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Rapid devel opment of inf ormation te chnolo gies originates from the ex-

p onential increase in the densit y of inf ormation that can be pro cessed, stored,
and transf erred by the unit area of relev ant devices. T here is, how ever, a
grow ing amount of evidences that the progress achieved in this w ay ap-
proaches its limits. V arious novel ideas put forw ard to circumvent barriers

ahead are describ ed. Particular attention is paid to those concepts w hich pro-
p ose to exploit electron or nuclear spins as the inf ormation carriers. H ere,
ferromagnetic semiconductors of I I I {V or I I {V I comp ounds containing a
sizable concentration of transition metals app ear as outstandin g spintronic

materials.

PAC S numb ers: 75.50.Pp, 72.25.Dc, 75.30.H x, 85.75{d

1. I n t rod uct io n

The inform atio n revo luti on, whi ch has surpri sed us over the last few decades,
has occurred due to the enorm ous progress in m eans of inf orm ati on pro cessing,
stori ng, and tra nsmi tti ng. Thus, it is not astonishi ng tha t the Nobel Pri ze Com -
m i ttee decided to sing le out in 2000 m i lestone concepts of Zores I. Al ferov, Jack
S. Ki lby, and Herb ert Kro emer. Actua l ly, the outco me of the laureate ideas is
surpa ssing to day the speculati ons of R ichard Feynm an about m anipula ti ng and
contro l l ing thi ngs on a smal l scale [1], regarded as to ta l ly unreal istic in ti me of
hi s vi sionary speech 40 years ago. Ki lby [2] was among tho se who proposed the
noti on of integ rated circui ts. By now, semiconducto r processors and m emories,
despite conta ining several hundreds of mi l l ions of submicron elements, are both

Ê T hi s p ap er is ba sed o n au t ho r 's t alk s p resent ed at I V I nt ern ati o na l Sch ool a nd Sym p o sium

o n Ph y si cs in Ma t er ial s Scien ce, Jaszo wi ec, Po la n d, Sep t . 23{ 29, 200 1 an d at 34t h Me et i n g of
Po l ish Ph y si cist s, Tor u ¥, Sept . 17{ 20, 20 01 (t o b e p u bl ished i n P ost ² p y F izyki 53 , Su pp l emen t ,
( 200 2)) . T ra nslat ed wi t h p erm i ssion (Co py ri ght 20 01 b y Po lish Ph ysi cal So ciety) .

y e-m ail : d iet l@if pa n .edu .p l

(139)



140 T . Di etl

astonishi ngly cheap and redunda nt. Al ferov [3] and Kro emer [4] noted, in turn,
tha t structure s consisting of layers of vari ous semiconducto rs make i t possibl e to
obta in faster tra nsistors and m ore e£ cient lasers tha n tho se conta ini ng only ho-
m ojuncti ons. Heterostruc ture s consti tute to day basic bui lding blocks of emi tters
and receivers in cellular, satel l i te, and Ùbreglasscommuni cati on. It is thus obvi ous
to regard the 2000 Nobel Pri ze as honori ng the achievements of the inf orm ati on
age but, perhaps, also as a cl osure of the passing epoch. Indeed, there is a growi ng
am ount of evidences tha t the progress achi eved by mini aturi zati on of tra nsistors
and memory cells is starti ng to exhaust i ts possibi l iti es.

The Ùrst part of thi s revi ew, based on earl ier autho r ' s papers [5, 6], is devoted
to the descripti on of barri ers tha t may slow down the exp onenti al growth in e£ -
ci ency of inf orm atio n devi ces persisting since 60' s. Vari ous suggestions concerni ng
the future of nanotechnology are then discussed [6]. Parti cul ar attenti on is paid
to spi n electro nics (spi ntro nics) tha t aims at developi ng devi ces in whi ch the elec-
tro n charge and spin are expl o ited on the sam e footi ng. Af ter enlisti ng spintro ni c
goals, the m ost pro mising m ateri al fam il ies are described. Parti cularl y im porta nt,
from the point of vi ew of both basic and appl ied science, appear to be ferrom ag-
neti c semiconducto rs, who se outsta ndi ng properti es and exp ected functi onal i ti es
are presented in the last section of the paper.

2 . P r osp ect s of nan ot echn ol ogy

D espite the fact tha t | as som eone noted | predi cti ons are not di £ cul t
unl essconcern the future, i t is tem pti ng to contem pl ate various scenari os accordi ng
to whi ch inf orm atio n techno logies (IT) m ay devel op. One is tha t, whi ch occurred
in the case of tra nsoceanic tra vel s | as i t is kno wn | duri ng the last 20 years
or so the speed of civi l jets has n o t changed. Al so in the case of IT, the Ùnanci al
barri ers (a new chip plant is now a m ul ti bil lion investm ent), the psychological
barri ers (fear of new; no real needs for further im pro vements), the legal barri ers
(i ntel lectua l property rights; disseminati on of terro ri sm and pornography), etc.
m ight lead to the break down of Mo or' s law, accordi ng to whi ch the num ber of
elements per uni t area of the devi ce doubl es each 18 months.

There is a consensus, however, tha t needs real ized and not rea lized to day wi l l
dri ve the pro gress in IT for a long ti me ahead. For instance, i t appears tha t the
shi ft f rom the present gigaÛop com puta ti ons (one bi l l ion of operati ons per second)
to pentaÛop com puta ti ons wi l l open new prospects in the Ùeld of both vi rtua l
enterta inm ent and simul ati ons of physi cal , geophysi cal , chemical , bi ological, and
soci al system s as well as | due to the impro ved pattern recogni ti on | in the
vehi cl erouti ng. It is worth recal l ing at thi s point tha t altho ugh the computa ti onal
achi evements appear as im pressive indeed, we are now able to sim ulate from Ùrst
pri ncipl es the evoluti on of system s conta ini ng onl y a few hundreds of ato m s over
a ti m e shorter tha n 10 ps.
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Is thus further pro gress possible by conti nui ng mini aturi zati on of, say, Ùeld-
- ẽ ect silicon tra nsistors (MOS FET) or ferromagneti c and opti cal m emory cells?
Som e experts suggest tha t to day' s technology and i ts developm ent accordi ng to
Mo ore' s law wi l l last no longer tha n 5 to 10 years. Thi s stem s from a numb er of
techni cal pro blems tha t have to be overcome in order to push further the perfor-
m ance of the devi ces. Som e of obstacles are not very spectacul ar | for insta nce,
i t is easier now to accelerate the m icroprocessor tha n to reduce the delay ti me of
signal tra nsmission thro ugh i ts case. There is, of course, a spectrum of f undam en-
ta l barri ers | the di ˜ra cti on l im it in l i tho graphy, the gra in nature of m atter and
charge, the quantum phenomena such as tunnel l ing of electro ns thro ugh insul a-
to rs, the therm odyna mic e˜ects leading to jum ps of m agneti zati on between two bi t
sta tes of the ferrom agneti c nanoparti cle as wel l as the heat dissipati on associated
wi th the swi tchi ng pro cess of the tra nsistor.

In thi s situa ti on, a num ber of industri al , nati onal , and uni versi ty laborato -
ri es has underta ken research in the Ùeld of nanostructures or m ore general ly in
the Ùeld of nanotechnology or nanoscience. However, despite thi s concerted e˜o rt,
i t is sti l l uncl ear what sort of technology wi l l dominate in the future. It is onl y
kno wn tha t the integ rati on of elements wi l l be m ore and m ore accom pani ed by
the integrati on of functi ons: processors wi th memories, sensors wi th actua to rs,
electronic and photo nic devi ces wi th m agneti c and nanomechani cal devi ces. At
the sam e ti m e, l i tho graphy wi l l be repl aced by synthesi s of elements, and the
pl anar technology by a three- di mensional archi tecture. An increasing ro le wi ll be
pl ayed by self-organi zed growth in epi ta xy as wel l as by organi c and biology syn-
thesi s, suppl emented by new metho ds of sing le ato m and m olecule m anipul atio n.
Thi s wi l l bri ng us closer to pra cti cal real izati on of idea of m olecular electroni cs.
In vi ew of heal th care needs, parti cularl y im porta nt wi l l be the developm ent of
m eans enabl ing the integ rati on of biological cells wi th electroni c and mechanical
nanodevi ces.

Substa nti al changes wi l l not om it the inform ati on carri er. Today, the charge
of the electron serves for inf orm atio n pro cessing, whi le i ts interna l momentum
(spi n) is used for inform atio n stori ng. It app ears tha t the growi ng ro le wi l l be
pl ayed by the photo ns, whi ch are al ready employed for inf orm atio n tra nsmission,
coding, and wri ti ng. In addi ti on to the electrons and photo ns, a num ber of re-
spected scienti sts associate m uch hope wi th current vo rti ces in typ e I I supercon-
ducto rs (Abri kosov vorti ces) and wi th m agneti c Ùeld Ûuxes in superconducti ng
nanosolenoids.

Lo oki ng on the future of nanotechno logy from the m ateri al vi ewpoint, one
sees a growi ng interest in heterostruc ture s of sil icon, germ anium , and carbon.
Such a m ateri al system not only m akes i t possibl e to speed up the tra nsi stors, but
m ight also extend the dom inati on of elementa l semiconducto rs to wards photo ni cs,
where the key materi als have been I I I { V com pounds, such as GaAs. Because of
tem perature stabi l i ty and light generati on up to the ul tra vi olet spectra l range, an
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im porta nt ro le wi ll be pl ayed by SiC- and GaN- based compounds as wel l as by
di amond. W i th no doubt a growi ng im porta nce is predi cted for countl essfami ly of
organi c com pounds, employed wi th such a successby bra in. The di scovery of high
tem perature sup erconduct ors has di rected m uch attenti on towa rds oxi des. These
m ateri als are not only superconduc ti ng but exhi bi t also outsta ndi ng m agneti c
characteri sti cs, so tha t one hears often about oxi de electro nics.

Al ong wi th al tera ti ons of devi ce operati on pri nci pl es tha t wi ll certa inly m ake
use of phenom ena regarded as unwan ted to day | tunnel l ing, interf erence, grain
structure of charge | new breakthro ugh in the computer archi tecture are to be
exp ected. It seems, in parti cular, tha t v arious phenom ena in disordered, chaoti c,
chemical , and biological system s, whi ch we simul ate tedi ously by to day' s com put-
ers, wi l l serve to m orrow for fast com puta ti ons accordi ng to algori thm s im posed by
the character of the phenomenon. Especial ly attra cti ve is another vi sionary Feyn-
m an' s idea [7] about the com puta ti on | the quantum computa ti on | pro ceeding
accordi ng to the ti m e-dependent Schr�odinger equati on f or a given systems. It may
also turn out tha t instead of rejecting chi ps wi th errors, the interco nnecti ons in
integ rated circui ts wi l l be created randomly, and the appl icati on of parti cular chips
wi l l be determ ined a poster ior i .

3 . Sp intr oni cs

Spin electro nics (spi ntro ni cs) is a young interdi scipl inary Ùeld of nanoscience.
Its rapi d devel opm ent, l ike tha t of com peti ng new bra nches of electro nics | m olec-
ul ar electronics, bioelectro nics, and electro nics of polym ers, etc. | has i ts roots
in the convi cti on tha t the progress tha t is being achi eved by mini aturi zati on of
acti ve elements (tra nsistors and m emory cells) cannot conti nue forever. Theref ore,
the inv enti on of future IT m ust inv olve new ideas concerni ng the design of both
devi ces and system archi tecture.

The main goal of spintro ni cs is to gain kno wl edgeon spin-dependent phenom -
ena, and to expl oi t them for new functi onal iti es. Hopes associated wi th spintro ni cs
stem from the well -kno wn f act tha t the m agneti c Ùelds present in the ambient worl d
are signi Ùcantl y weaker tha n the electri c Ùelds. For thi s reason m agneti c m emo-
ri es are non-vo lati le, whi le memori es based on the accum ulated electri c charge
(dyna mic random accessm emory | D RAM) requi re a frequent refreshi ng.

At present, one can al ready specify a set of probl ems to be solved by spin
electronics. One of them is a constructi on of e£ cient microsensors of the m agneti c
Ùeld, whi ch would repl ace devi ces employi ng m agneti c coils. It is obvi ous tha t the
increase in spati al resoluti on requi res a reducti on in size of the sensor. In the case
of the coi l , however, thi s is accompanied by a decrease in the sensiti vi ty . Intensi ve
research and devel opm ent work carri ed out over last Ùfteen years or so, resul ted in
the developing of the appro pri ate devi ce. The new- generati on sensors are expl oi t-
ing a giant magneto resistance e˜ect (G MR ) of mul tipl e layer structures made of
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al terna ti ng ferrom agneti c, anti ferromagneti c, and param agneti c m etals [8, 9]. The
GMR results from the increase in electri cal conducti vi ty in the presence of the
m agneti c Ùeld tha t al igns the di recti on of m agneti zati on vecto rs in neighb oring
layers. In contra st to the tra di ti onal sensors conta ini ng the Hal l probe, the opera-
ti on of the GMR sensor depends on the electro n spin, and not on the charge, i .e.,
the Lorentz force.

The m ost recent research on the Ùeld sensors focuses on spin-dependent elec-
tro n tunnel ing between ferrom agneti c layers thro ugh an isolato r, typi cal ly thi n
alum inum oxi de. It is expected tha t the tunnel ing e˜ect wi ll lead to a signi Ùcant
increase in m agnetoresistance [10, 11]. A side issue concerns the phenom enon of
the Co ulomb bl ockade tha t pl ays an importa nt ro le whenever a tunnel juncti on
becomes smal l [11]. One can expect tha t the parameters of tunnel ing m agneto re-
sistance (TMR ) sensors wi l l m ake them suita bl e not just for readi ng devi ces, but
also as positi on detecto rs, for instance, in electri c and gasol ine engines, where
Ha l l -e˜ect sensors dom inate to day [12].

A much more am biti ous spi ntro nic obj ective is to devel op m agneti c ran-
dom access m emori es (MR AM). These devi ces would combi ne the adv anta ges of
m agneti c m emories and tho se of D RAM. For thi s purp ose, i t is necessary to Ùnd
m eans of wri ti ng and readi ng the di recti on of magneti zati on in given cells wi th-
out empl oyi ng any m ovi ng parts. An importa nt step wo uld be the elaborati on
of m etho ds of contro ll ing magneti zati on isotherm al ly | by l ight or electri c Ùeld,
l ike in semiconducto r DR AM, in whi ch inf orm ati on wri ti ng proceeds vi a vol tag e
bi asing of the addressed tra nsi stor. In the m agneti c m emori es presentl y avai lable,
the m agneti zati on swi tchi ng requi res rather large power, as i t is tri ggered either
by the m agneti c Ùeld generated by electri c currents or by the laser heati ng above
the Curi e tem perature. Obvi ously, research in thi s di recti on com bines materi als
science, nanotechno logy, physi cs of m esoscopic and stro ngly correl ated system s.

El aborati on of \ intel ligent " m etho ds enabl ing m agneti zati on contro l woul d
also m ake i t possibl e to fabri cate spin tra nsistors [13, 14]. Thi s devi ce consi sts of
two ferrom agneti c m etals separated by a non-magneti c conducto r. Sim ple consid-
erati ons dem onstra te tha t i f spin-polari zed carri ers inj ected to the non-m agneti c
layer conserve spin ori enta ti on, the devi ce resistance wi l l depend on the relati ve
di recti ons of magneti zati on in the two ferrom agneti c layers. Since the swi tchi ng
pro cess does not inv olve any change in the carri er density , thi s tra nsistor wi l l be
characteri zed by a favo rable value of the pro duct of electri c power consumpti on
and swi tchi ng ti me, pro vi ded tha t the spin inj ection would be e£ ci ent and no
m echani sms of spin relaxati on would operate.

Perha ps the most im porta nt chal lenge for spintro nics is the developm ent of
quantum computa ti on and com muni catio n [15]. Parti cular im porta nce of spi n de-
gree of f reedom in thi s context originates from the fact tha t it can preserve phase
coherence for a m uch longer ti m e tha n the orbi ta l degrees of freedom. Thus, the
electron spin is much m ore prom ising tha n the electron charge f or m ateri al izati on
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of the present revoluti onary ideas on quantum com puti ng, quantum crypto graphy,
data compression, and tel eporta ti on [15]. Thus, spin quantum devi ces, such as
quantum dots [16, 17], m ay change not onl y the pri ncipl es of devi ces operati on,
but also the basis of the hal f-century- old com puter archi tecture. Som e researchers
suggest tha t the best candi date to carry quantum inf orm atio n would be nucl ear
spi ns of 31P in isoto pical l ly pure 2 8 Si , where the spin coherence ti me reachesseveral
hours [18]. However, i t has also been shown experim enta l ly tha t the spin polariza-
ti on l i feti m e in doped semiconducto rs may be several orders of magni tude longer
tha n the ti m e of m omentum relaxati on [19]. One has to m enti on, al tho ugh, tha t
up to now the research on quantum computa ti on in sol ids is theo reti cal . Any ex-
perim ental achi evement, independentl y of the m ateri al used and the exp erimenta l
m etho d appl ied wi l l be regarded as a signi Ùcant breakthro ugh.

4. Fer r om ag net ic sem ico nd uct or s

T oday' s research on spin electronics inv olv es vi rtua l ly al l m ateri al fam il ies,
the most m ature being studi es on magneti c metal m ul til ayers, in whi ch spin-depen-
dent scatteri ng and tunnel ing are being successful ly appl ied, as al ready mentio ned
in readi ng heads of high-density hard discs and in magneti c random accessm em-
ori es. Ho wever, in the context of spin electroni cs parti cul arl y interesti ng are ferro-
m agneti c semiconducto rs, whi ch com bine compl ementa ry f uncti onal i ti es of ferro-
m agneti c and semiconducto r materi al system s. One of the relevant questions is to
wha t extent the powerf ul metho ds developed to contro l the carri er concentra ti on
and spin polarizati on in semiconducto r quantum structures coul d serve to tai lor
the magni tude and ori entati on of m agneti zati on pro duced by the spins local ized on
the magneti c ions. Ano ther importa nt issue concerns the elaborati on of metho ds
of inj ecting and tra nsporti ng spin currents. In addi ti on of consi sting the importa nt
ingredient of Ùeld sensors and m agneti c tra nsistors, spi n inj ection can serve as a
to ol f or fast m odul atio n of l ight polari zati on in semiconducto r lasers.

Since the fabri cati on of quantum structures is m ost m ature in the case of
I I I{ V semiconducti ng com pounds, the mi lestone di scovery was the detecti on of the
carri er- induced ferrom agneti sm in In 1 À x Mn x As and Ga1 À x Mn x As by IBM [20] and
T ohoku Uni versi ty [21] groups, respecti vely. W hi le the di valent Mn intro duce both
spi ns and holes in the II I{ V m ateri als, the m agneti c ion and carri er concentra ti ons
can be vari ed indep endentl y in I I{ VI m ateri als, l ike in the case of IV{ VI materi als
in whi ch the hole-contro l led f erromagneti sm was put into the evi dence in W arsaw
al ready in 80' s [22].

A system ati c experim ental and theo reti cal study of the carri er-induced fer-
rom agneti sm in I I{ VI semim agneti c semiconducto rs has been underta ken by the
Grenoble{ W arsaw col laborati on [23]. In agreement wi th the theoreti cal m odel pro-
posed by the team for vari ous dim ensional it y II{ VI semimagneti c semiconducto rs
[23], the ferromagneti c order has been observed above 1 K in tw o-dimensional
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m odul ati on-doped p -typ e Cd 1 À x Mn x Te/ Cd1 À y À z Mg y Zn z Te:N hetero struct ures
[24, 25]. The obta ined results lead to suggest [24] tha t i t wi l l be possibl e to contro l
m agneti c pro perti es by m etho ds elaborated earl ier to tune the carri er concentra -
ti on in quantum structure s, such as vol ta ge biasing and l ight i l lum inatio n. Mo re
recentl y, epita xi al layers of Zn1 À x Mn x T e:N wi th the hole concentra ti on above
1 0 2 0 cm À 3 have been obta ined. By m eans of tra nsport and m agneti c m easure-
m ents, the ferrom agneti sm was found in thi s three- dim ensional system [26, 27],
corroborated the theoreti cal predi cti ons m entio ned above [23]. Ferrom agneti c cor-
relati on has been detected also in Be1 À x Mn x T e:N [28] as wel l as in bul k crysta l of
Zn 1 À Mn T e:P [27, 28]. At the same ti m e, in agreement wi th the theo reti cal ex-
pectati ons [23], no ferromagneti sm has been detected above 1 K in n -typ e Ùlms of
Zn 1 À Mn O:Al [27]. The stro nger f erromagneti sm in p -typ e m ateri als comparing
n - typ ecompounds stem s from a large magni tude of the hole density of states and a
stro ng spin-dependent hybri di zati on between the valence band p - l ike states and the
Mn d orbi ta ls. These two e˜ects conspi re to make the hole-mediated ferrom agneti c
intera cti ons stro ng enough to overcome the anti ferrom agneti c super-exchange, spe-
ci Ùc to intri nsic di luted m agneti c semiconducto rs (D MS).

Theo reti cal studi es underta ken simul ta neously by the W arsaw{ T ohoku col-
laborati on lead to the elaborati on of a theo reti cal m odel of therm odyna mic, m ag-
neto elastic and opti cal pro perti es of II I{ V and I I{ VI ferrom agneti c semiconducto rs
[26, 29, 30]. The m odel ta kes into account the k p and spin{ orbi t intera cti ons, biax-
ial stra in and conÙnement, i t appl ies for both zinc-bl ende and wurtzi te com pounds.
It has been demonstra ted tha t thi s model describes, wi th no adj ustable param -
eters, the Curi e tem perature, the dependence of m agneti zati on on tem perature
and the m agneti c Ùeld, and the m agneti c ani sotro py energies in p -Ga1 À Mn As
[29, 30] as well as the magneti c circul ar di chroism [30] tha t has been inten-
sivel y studi ed in Warsaw Uni versi ty [31]. As shown in Fi g. 1, good agreement
between exp erim ental and theoreti cal results has been obta ined also in the case of
Cd 1 À Mn T e/ Cd 1 À À Mg Zn T e:N [25] and p -Zn1 À Mn Te [26]. The theoreti cal
and num erical analysis [23{ 26, 30, 31] m ade i t possibl e to describe quanti ta ti vely
the dom inant m echani sm accounti ng for the f erromagneti sm of the studi ed system s
as wel l as for the dem onstra ti on of the ro le played by the space dim ensional it y,
spi n{ orbi t intera cti on, and interba nd polari zati on as well as for the identi Ùcati on of
m ain di ˜erences between properti es of I II{ V and I I{ VI compounds. Furtherm ore,
theo ry of magneti c dom ains in I II{ V m ateri als has been developed in col laborati on
wi th the Uni versi ty of T exas in Austi n pro vi di ng, am ong other thi ngs, the wi dth
of dom ains wal ls as wel l as the cri ti cal Ùlm size corresp ondi ng to the tra nsi ti on to
a sing le domain structure [32]. Theo reti cal studi es [29, 30, 32] have demonstra ted
tha t the spin{ orbi t coupl ing in the valence band, not at the magneti c ion, ac-
counts for the m agneto elastic properti es and magneti c anisotro py in the system s
in questi on.
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Fig. 1. Exp erimental (symb ols) and calcula ted (lines) ferromagnetic temp eratures (the

sum of the C urie and antif erromagnetic temp eratures) normalized by the e˜ective

Mn content versus the w ave vector at the Fermi level for Ga 1 À x Mn x As (triangle),

Zn 1 À x Mn x Te:N (s quares), Zn1 À x Mn x Te:P (star), and quantum well of p-C d1 À Mn Te

(circles). Solid lines | theory for the 3D and 2D cases; dotted line | theory ta king

into account the e˜ect of antif erromagnetic interactions on statistical distributi on of

unpaired Mn spins (af ter [25{27, 29, 30]).

Fig. 2. The electrolumi nescence dio de with the (Ga, Mn)A s -typ e region, w hich

emits the circularl y polarized light in the absence of the external magnetic Ùeld. T he

degree of polari zatio n (p oints, lef t scale) dep ends on the temp erature in the same way

as the spontaneous magnetization (solid line, right scale) (af ter [34], repro duced w ith

p ermissio n c 1999 Macmilli an Magazines Ltd. ).

Ano ther im porta nt progress tha t has recentl y been accompl ished concerns
the developm ent of new to ols enabl ing the spin m anipul atio n. The tai lori ng of
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Fig. 3. Field e˜ect transistor with the p- typ e (I n, Mn)A s channel. Dep ending on the

magnitude of the gate voltage, and thus on value of the hole concentration, the H all

resistance (w hich is prop ortiona l to magnetization because of the anomalous H all e˜ect)

show s either paramagnetic or ferromagnetic characteristics at constant temp erature of

22.5 K . Inset show s the behavior of the H all resistance over a w ider Ùeld range (af -

ter [35] ).

dom ain structure s and magneti c ani sotro py by conÙnement [24, 25] and by stra in
engineering [30, 32] | tha t is by empl oyi ng substra tes wi th appro pri atel y adj usted
latti ce constants | has been experim ental ly demonstra ted. The recent opti cal de-
tecti on of electri cal spin inj ection in semiconducto r p À i À n di odes using epi ta xi al
structures wi th either a spi n Ùlter [33] or spi n emi tter [34] of di luted m agneti c
semiconducto rs has attra cted a great deal of attenti on. Fi gure 2 presents experi -
m enta l resul ts concerni ng the injecti on of carri ers to non-magneti c quantum well
of (In, Ga)As from p - typ e f erromagneti c (G a,Mn)As and GaAs [34]. As shown, ci r-
cul ar l ight polarizati on, whi ch conta ins inform ati on on the degree of carri er spin
polari zati on, is non-zero even in the absence of an externa l m agneti c Ùeld, pro-
vi ded tha t the tem perature is below the Curi e point. As already m entio ned, the
e£ cient spin injecti on consti tutes the im porta nt step on the way to construct m ag-
neti c swi tchi ng devi ces, such as spin tra nsistors [13] and quantum gates [15{ 17].
Ano ther im porta nt step is the demonstra ti on of contro l of m agneti zati on by an
electri c Ùeld [35, 36] or light [24, 25, 36, 37]. The results presented in Fi g. 3 show
how the change of the hole concentra ti on im posed by the gate bi as generates
a reversibl e and isotherm al crossover between ferrom agneti c and param agneti c
phases [35]. A sim i lar e˜ect has also been observed in a p À i À n diode conta ini ng
(Cd, Mn)T e quantum well [36]. Interesti ngly, i t has been also dem onstra ted tha t
the light enhances the ferrom agneti sm in p À i À n diodes but destroys i t in p À i À p

structures , a behavi or expl ained ta ki ng into account the di stri buti on of the in-bui l t
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electri c Ùeld, and thus the distri buti on of the photo carri ers, in these systems [36].
Hence, the m agneti zati on of ferrom agneti c semiconducto r hetero structu res can be
al terna ted not only by the m agneti c Ùeld or heat pul ses,as in the exi sting m agneti c
m emory devi ces, but also by a bias vo l ta geor photo n Ûux. Such a contro l opens an
attra cti ve perspective for integ rati ng perm anent memori es wi th m icropro cessors.
Indeed, there is a ground to hope tha t spi ntro nics based on ferromagneti c semi-
conducto rs wi l l lead to adv ances in sensors as wel l as in classical and, perhaps,
quantum inf orm ati on devi ces.

One has to emphasize tha t the results described above have been obta ined
for magneti c semiconducto rs in whi ch the hi ghest value of the Curi e tem perature
does not exceed 110 K [21]. For thi s reason, the theoreti cal work has been under-
ta ken [29] aiming at evaluati on the m agni tudes of expected Curi e tem peratures
in vari ous I I I{ V and I I{ VI com pounds as well as in elemental group IV semicon-
ducto rs [29, 30]. The results shown in Fi g. 4 dem onstra te tha t in semiconducto rs
consisting of l ight elements, the cri ti cal point m ay exceed the room tem perature
[29, 30]. These predi cti ons have encoura ged m any groups to synthesi ze such m a-
teri als as GaN and ZnO conta ining Mn or other tra nsiti on m etals as well as to
search of ferromagneti c elementa l semiconducto rs. Before presenti ng pro m ising ex-
perim ental results we have to cauti on the readers tha t in some casesthe observed
ferrom agneti sm m ight have resul ted from ferrom agneti c or ferri magneti c incl usions
or precipi ta tes.

Fig. 4. C omputed values of the C urie temp erature for various p-typ e semicondu ctors

containing 5% of Mn per cation (2. 5% per atom) and 3: 5 È 1 0
2 0 holes per cm 3 (af -

ter [29, 30] ).

Am ong interesti ng results wo rth quoti ng is the di scovery of ferro magneti sm
in (Ge,Mn) [38] as well as the observati on of the ferrom agneti c order above 300 K
in (Cd, Mn, Ge)P 2 [39], (Zn, Co,V)O [40], (Ti ,Co)O 2 [41], and (Ga,Mn)N [42]. In the
case of the ferromagneti c (G a,Mn)N [42, 43] the record hi gh extra polated Curi e
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tem perature T C i s 940 K for the Mn content of the order of 9% [42], whi ch suggests
tha t the relevant ferrom agneti c intera cti ons are stro nger tha n in Co, whi ch has the
hi ghest known Curi e tem perature, TC = 1400 K. Thi s demonstra tes the existence
of unusua l ly strong coupl ing between m agneti c m oments, whi ch can be assigned
to stro ng p À d hybri di zati on [44]. A parti cularl y interesti ng fam i ly consti tutes m a-
teri als, such as (Ca ,La)B 6 [45] and polym erized C6 0 [46], whi ch do not conta in any
m agneti c elements but neverthel ess exhi bi t sponta neous m agneti zati on persisti ng
up to tem peratures well above 300 K.

There is no doubt tha t because of pro spects the spi ntro nics o˜ers for basic
and appl ied physi cs, searches for high tem perature ferrom agneti c semiconducto rs
have evolved into the im porta nt branch of m ateri als science.
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