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Th e exp eri ment al results on carrier -in duced ferroma gnetic interaction

in I I { V I diluted magnetic semiconductors are shortl y review ed and analy zed
in the light of the mean Ùeld approximation . W e particularl y ta ke the point
of view of the experimentali st to emphasize (i ) points w hich are easily un-

dersto od w ithin this simple model (as the role of the detailed structure of
the valence band) and hence should b e incorp orated into more sophistica ted
mo dels, and (ii) p oints which are not taken into account in the mean Ùeld
mo del (e.g., disorder e˜ects) and hence call for more elab orate descripti ons.

W e particularl y discuss the case of a low carrier density , and show that the
situation app ears as experimentally very di˜erent in the highly disordered
3D layers and in the mo dulatio n dop ed 2D quantum w ells.

PAC S numb ers: 72.80.Ey , 75.50.Pp, 75.30.H x, 75.50.Dd

1. I n t rod uct io n

There is much work done currentl y on di luted magneti c semiconducto rs
where carri ers (general ly holes in the valence band) induce a ferrom agneti c in-
tera cti on between local ized spins (general ly Mn im puri ti es). Exa mpl es include
PbT e-based bul k sampl es [1], and m ore recentl y semiconducto r com pounds wi th
the zi nc{ blend structure. Am ong them I II{ V semiconducto rs (G aMnAs and
InMnAs) [2, 3] exhi bi t qui te hi gh cri ti cal temperatures. As Mn acts both as
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an acceptor and carri es the spin in these compounds, thei r theo reti cal analy-
sis has pro ven to be di £ cul t. Ho wever they are very attra cti ve for appl icati ons,
and the contro l of the ferrom agneti c intera cti on thro ugh an electrostati c gate has
been demonstra ted [4]. In the II{ VI semiconducto rs (CdMnT e [5], ZnMnT e [6],
BeMnT e [7]), the Mn is isoelectronic and the p - typ e doping is contro l led indepen-
dentl y by addi ng ni tro gen acceptors. Thus, in spite of the low cri ti cal tem peratures
whi ch have been observed, these com pounds are very attra cti ve in order to gain a
better understa ndi ng of the m echanisms: They can be elaborated wi th a great va-
ri ety of carri er density and spin content, in v arious conÙgurati ons (3D thi ck layers
and 2D quantum wel ls), and the m ateri al param eters (in parti cular the spin carri er
coupl ing) are accuratel y kno wn from previ ous studi es of the undoped m ateri als.
Fi nal ly, we should m enti on tha t the quest for materi als wi th higher cri ti cal tem -
peratures is currentl y pursued either theo reti cal ly [8{ 10] or experim ental ly [11{ 13].

In the fol lowing we shal l give a short overvi ew of the exp erimenta l resul ts
in ZnMnT e 3D layers and in CdMnT e 2D quantum wel ls, in the l ight of the mean
Ùeld m odel [14] whi ch surpri sing ly well accounts for the observed cri ti cal tempera-
tures. Thi s model wi l l parti cul arl y be used to put into evidence som eexp erimenta l
observati ons whi ch claim for more sophi sticated m odels, but also to emphasise the
ro le of the detai led structure of the valence band | a point whi ch certa inly has
to be incorp orated into the m ore sophi sticated models [15{ 17].

2 . T h e m ean Ùeld m odel

The coupl ing between a spi n S i local ized at R i and a hole of spin s and
positi on r is described by the usual local Ha mi l to nian

À ÙS i Â s£ ( r À R i ) : (1)

Thi s Ha mi l toni an has been used for a long ti me to describe the so-cal led giant
m agneto -spectroscopi c ẽ ects, such as the giant Zeeman e˜ect. The valence-band
spl itti ng (and also the conducti on band spli tti ng and the exci to n spli tti ng), cal-
cul ated by a mean-Ùeld and vi rtua l crysta l appro xi m atio n [18], is proporti onal to
the m agneti zati on of the Mn system . Hence the spin-carri er parameter (Ù ) is well
kno wn from previ ous spectroscopi c studi es on undoped m ateri als and well doc-
um ented in the l i tera ture [19]. In addi ti on, once Ù i s determ ined, spectroscopic
studi es pro vi de a very sensiti ve way of m easuri ng the Mn magneti zati on in a sam -
pl e. And Ùnal ly, in the case of a doped sam ple, the carri er polari zati on can be
wri tten as

h s z i = Ù ~â h M =g ñ B ; (2)

where M i s the Mn magneti zati on and ~â h i s the spin susceptibi l i ty of the car-
ri er (omi tti ng g ñ B factors), whi ch has to be calcul ated appl yi ng the Ferm i{ Dira c
stati stics on the holes in the com plex valence band. In the presence of an appl ied
Ùeld, the di rect e˜ect of the Ùeld on the carri ers can be neglected for rel evant Mn
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contents. Qui te symm etri cal ly, we can perform a m ean Ùeld appro xi ma ti on on the
carri er spin in Eq. (1), in order to calculate i ts e˜ect on a given Mn spi n. One
obta ins

M =g M n ñ B = À x e˜ N 0 h S z i = ~â M n f g M n ñ B H À Ù h sz i g ; (3)

where the di rect e˜ect of the appl ied Ùeld has to be consi dered. The susceptibi li ty of
the Mn system ta kes into account the e˜ect of Mn{ Mn superexchange intera cti on,
whi ch is wel l kno wn in these materi als [19]. T o tha t purp ose, in the relevant range
of Ùelds and tem peratures, one wri tes in a phenomenological appro ach

~â M n =
~C 0 x e˜

T + T A F

; (4)

where the e˜ecti ve density of f ree spins x e˜ ta kes into account the blocking of
nearest neighb our pai rs, and TA F ¤ a few K represents the intera cti on between
m ore di stant spins. In Eq. (4) to o, we have om i tted g ñ B factors, so tha t the reduced
Curi e consta nt is ~C 0 = S ( S + 1 ) N 0 =3 k B , where the Mn spin S = 5 =2 and N 0 i s
the density of cati on sites.

Once Eq. (2) has been m ade expl icit, Eqs. (2) to (4) are easily combined to
obta in a Curi e{W eiss behavi our of the Mn system in the presence of the carri -
ers [14], i.e.,

M = g ñ B
~â M n

1 À ~â M n ~â hÙ 2
H = g ñ B

~C 0 x e˜

T À T C W

H (5)

wi th

T C W = TF À T A F and TF = x e˜ ~C 0 Ù 2 ~â h : (6)

In the case of a 3D system wi th spins 1/ 2 ful ly free to rota te, as woul d be the case
wi th electro ns in the conducti on band, the calcul ated Curi e{W eiss tem perature
sim ply wri tes

T C W =
1

4
~C 0 x e˜ Ù 2 £ 3D ( E F ) À T A F (7a)

wi th £ 3D ( E F ) | the density of sta tes at the Ferm i level, whi le in a quantum wel l,
one has

T C W =
1

4
~C 0 x e˜ Ù 2 £ 2D ( E F ) =L À TA F ; (7b)

where L describes the extensi on of the electron envel ope functi on and is of the
order of the quantum well wi dth. However, Eq. (6) evidences the fact tha t, wi thi n
thi s model , the Paul i susceptibi l i ty of the hole gas (hence the deta i led structure of
the valence band) is an im porta nt parameter. The 2D case and the 3D case have
to be considered separatel y.
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3 . Th e 3D ca se: t h ick l ay er s

The e˜ect of the spin-orbi t coupl ing on the valence band, in the vi cini ty of
the Bri l louin zone centre, is not only to spli t the band into a doubl et and the
relevant quadrupl et (heavy holes and l ight holes), but also to al ign the spin quan-
ti Ùcati on axi s on the di recti on of the k -vecto r. As a result, the spin susceptibi l i ty
is reduced, since holes pro pagati ng along the di recti ons perpendicul ar to a z -axi s
have no spin com ponent in the z di recti on, and thi s leads to a reducti on of the
spi n suscepti bi l i ty . The compl ete expression of the longitudi na l component of the
stati c spin susceptibi l i ty is

~â h = 2
X

i ; j

X

k

j h i; k j s z j j; k ij
2

E
j ;k À E

i ; k
f ( E

i ; k ) [ 1 À f ( E
j ;k ) ] ; (8)

where j i; k i are the periodi c part of the Bl och functi ons, E
i ;k = ñh 2 k 2 =2 m Ê

hh or

ñh 2 k 2 = 2 m Ê

lh , and f ( E
i ; k ) i s the Ferm i{ D irac distri buti on f uncti on for the corre-

spondi ng hole subba nds. Note tha t in Eq. (8) one has contri buti ons wi th i = j

where both states are either heavy holes or l ight holes (lyi ng at the Ferm i level),
and cross term s wi th i 6= j , inv olvi ng one occupi ed heavy- hole state and one empty
l ight- hole state. The result tha t is obta ined after a stra ightf orward calcul ati on for
the degenerate hole gas assumes the form [6]

~â h =
1

4
A F £ ( E F )

2

4 1

3
+

8

9

m
Ê 3 = 2

hh m Ê

lh À m
Ê 3 = 2

lh m hh

(m hh À m lh )

±
m

3 = 2

hh + m
3 = 2

lh

²

3

5 ; (9)

where the Ferm i liqui d parameter A F ta kes the e˜ect of the hole{hole intera cti on,
and

£ ( E F ) =

±
m

3 = 2

hh + m
3 = 2

lh

² 2 = 3

(3 ¤ 2 £ ) 1 = 3 =¤ 2 ñh 2 : (10)

Layers wi th vari ous Mn contents and hole densiti es have been studi ed by m agneti c
m easurements and tra nsport (m agneto conducti vi ty and Hal l e˜ect). The m ain
resul ts can be summ arized as fol lows [6]:

(i ) A ferrom agneti c intera cti on is induced by the presence of the holes, as ev-
idenced by the susceptibi li ty exhi bi ti ng a positi ve Curi e{ W eisstem perature whi ch
wel l agrees wi th Eqs. (5, 6, 9, 10) (Fi g. 1) ;

(i i ) At tem peratures below T C W one observes rem anence in the m agneti za-
ti on cycl es.

(i i i ) The m agneti c properti es and the tra nsp ort characteri sti cs stro ngly in-
tera ct: A large negati ve m agneto resistance, and spin-dependent (\ extra ordi nary "
or \ anom alous" ) Hal l e˜ect, are observed.

A ferrom agneti c intera cti on has been reported also in Be 1 x Mn x Te in the
presence of a hole gas [7]. It woul d be interesti ng to pl ot the results on thi s new
m ateri al into Fi g. 1. Ho wever, the determ inati on of the spi n-carri er coupl ing is
m ore di £ cul t in thi s case since BeT e is an indi rect semiconducto r.
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Fig. 1. Results of the critical temp eratures measured for 2D and 3D samples w ith

di˜erent Mn contents and hole densities. T he horizontal scale displays the Fermi w ave

vector. The vertical scale is T F as deÙned in Eq. (6), divid ed by the e˜ective density of

spins x e˜ . Solid lines are the results of calculati ons in the mean Ùeld model. T he dotted

line takes into account the R K K Y interaction (see Ref . [6]).

It is parti cul arl y interesti ng to compare the resul ts obta ined on two di ˜erent
sam ples wi th di ˜erent hole densiti es and Mn contents.

The tra nsp ort and magneti c properti es of a sam ple wi th a high-hole density
(p = 1 : 2 È 1 0 2 0 cm À 3 ) and a low Mn content (x = 0 :0 1 9 ) are summari zed in
Fi g. 2. The conducti vi ty exhi bi ts a m etal l ic behavi our down to low temperatures.
Actua l ly, i f a magneti c Ùeld high enough is appl ied to the sampl e, the measured
conducti vi ty is almost identi cal to tha t of a ZnT e sampl e wi th the sam e hole
density . W i tho ut appl ied Ùeld, the low temperature conducti vi ty is smaller [6], but
i t rem ains Ùnite down to very low tem peratures [20]. Hence i t is the presence of
magnet ic ions whi ch a˜ects the conducti vi ty , but the hole density in thi s sampl e
(p = 1 :2 È 1 0 2 0 cm À 3 ) is larger tha n the Mo tt cri ti cal density even i f the Mn
m agneti zati on is not blocked by a large appl ied Ùeld.

The Hal l e˜ect m easured on thi s sam ple can bedecomposed into two term s: A
norm al Hal l e˜ect, linear in Ùeld and independent of the tem perature, from whi ch
we deduced the quoted hole densi ty , and a spin-dependent Ha l l e˜ect, whi ch is
reasonably pro porti onal to the m agneti zati on in the who le Ùeld and tem perature
range (see Fi g. 2c whi ch demonstra tes tha t a single scale factor al lows us to m atch
the spin dependent Hal l e˜ect onto the magneti zati on).

In addi ti on, Fi g. 2b displays the m agneti zati on deduced from the spin-depend-
ent Hal l e˜ect, and tha t calcul ated in the m ean Ùeld model, on both sides of the
cri ti cal tem perature (keepi ng the sam e factor as in Fi g. 2c). The only unkno wn
parameter x e˜ , wa s deduced from the slope of the dependence of â À 1 on tem -
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Fig. 2. T ransp ort and magnetic prop erties of a sample w ith a high- hol e density

( p = 1 :2 È 10
2 0 cmÀ 3 ) and a low Mn content ( x = 0: ) ; (a) conductivity w ith (closed

squares) and w ithout (op en squares) a magnetic Ùeld (11 T ) appli ed p erpendicul ar to

the layers, compared to the conductivi ty of a ZnT e sample w ith the same hole density

(triangles); (b) comparison of the spin- dependen t H all e˜ect (solid lines) and the magne-

tization (crosses) at di˜erent temp eratures (1. 4 K , 1. 7 K , 2. 8 K , 4. 2 K , 7 K , 10 K , 30 K ,

50 K ); the Ùeld is applied p erp endicu la r or parall el to the layer, respectively; (c) spin

dep endent part of the H all e˜ect (solid lines) compared to the prediction of the mean

Ùeld mo del (dotted lines) above (1. 7 K ) and b elow (0. 1 K ) the critical temp erature.

perature (see Eq. (5)), and a good Ùt is obta ined to the m agneti zati on di rectl y
m easured above 1.5 K. The compari son in Fi g. 2b dem onstra tes the val idi t y of
our assumpti on of a uni form behavi our of both the Mn system and the hole gas.
It points also to an almost satura ted m agneti zati on of the Mn spins in the ordered
phase in thi s heavi ly doped sampl e.

Fi gure 3 shows the results obta ined on a sampl e wi th a lower hole density
( cm ) and a higher Mn content ( ).

An insul ati ng behavi our of the conducti vi ty is observed in the absence of an
appl ied Ùeld (Fi g. 3a). Thi s is due do the presence of Mn, since ZnT e sampl eswi th
an even lower hole density are m etal l ic [21]. The m etal l ic behavi our appears to be
restored by appl yi ng a m agneti c Ùeld, conÙrming the f act tha t the m etal { insul ator
tra nsiti on is induced by the presence of the m agneti c im puri ti es.

A tra nsiti on occurs anyw ay, wi th remanence observed in the m agneti zati on
cycl es m easured in the low- temperature phase [6].

D ue to the strong increase in the resistivi ty , by several orders of magni tude
(whi ch gives ri se to a giant m agneto resistance of the same order at low tempera-
ture), we could not m ake a com plete com pari son of the spin dependent Hal l e˜ect
and of the m agneti zati on, as for the previ ous sampl e. Fi gure 3b shows tha t the
spi n-dependent Ha l l e˜ect is proporti onal to the Mn magneti zati on onl y at low
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Fig. 3. T ransp ort and magnetic prop erties of a sample w ith an intermediate hole den-

sity ( p = 3 È 10 1 9 cm À 3 ) and a higher Mn content (x = 0 :03 8 )); (a) conductiv ity w ith

(closed triangle s)) and w ithout (op en triangles) a magnetic Ùeld (11 T ) appli ed p erp en-

dicula r to the layers; (b) comparison of the spin- dep endent H all e˜ect (solid lines) and

the magnetizati on (actually Brilloui n functions w ith parameters deduced from the Ùt of

the measured magnetizatio n, dotted lines); (c) magnetizati on (solid lines) compared to

the predicti on of the mean Ùeld model at 1.7 K (dotted line).

Ùeld, and then abruptl y satura tes. A deta i led interpreta ti on of the spin-dependent
Ha l l e˜ect remains to be perf orm ed. Ho wever, thi s observati on suggests tha t the
m obi le holes are ful ly polari zed at the corresponding Ùeld. The m ost intri gui ng
point is shown in Fi g. 3c: It appears tha t the sponta neous m agneti zati on in the
ordered phase is smal ler tha n expected from the uni form m odel , whi ch suggests
tha t onl y a part of the Mn spins is inv olved in the ordered phase, or tha t a m ore
compl ex ordered pha se is establ ished.

4. Th e 2D case: qu an t u m wel l s

The real izati on of m odul ati on doped CdMnT e{CdZnMg Te quantum wells
o˜ers the opportuni ty to study a very di ˜erent conÙgurati on. Fi rst, the accepto rs
are intro duced in the CdZnMg T ebarri er, well apart from the free carri ers and the
local ized spins lyi ng in the CdMnT equantum wel l. W ith such a reduced disorder, i t
is possibl e to have a low density of free carri ers, or, m ore preci sely, a large num ber
of Mn spins on a scale of the order of (whi ch deÙnes the typi cal length of
the RKK Y intera cti on). Typi cal ly, is of the order of 5{ 10 nm in the present
quantum wel ls, compared to 0.7{ 5 nm in the case of the ZnMnT e layers and even
less in GaMnAs. The di ˜erence in lengthscales is even greater i f we consider the
average Mn{ Mn distance pro j ected in the plane of the quantum wel l . Thi s is the
relevant param eter since in the sampl esunder study , onl y one subba nd is popul ated
(wi th a typi cal ki neti c energy at Ferm i level about 4 meV). Hence a Mn spin, at
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a given positi on in the di recti on z norm al to the quantum well , could al ter the
envel ope functi on along z onl y thro ugh mixing wi th states at hi gher energy: Such
m ixi ng wi l l be lesse£ cient tha t tho se whi ch give ri se to the R KKY oscillati ons in
a 3D system . If we neglect such m ixi ng, we have to look whether an ato m ic colum n
in the z di recti on conta ins a Mn or not. Then in a 25 m onolayer thi ck quantum
wel l made of CdMnT e wi th 4% Mn, the probabi l i ty to Ùnd at least one spin on a
given ato m ic colum n is 0.64. Note tha t thi s conÙgurati on is qui te di ˜erent f rom
tha t of thi n GaMnAs layers [17] where a large numb er of subba nds is popul ated.
Ano ther di ˜erence is the fact tha t, in a thi n GaMnAs layer, a stro ng di sorder is
exp ected from the presence of acceptors wi thi n the \ quantum well " .

The ferromagneti c intera cti on has been studi ed by photo lum inescence spec-
tro scopy , usi ng the well kno wn selection rul es (the photo lum inescence l ine observed
in ¥ + polarizati on involv es the j + 3 =2 i hole and the ¥ À l ine | the j À 3 =2 i hole)
and the fact tha t the giant Zeeman spli tti ng is pro porti onal to the Mn magneti -
zati on. W e observe a f erromagneti c enhancement of the susceptibi li ty (i .e., of the
slope of the Zeeman spli tti ng vs. Ùeld), whi ch diverges at a positi ve tem perature
T C W , and a zero-Ùeld spl i tti ng at a low temperature whi ch is attri buted to the
sponta neous m agneti zati on [5, 22]. The deta i led calcul ati on wi thi n the m ean Ùeld
m odel has been given elsewhere [14]. Here again the ro le of the structure of the va-
lence band is importa nt: W eare deal ing wi th heavy holes conÙned in the quantum
wel l , whi ch have (i f we neglect heavy- hole l ight- ho le m ixi ng) no spin com ponent
in the di recti ons wi thi n the quantum well . Thus Eq. (1) reduces to

À ÙS z
i

s z £ (r À R i ) (11)

and the coupl ing between local ized spi ns is not described by a Hei senberg Ha mi l -
to ni an J i j S i S j (as usual in the R KKY descripti on) but by an Isi ng Ham i lto ni an
J i j S z

i
S z

j
.

The photo lum inescence l ines rem ain sharp, so tha t the Zeeman spli tti ng is
wel l resolved even at a very low appl ied Ùeld. It is then parti cul arl y interesti ng
to note the behavi our as the appl ied Ùeld is increased (Fi g. 4). One observes
a stro ng enhancement only at a very low Ùeld, and the norm al giant Zeeman
e˜ect at a higher Ùeld. The low Ùeld behavi our corresp onds to the ferrom agneti c
enhancement of the Mn susceptibi l ity , induced by the intera cti on wi th the carri ers.
As soon as the carri er gas is ful ly polari zed however, the m agneti zati on of Mn spins
is determ ined by a constant exchange Ùeld induced by the polari zed carri ers. Hence
one recovers the usual giant Zeeman e˜ect, shifted in Ùeld by the exchange Ùeld of
the order of 1000 Oe. Thi s spectroscopic observati on rul es out any separati on into
separate zones where the local ized spins wo uld be f erromagneti cal ly coupl ed, or
not, respecti vely, due to an inhomogeneous di stri buti on of carri ers, as suggested
in the case of thi ck layers [3]: The observed pho tolum inescence is due to charged
exci to ns [23], whi ch are sensiti ve to the electro stati c potenti al Ûuctua ti ons [24],
as the carri ers are, so tha t local izati on of carri ers and local izati on of charged
exci to ns are exp ected to exhi bi t sim i lar length scales. Hence modulatio n doped
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Fig. 4. Photolumin escence from a C d0 : 9 7 Mn 0 : 03 Te QW with 1: 6 È 10
11 holes cm ;

(a) transition energy in and p olariza tion s at a low Ùeld; (b) energy di˜erences

from (a); (c) transition energy in and polarizati ons at a high Ùeld, and Ùt w ith

a Brillo ui n function.

Cd Mn T equantum wells al low the observati on of the ferrom agneti c intera cti on
induced by a hom ogeneous carri er gas wi th a very low density .

I I{ VI di luted m agneti c semiconducto rs app ear as model m ateri als for the
study of carri er induced ferromagneti c intera cti ons in semiconducto rs. They al low a
separate contro l of the intro ducti on of carri ers (do ping wi th ni tro gen) and local ized
spi ns (Mn), so tha t a large numb er of conÙgurati ons can be achi eved, incl uding
3D thi ck layers and 2D m odul ati on doped quantum wel ls. In the case of thi ck
layers, di sorder does not a˜ect signiÙcantl y the cri ti cal tem perature, but app ears
to reduce the magneti zati on. In the quantum wells, a very low density of the
carri er gas can be achieved wi th a homogeneous behavi our of the intera cti ng spin
+ carri er system .
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