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In t he case of I I { V I diluted magnetic comp ounds it w as show n that the
kinetic exchange mechanism depends cruciall y on the electronic conÙguratio n
of the magnetic ions and the charge transf er energies for the transition s

from the band onto the magnetic ion and vice versa . In the present pap er w e
analy ze these e˜ects in the family of I I I {V diluted magnetic semiconductors ,
show ing that they a˜ect considerabl y the predictions of the values of the

C urie temp erature and should be taken into account in the search for room
temp erature ferromagnetism in diluted magnetic semiconductors.
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The hope for Ùnding di luted magneti c semiconducto rs (DMS) exhi bi ti ng fer-
rom agneti sm at ro om temperatures was awaken when Ma tsukura et al. [1] re-
ported the Curi e tem peratures reachi ng 110 K in GaMnAs al loys. The pursui t
for room -tem perature ferromagneti sm in semiconducto rs was recentl y addi ti on-
al ly boosted by the theoreti cal predi cti ons of the Curi e tem perature for vari ous
p - typ e DMS [2]. In [2] D ietl et al . used the Zener model to expl ain the ori gin of
the ferromagneti sm in DMS, as wel l as to predi ct the values of the Curi e tem -
peratures. These predi cti ons were m ade under the assumpti ons tha t al l Mn ions
have the same d 5 electroni c conÙgurati on in al l materi als considered and tha t the
ki neti c exchange constants in A I I I BV typ e D MS wi th Mn obey the sim ple scal ing
rul e observed in A I I BV I m ateri als. In the m ean Ùeld Zener m odel the orderi ng of
spi ns results from the p À d ki neti c exchange intera cti on between the m agneti c ions
and the free, delocal ized or weakl y local ized, holes in the p - typ e crysta l . The large
ki neti c exchange constant, N 0 Ù , is thus (to gether wi th the hi gh concentra ti ons
of holes and Mn ions) a cruci al condi ti on for hi gh tem perature f erromagneti sm.
For m any of the I I{ VI D MS, whi ch have been extensi vely studi ed in the last two
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decades, the v alues of N 0 Ù are wel l known, see,e.g., [3]. In contra st, the avai lable
inf orm ati on on thi s constant in I I I{ V D MS concerns pri m ari ly GaAs wi th Mn 2 +

ions | for thi s m ateri al several values, ranging from { 0.9 eV [4] and { 1 eV [5]
to { 4.5 eV [6] have been suggested. At present, the m ost rel iable seems to be the
value N 0 Ù = À 1 :2 eV inf erred f rom the pho to emission data [7]. The latter value,
scaled by the inverse volum e of the elementary cell, was used in [2] to estim ate the
p À d exchange constant f or other I II{ V D MS.

The ki neti c exchange coupl ing in D MS resul ts from the hybri di zati on of
the d -orbi ta ls of the tra nsi ti on m etal ions wi th the Bloch functi ons of the p - typ e
valence band. W i thi n the second- order perturba ti on theo ry the ki neti c exchange
can be described in term s of vi rtua l tra nsiti ons of electrons between the band and
the ionic d -shell. For the p -band in the vi cini ty of the À point, the tra nsiti ons onl y
to / from the ionic t 2g orbi ta ls are allowed. In the case of II{ VI D MS i t was shown
in [8] tha t the ki neti c exchange m echani sm depends cruci ally on the electro nic
conÙgurati on of the m agneti c ions, i .e., on the occupati on of the ionic t 2g orbi tals.
The vi rtua l tra nsiti ons involvi ng singly occupi ed orbi ta ls lead to the exchange
constant (see [3]) :
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whereas the tra nsi ti ons involvi ng only empty t 2g orbi ta ls to the constant
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where Vpd i s the hybri dizati on m atri x element, E S
N

i s the energy of the ion wi th N

d -electro ns and the to ta l spin S and ¯ p i s the energy of the electron at the to p of
the p -band. In [8] it was also shown tha t for the ions wi th al l t 2g orbi ta ls occupi ed
by the sam e numb er of electro ns, the ki neti c exchange leads to the Kondo -l ike
Ha mi l to nian, wi th the exchange constant N 0 Ù N for ions wi th d 5 ; d 6 , or d 7 elec-
tro nic conÙgurati ons and wi th N 0 ÛN for the d 1 and d 2 ions. For other electro nic
conÙgurati ons the ki neti c exchange Ha mi l to nian is m ore com plex and depends on
the ionic orbi ta l degrees of freedom | sti l l , for the d 3 and d 4 ions the Kondo -l ike
form of the Ha mi l toni an can be restored by the stati c Jahn{ T eller ẽ ect, pro vi ded
the cubi c symm etry is in avera ge conserved.

The values and even the signs of the exchange consta nts depend on the
charge tra nsfer energies in the denom inators in Eqs. (1) and (2), whi ch are related
to the distances between the donor or acceptor levels and the edge of the valence
band [9]. T o study the chemical trends of the ki neti c exchange in the I I I{ V D MS
we determ ine these distances by expl oi ti ng the interna l reference rul e pro posed by
La nger and Heinri ch [10]. For thi s purp ose we col lected in Fi g. 1 the l i tera ture data
concerni ng valence band o˜sets and energy gaps for the I I I{ V semiconducto rs. As
a reference for the positi ons of m agneti c im puri t y levels in these compounds we
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have used the distance 0.4 eV from the valence band edge of GaP to the Mn
accepto r ground state level, A( 0 = À ), determ ined in [11]. For thi s compound also
the positi on of the exci ted acceptor level, A Ê (0 = À ) , for whi ch the ionized acceptor
in the Ùnal state has lower spin tha n the ini ti al neutra l acceptor, is ta ken from [11].
The positi ons of the other tra nsiti on metal im puri t y levels in I II{ V com pounds
relati ve to the Mn acceptor were ta ken after [12]. W e note tha t in the I II{ V
hosts the donor (deno ted by D(0 =+ )) and acceptor (A( 0 = À )) ground state levels,
correspond to the tra nsform ati on of the tri ply ionized m agneti c ions M 3 + into
M 4 + and into M 2 + ions, respecti vely. It shoul d be also stressed tha t the energy
di stances obta ined in thi s way are appro xi ma te and appro pri ate pri mari ly for low
concentra ti ons of magneti c ions.

Fig. 1. A pproximate energy level p ositions of transition metals donor 3 + = 4+ (circles )

and acceptor 3+ / 2+ (squares) states w ith respect to the valence and conduction band

edges of I I I {V comp ounds. By open square the excited acceptor A Ê (3+ /2+ ) for Mn ion

is denoted (af ter [20, 12, 23{2 6, 11]).

W e start wi th the Mn based I II{ V D MS. W e recal l tha t the Zener m odel
pro posed in [2] requi res the f ree carri ers in the valence band and assumes tha t al l
m agneti c ions are Mn 2 + wi th Ùve electrons in the d -shell . Such a situa ti on is rea l-
ized only when al l the Mn 3 + ions act as acceptors, i .e., when the accepto r A( 0 = À )
level is situa ted in the valence band, well below the Fermi level. The positi on of
the Mn accepto r level A( 0 = À ) as shown in Fi g. 1 suggests tha t sim ul ta neous exi s-
tence of the d 5 conÙgurati on of m anganese ion and the holes in the valence band
is possible only f or Ga- and In- arsenides and al l the anti monides. If one considers
the positi ons inf erred from the interna l ref erence rul e as rel iable, the situa ti on re-
qui red in the Zener m odel seems to be obvi ousl y real izable onl y in GaSb and InSb,
wherea s in GaAs, InAs, and Al Sb the acceptor level l ies to o close to the valence
band edge. For the latter com pounds, one can im agine tha t the Ferm i level reaches
the accepto r level positi on and rem ains pi nned to i t. Thus, only a part of the m an-
ganese ions acqui res the d 5 conÙgurati on and the Mn 2 + and Mn 3 + ions coexist in
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the crysta l . Such mixed valence wo uld open an addi ti onal channel of the exchange
intera cti on, nam ely, the ferro magneti c doubl e exchange, whi ch can be tho ught in
term s of the hopping of the extra electron between the Mn 2 + and the Mn 3 + ions
vi a the anion p -orbi ta ls. In R ef. [13] i t was shown, however, tha t the double ex-
change mechanism is very sensiti ve to the local potenti al energy Ûuctua ti ons in the
random system of ioni zed im puri ti es. Mo reover, the good agreement between the
predi cti ons of the Zener model and the observed value of the Curi e tem perature in
GaMnAs seems to indi cate tha t in thi s compound, the dominant part of the Mn
ions is in the d 5 conÙgura ti on. Thi s m ight be related to the compensati on of the
m anganese acceptors by the arsenic anti sites of donor character [14].

One can ask the questi on whether sim i lar situa ti ons can be exp ected in I II{ V
D MS wi th other tra nsiti on m etal ions. The positi ons of the A( 0 = À ) level for the Co
and Mn ions as shown in Fi g. 1 are almost identi cal . As the occupati ons of the t 2g

orbi tals for the d 5 and d 7 electronic conÙgura ti ons are also identi cal , one can exp ect
sim i lar properti es for tho se Mn- and Co-based I I I{ V D MS, for whi ch the acceptor
level l ies in the valence band. W e note, however, tha t for a given host materi al
and identi cal concentra ti ons of holes and m agneti c ions the Curi e tem perature for
Co -based m ateri al shoul d be lower tha n for Mn- based one, despite the fact tha t
one expects a bi gger value of the p À d exchange constant for D MS wi th Co ions.
Fi rst of al l, the increase in N 0 Ù resulti ng from the smal ler va lue S of the Co ionic
spi n in the denominato r of Eq. (1) is apparent as it is com pensated by the decrease
in the m agneti zati on in the same proporti on. At the sam e ti me, the hybri di zati on
m atri x element is smaller for Co tha n f or Mn due to the smal ler ioni c radi us of the
form er [15]. The accepto r level of Fe also enters the valence bands, but only in the
GaSb and InSb, whi ch are less pro mising for high tem perature f erromagneti sm,
because of thei r relati vel y large latti ce consta nts and, consequentl y, weak p À d

hybri di zati on.
Accordi ng to the predi cti ons m ade wi thi n the Zener m odel [2], the most

pro mising I I I{ V DMS m ateri al for the room tem perature ferromagneti sm is
GaMnN. R ecently, the Ùrst sampl esof GaMnN are reported in the l i tera ture [16{ 18].
As deduced from Fi g. 1, in GaN, as well as in other phosphi des and ni tri des for
whi ch the hybri dizati on is parti cul arly strong, the accepto r levels of al l tra nsi ti on
m etal ions are situa ted above the valence band and, in consequence, the m agneti c
ions do not act as acceptors. The gap positi ons of the acceptor Mn level in GaN
and GaP were conÙrmed by opti cal measurements [17, 18, 11]. The possibi l i ty
of obta ini ng p -typ e m ateri a ls by co-doping depends on the positi on of the donor
level relati ve to the valence band. For Ti and Cr ions, f or whi ch these positi ons are
presented in the Ùgure, the p - typ e sampl es are not possible at al l . The positi ons of
donor levels for the other tra nsiti on m etal ions are not kno wn, but being guided
by thei r positi ons relati ve to the acceptor levels in I I{ VI com pounds we exp ect
the Mn, Fe, and Co D (0 =+ ) levels deep in valence band. Thus, in pri ncipl e, the
p - typ e co-doping of the phosphi des and ni tri des wi th these magneti c ions should
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be e˜ecti ve. In such p -typ e m ateri als the charge state of Mn, Fe, and Co should
rem ain the sam e as for the host cati ons, i .e., these ions should have the electro nic
conÙgurati ons d 4 , d 5 , and d 6 , respectivel y. In [16], the d 5 conÙgura ti on of Mn in
GaN wa s observed in the EPR measurements, but contra ry to what was concl uded
by the autho rs the situa ti on in GaMnN is by far not simi lar to the situa ti on in
GaMnAs | the fact tha t in GaN the Mn accepto r is ioni zed and has Ùveelectrons
in the d -shell can result solely from the n -typ e character of the studi ed sam ples.

The very fact tha t the Mn acceptor level is situa ted in the energy gap of GaN,
i .e., tha t in the p - typ e materi al the Mn shoul d be in the d 4 electro n conÙgura ti on
has importa nt consequences for the predi cti ons of the hi gh tem perature ferro-
m agneti sm in GaMnN. For impuri ti es wi th d 4 conÙgura ti ons in zinc- blende typ e
structures , e.g. GaP:Mn [11] or di ˜erent II{ VI semiconducto rs wi th Cr ions [19],
the tetra gonal sta ti c Jahn{ T eller e˜ect wa s observed. In such case, i f the cubi c
sym m etry is in average preserved, the exchange constant in the Kondo Ha mi l to -
ni an can be wri tten [3] in the form : N 0 ( 2

3
Ù 4 + 1

3
Û4 ) . Since the two constants N 0 Ù4

and N 0 Û4 , given by Eq. (1) and Eq. (2), respectivel y, have opposite signs and com -
parable absolute values, the resulti ng p À d ki neti c exchange constant in GaN wi th
Mn 3 + ions would be strongly reduced. Mo reover, the m agneti zati on related to the
ions wi th the to ta l spin S = 2 i s considerably smal ler tha n tha t f or d 5 ions wi th
S = 5 =2 . One can expect tha t m uch more prom ising should be GaN wi th i ron or
cobal t ions, for whi ch the electro n conÙgura ti ons are d 5 and d 6 , respectivel y, and
the exchange consta nts are simpl y N 0 Ù .

T o calcul ate the p À d exchange constant f rom Eqs. (1) and (2) one has to
kno w the appropri ate charge tra nsfer energies and the values of the hybri di zati on
m atri x elements in the compound. Fi gure 1 does not pro vi de the exact values
of the charge tra nsfer energies and the positi ons of donor level for Mn, Fe, and
Co are not kno wn at al l . W e choose an arbi tra ry value 2 eV f or the di stances
of donor levels of al l the three ions to the to p of the GaN valence band and
we ta ke the other charge tra nsfer energies from Fi g. 1. Mo reover, we use the
hybri di zati on m atri x element V pd in the form related to the Ha rri son intera tom ic
m atri x elements: V pd = 4

3
( V pd ¥ À 2 V pd ¤ =

p

3 ) [3]. The Ha rri son param eters V pd¥

and V pd¤ depend on 1 =d 7 = 2 , where d i s the bond length between the ani on and the
m agneti c ion [15]. Thi s bond length is di ˜erent f rom the anion{ cati on distance in
the host m ateri al | i t should be rather close to the ani on{ cati on di stance in the
tra nsiti on m etal ni tri des [21]. Thus, to estimate the hybri dizati on m atri x elements
for GaN wi th Mn, Fe, and Co we use the value d = 2 : 1 1 ¡A, typi cal of tra nsi ti on
m etal ni tri des [22]. The obta ined values of the ki neti c exchange constants for the
Mn 3 + , Fe3 + , and Co3 + in GaN are { 1.5 eV, { 2.8 eV, and { 3.1 eV, respecti vely.

In concl usion, we have di scussedthe dependence of the p À d ki neti c exchange
of the I I I{ V DMS on the electroni c conÙgura ti on of magneti c ions and on the
positi on of thei r charge tra nsfer states relati ve to the valence band edges. From
thi s analysis i t f ollows tha t the most pro mising I I I{ V m ateri al for hi gh tem perature



348 J. Bl inow ski, P. Kacman

ferrom agneti sm seems to be GaFeN, co-doped for the p -typ e, despite the larger
exchange constant for GaCoN. Thi s is due to the f act tha t, for a given m agneti c
ion content, the m agneti zati on in GaCo N is smal ler tha n in GaFeN, as the spin
of Co 3 + i s 2 whi le tha t of Fe3 + i s 5/ 2. Sti l l , the expected Curi e tem perature in
p - typ e GaCo N seems to be hi gher tha n in the p - typ e GaMnN, where the spi n of
Mn 3 + ions is also equal to 2 but the ki neti c exchange consta nt is reduced, due to
the d 4 electroni c conÙgurati on of the ion.
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