloy . T he upp er part show s the

top view , the low er part | the cross-section.
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Fig. 12. (a) N omarski contrast microscopi c view of a hybrid structure w ith Fe micro-

magnets having thickness of 2000 ¡A and lateral dimensi ons 6 È 6 , 6 È 4, and 6 È 2 ñ m 2

(see lower panels); (b) and (c) atomic force (lef t panels) and magnetic force (right pan-

els) microscopy of these micromagnets show ing imp erf ections of the edges (so- called,

side w alls) and clear, stable domain structure.

in Fi g. 12a) wi th characteri stic extensi ons in the range 2À m . The sampl ewi th
an arra y of ferromagneti c islands is then m agneti zed by placing i t in a m agnet in
a Ùeld of several tesla. The experim ents perf orm ed so far in W arsaw involv ed Fe,
perm al loy, Co , and Dy as the materi als form ing the m icromagnets. Fi gures 12a
and b show ato m ic force (AFM) and magneti c force m icroscopy (MFM) im ages
of the magnets m ade of i ron. W hi le the AFM im ages clearl y indi cate tha t further
wo rk has to be done in order to rem ove the side wal ls, the MFM im agesshow tha t i t
is possible to m agneti ze these m agnets so tha t they have relati vely simpl e dom ain
structures (see, parti cul arl y Fi g. 12b). The MFM images taken several days af ter
the ini ti al m agneti zati on show tha t the domain structure is, in fact, qui te stabl e.
If a m icromagnet wi th only one domain is achi eved, the m agneti c Ùeld com ponent
in the spati al reg ion of the buri ed D MS quantum wel l due to the presence of such a
m agnet ato p of the sam ple can be calcul ated [109] and is displayed in Fi g. 13 for a
recta ngul ar island. The addi ti onal potenti a l experienced by the carri ers of a given
spi n conÙned in the quantum well wi l l , of course, have a simi lar shape (wi th the
sign reversa l f or two opp osite spi n species of the carri ers). It suggests tha t there
m ight be an e˜ecti ve wi re form ed by spin \ up" electrons at the ri ght hand side
of the island in the case of the exam ple shown in Fi g. 13. App earance of objects
havi ng di ˜erent nature from tha t of \ ordi nary" quantum wel l exci tons were in
fact found in m icrolum inescencein the case of i ron [110] and catho dolum inescence



Low-Di mensi onal Str uctures . . . 131

Fig. 13. T he proÙle of the fringe Ùeld z -comp onent at the distance of 300 ¡A b elow the

6 È 2 ñ m2 micromagnet (thickness 200 nm) calculated assuming single domain, in-plan e

magnetizati on.

Fig. 14. Catho dolumi nescence (C L) spectra in a magnetized sample containing

C d0 : 94 Mn 0 : 0 6 Te quantum well buried 300 ¡A below the surf ace on w hich Fe micromagnets

w ere deposited. The averaged spectrum collected from area of approximately 20 È 20 ñ m 2

af ter the raster scan excitation is show n by the solid curve. T he broken curve show s the

result of point excitation (spot ñ m in diameter) at the edge of a ñ m2 micro-

magnet. T K , e-beam: 10 kV , 1.5 nA , magniÙcati on: ; .

[111]. The latter spectrum observed in the case of a 6 m 6 m iron island atom
of Cd Mn Te ( = 0 0 6 ) quantum wel l buri ed 300 ¡A in the CdMg T e cap layer
is shown in Fi g. 14. In the case of soft m agneti c materi als a use of a m agneti c
Ùeld is helpf ul duri ng the experim ent. Thi s represents a techni cal di£ cul ty since
ei ther a special imm ersion lens inserted di rectl y into the l iquid hel ium of a super-
conducti ng m agnet [110, 112] has to be used or specially designed steady magnets
can be pl aced inside a more standard cryo stat (see Fi g. 15). The di sadvantage of
the Ùrst m etho d is tha t it is very di£ cul t to scan the sam ple once i t is inserted
in the m agnet, the disadvanta ge of the second soluti on are the l imi ta tio ns of the
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Fig. 15. (a) H ome made continuous Ûow cryostat for microlumi nescence measurements

(w ith the top plate remo ved) w ith a steady N dBF e magnet inserted. The latter, show n

in detail in (b), pro vides the Ùeld of 1.3 T in the slit region betw een the two shoes.

streng th of the Ùeld even i f modern NdF eB magnets are used (the set up shown in
Fi gs. 15a and b produces the Ùeld of about 1.3 T) and the fact tha t the pro duced
Ùeld cannot be vari ed duri ng the m easurem ents.

Further work is needed, obvi ousl y, to opti mize the m ateri al issuesand pro ve
convi nci ng ly tha t the observed addi ti onal opti cal features are indeed related to
obj ects of dim ensional it y lower tha n two .
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