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Th e basic mic roscopi c ori gins of ferromagne tism in (I I I ,Mn ) V com -
p ounds that have the highest transition temp eratures app ear to be w ell
understo od, and e£cient computation metho ds have been develop ed which
are able to mo del their magnetic, transp ort, and optical prop erties . W e re-

view some of the attempts over the past Ùve years to achieve a theoretical
understandi ng of these comple x magnetic systems.
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1. I n t rod uct io n

Ferrom agneti c semiconducto rs are uni que materi als tha t can realize the ful l
potenti al of a spintro ni c devi ce whi ch uti l izes a contro l led Ûow of electronic charge
and spin. They o˜er integ rati on of m agneti c, semiconducti ng, and opti cal proper-
ti es, and com pati bi l it y wi th exi sting micro electroni c technologies. An importa nt
m i lestone in the Ùeld of semiconducto r spintro ni cswa s the discovery Ùve years ago
of ferrom agneti sm in Mn- doped, p - typ e GaAs observed at tem peratures in excess
of 100 K [1]. Ferromagneti sm at room tem perature wi th f ul l parti cipati on of iti n-
erant carri ers would be a m ajor breakthro ugh in semiconducto r spi ntro nics. W ith
thi s a im , intensi ve m ateri al research is currentl y in pro gress on tra nsiti on m etal
doped I I I{ V semiconducto rs. Here we present a bri ef revi ew of several theoreti cal
wo rks on m agneti c, tra nsport, and opti cal properti es of (I I I, Mn)V ferrom agneti c
semiconducto rs, whi ch has progressed hand in hand wi th experim ental develop-
m ents.

A qual ita ti ve pi cture of the electroni c structure of I I I{ V di luted m agneti c
semiconducto rs (D MSs) was proposed by Dietl and co-workers [2, 3]. Thei r m odel
is based on the interna l reference rul e [4] whi ch states tha t energy levels deri ved
from the d -shell of the magneti c ion are constant across semiconducto r com pound
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fam i li eswi th pro perly al igned bands. The appl icati on of thi s rul e to I II{ V materi als
wi th ionized magneti c im puri ties substi tuti ng on cati on sites was discussedin deta i l
in R efs. [2, 3, 5, 6]. The positi on of the 3 d level for Mn in GaAs, deep in the valence
band, suggests tha t Mn in GaAs is 2+, tha t i ts d -shell is occupi ed by Ùve elec-
tro ns, and tha t incorp orati on of Mn in thi s and many other (I I I, Mn)V com pounds
wi l l resul t in a large density of valence band holes tha t can m ediate ferrom ag-
neti c coupl ing between the S = 5 =2 Mn local m om ents. For low carri er densiti es,
these valence band holes wi l l be bound to the Mn ion, leadi ng to shal low acceptor
levels. Thi s m odel of carri er- induced ferrom agneti sm is now well establ ished for
(G a,Mn)As as a result of electron paramagneti c resonance experim ents [7], X- ray
m agneti c circul ar dichro ism m easurem ents [8, 9], m agneto- tra nsp ort data [10{ 13],
and theo ry wo rks whi ch we partl y discuss in m ore detai l below. If appl icabl e to
arseni des, the Mn 2 + shal low acceptor pi cture m ight even more accuratel y describe
Mn im puri ty states in the narrow gap InSb and GaSb host compounds. Thi s has
recentl y been conÙrm ed by experim enta l and theo reti cal studi es of ferrom agneti c
(In, Mn)Sb D MSs [14].

The acceptor im puri ty levels of Fe and Co [2{ 5] are unl ikel y to lead to high
valence band hole concentra ti ons in arsenides or anti monides.

The possible coexi stence of acceptor and neutra l magneti c im puri ti es sug-
gests tha t a ferrom agneti c doubl e-exchange mechanism can dominate in thi s case
[15]. The scenari o, however, has not yet been conÙrmed experim enta l ly. For ni -
tri des and phosphides the ionizati on energy of the accepto r levels is even higher
and the 3 d Mn im puri t y level is not deep in the valence band, maki ng i t l ikel y tha t
d -charge Ûuctua ti ons canno t be neglected. Exp erim ental ly, ferrom agneti sm wi th
cri ti cal tem peratures exceeding room tem perature has been claimed in (G a,Mn)N
[16, 17] on the basis of hysteresi s in m agneti zati on m easurements, however, the
electronic conÙgura ti on of Mn impuri t y in thi s com pound has not yet been con-
cl usively establ ished. The observati on of the p - typ e conducti on achieved in some
sam ples [18] seems to suggest tha t the sim ple picture of Mn accepto r level accord-
ing to the interna l reference rul e m ay not appl y in thi s case.

Gui ded by the com plex phenomenology very bri eÛy di scussed above and
by av ailable experim ental data on I I I{ V D MSs, several theo reti cal groups have
perform ed detai led studi es of these new ferro magneti c materi als usi ng both m icro -
scopic and e˜ecti ve Ha mi l toni an appro aches. The resul ts of some of thi s theoreti cal
research are revi ewed in the fo llowi ng paragraphs.

2. A b ini tio t heor i es

A b ini t io theo ries are an inv aluable to ol for studyi ng the m icro scopic ori -
gins of ferromagneti sm and for predi cti ng electroni c, m agneti c, and structura l
ground- state pro perti es of new com pounds. The local density appro xi matio n (LD A)
combi ned wi th disorder- averaging coherent- potenti al appro xi mati on (CP A) was
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used [19] to study GaAs and GaN D MSs doped wi th V, Cr, Mn, Fe, Co, and Ni .
A ferro magneti c ground state was predi cted for V, Cr, and Mn doping, whi le Fe,
Co , and Ni impuri ties were predi cted to lead to a spin-glass state. The structura l
pro perti es of (G a,Mn)As have been calculated in the di lute l im it and for hyp o-
theti cal zinc-bl ende MnAs using pseudoato mic-orbi ta l-based LD A algori thm s [20].
The calculated latti ce consta nt of MnAs is sim i lar to the latti ce consta nt of GaAs.
Thi s result and subsequent calcul ati ons for (Ga,Mn)As D MSs [21] suggest tha t
the relati vely large com pressive stra ins observed in (G a,Mn)As epilayers grown on
GaAs are caused by intri nsic defects rather tha n by the substi tuti onal Mn.

The electro nic structure of (G a,Mn)As supercells wi th Mn in the substi -
tuti onal positi on, wi th As-anti sites, or Mn- intersti ti al defects have been studi ed
by vari ous m etho ds wi thi n the LD A [20, 22, 23]. It has been concl usivel y estab-
l ished by the LD A calcul ati ons tha t in the presence of substi tuti onal Mn, the
Ferm i energy crossesthe valence band near the À point, intro duci ng one hole per
Mn. Cl ear theo reti cal evidence f or As 4 p -l ike band holes has been obta ined in
self- intera cti on corrected LD A and LD A+U calcul ati ons [24] and the Mn 3 d den-
sity of sta tes calcul ated by thi s metho d is in good agreement wi th photo emission
data [25]. As- anti site and Mn- intersti ti al defects act as a doubl e donor, accordi ng
to the m icro scopic calcul ati ons [20, 22, 23], and, theref ore, are the l ikely sources of
carri er compensati on observed in exp eriment. In summ ary, Ùrst- pri nci ples calcu-
lati ons supp ort the pi cture of carri er induced ferromagneti sm in som e (I I I, Mn)V
ferrom agnets, but deta i led predi cti ons depend on the appro xi mati on used for ex-
change and correl ati ons and also perhaps on techni cal deta i ls of the calcul ati on.
Thi s acti vi ty is on-going and further progress should be expected.

3. Sem i-p hen omen olo gic al e˜ ect i ve Ham i l t on ian t h eor ies

Semi-phenom enological e˜ecti ve Ha mi l to nian theo ri es in whi ch the low- en-
ergy degrees of freedom are Mn ion S = 5 =2 spins and v alence band holes,discussed
in the fol lowi ng paragraphs, have been devel oped to m ake quanti ta ti ve predi cti ons
for zero and Ùnite temperature m agneti c, tra nsport, and opti cal pro perti es of bul k
sam ples [2, 26] and heterostructur es [27]. In (G a,Mn)As, e.g., these models are par-
ti al ly justi Ùed by the negl igible changes in the valence band structure of the host
semiconducto r observed in angle-resolved photo emission experim ents [28]. The key
term in the e˜ecti ve Ha mi lto nian descripti on is a Ko ndo- like exchange intera cti on,
J p d

P
I

SI Â s(R I ) , whi ch ari sesmicroscopi cal ly from sp À d hybri dizati on and stro ng
d -orbi ta l Coul omb intera cti ons. Here S I i s the S = 5 =2 local mom ent operato r on
Mn site I and s( r ) is the multi -band envelope functi on hole spin-operato r [29, 30].
The sim plest version of thi s m odel com bines mean-Ùeld theo ry wi th a vi rtua l crys-
ta l appro xi matio n for the rando m distri buti on of Mn m oments [2, 31, 26, 32].
Il lustra ti ve resul ts of the m odel are presented in Fi g. 1 for the cri ti cal tem perature
in (Ga,Mn)As and (In, Mn ) As. These calcul ati ons and the m odel predi cti ons for
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Fig. 1. Main plot: mean- Ùeld critical temp erature calculated using the e˜ective H amil-

tonian and virtual crystal approximations for (Ga, Mn)A s (triangles) and (I n, Mn)A s

(circles) DMSs as a function of the hole density [29, 37 ]. Inset: critical temp eratures in

(Ga, Mn)A s, obtained by includ in g hole{hole exchange interaction (E X ) and spin- wave

Ûuctuation s (EX + SW), are compared to the mean- Ùeld results (MF).

the stra in-engineered magneti c anisotro py [29, 30], anom alous Hal l conducti vi ty
[33, 34], domain structure [35], and m agneti c circul ar dichro ism [29] are in good
agreem ent wi th experim ent.

The rel iabi l i ty of the standard m ean-Ùeld appro xi mati on has been exam ined
by accounti ng for the Coulom b intera cti ons among holes [26], whi ch enhance the
cri ti cal tem perature, and for correl ati ons in Mn mom ent orienta ti ons whi ch reduce
the energeti c cost of incompl etely al igned spin conÙgurati ons [36] and theref ore
lower the cri ti cal temperature. The calcul ati ons show tha t heavy- hole{ l ight- hole
m ixi ng is responsible for a relati vel y large spin sti ˜ness, resul ti ng in onl y ¤ 2 0%
reducti on of the cri ti cal temperature due to spin-wave Ûuctua ti ons in arsenides and
anti monides [37]. Mo reover, the reducti on is practi cal ly canceled by the enhance-
m ent of the cri ti cal tem perature due to hole{ hole intera cti ons (see inset of Fi g. 1)
whi ch expl ains the successof the m ean-Ùeld theo ry in these ferromagnets [ 3 7 ] .

4. E˜ ect s of d i sor der

Theo reti cal m odels beyond the vi rtua l crysta l appro xi mati on have been used
to study the e˜ects of disorder on tra nsp ort pro perti es, and m agneti c properti es in
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general , of the D MSs. The Boltzm ann equati on wi th the Born appro xi mati on scat-
teri ng rates have provi ded estim ates of the anisotro pic m agneto resistance e˜ect
(AMR ) of order ¤ 1 À 1 0% [38], in good agreement wi th experi ment [11, 13, 34].
AMR of a simi lar m agni tude is predi cted by the Kub o form ula for the ac-conduc-
ti vi ty , as il lustra ted in Fi g. 2. The key f or understa ndi ng the tra nsport and m ag-
neti c anisotro py e˜ects is a stro ng spin{ orbi t coupl ing in the host semiconducto r
valence band. The absolute dc-conducti vi ty estim ates (see the left inset of Fi g. 2)
[38] are typi cal ly only 2{ 10 ti mes larger tha n experim enta l values [11, 12, 39].
The di screpancy is l ikely partl y due to inaccura cies in the m odel scatteri ng am pl i -
tudes and m ulti ple-scatteri ng or localizati on e˜ects om i tted by thi s appro xi matio n.
Ho wever, exp erimenta l conducti vi ti es are sti l l increasing as growth and anneal ing
pro cedures are opti mized so the discrepancy coul d be due m ainly to uni ntended

Fig. 2. Lef t panel: dc anisotropi c magnetoresistance as a function of strain for 50%

comp ensated (due to A s-antisites) (Ga, Mn)A s DMSs. A M R is deÙned as the relative

di˜erence b etw een resistiviti es for in-plane magneti zation oriented along the current di-

rection and for magnetization p erp endicul ar to the plane of the DMS epilayer. e0 is the

relative di˜erence b etw een the substrate and the epilayer lattice constants. Inset show s

the absolute conductivi ty for magnetization along the current direction. Right panel:

ac-A MR as a function of frequency . I nset show s the absolute ac-conductiv ity .
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extri nsi c disorder. Kub o form ula calculati ons of infrared conducti vi ti es, i l lustra ted
in the ri ght inset of Fi g. 2, of m etal lic (Ga,Mn)As D MSs demonstra te tha t tra ns-
verse f -sum rul e measurements can be used to extra ct accurate values for the
free-carri er density [40].

The m ost stri ki ng feature in o˜- diagonal conducti vi ty coe£ ci ents of
(G a,Mn)As and other arsenide and anti m onide D MSs is the large anom alous Hal l
e˜ect (AHE). The AHE occurs because of spin{ orbi t intera cti ons. In m etals [41]
the standard assumpti on has been tha t the AHE occurs because of a spin À orbi t
coupl ing component in the intera cti on between band quasiparti cles and crysta l
defects, whi ch can lead to skew scatteri ng tha t give Hal l resisti vi ty contri buti ons
pro porti onal to £ and £ 2 respecti vel y, where £ i s the di agonal resistivi ty . Our AHE
theo ry di ˜ers f undam enta l ly f rom thi s standard picture because the e˜ect ari ses
from spin{ orbi t coupl ing in the Ha mi l to nian of the perfect crysta l whi ch im pl ies a
Ùnite Ha l l conducti vi ty even wi tho ut disorder. In Fi g. 3 we pl ot theo reti cal anom a-
lous Ha l l conducti vi ti es calculated for a clean system and wi thi n a m odel whi ch
accounts for the Ùnite li feti me broadeni ng of the quasiparti cle states due to im -
puri ty scatteri ng. Fi gure 3 demonstra tes tha t whether or not di sorder is incl uded,
the theoreti cal anomalous Ha l l conducti vi ti es are of order 1 0 ¨ À 1 cm À 1 in the

Fig. 3. T heoretical anomalous H all conductivi ty of Mn x Ga 1 À x A s DMS calculated in

the clean limit (op en symb ols) and accounting for the random distribu tio n of Mn and

A s-antisite impurities (Ùlled symb ols).
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(G a,Mn)As D MSs wi th typi cal hole densiti es, p ¤ 0 : 5 nm À 1 , and Mn concentra -
ti ons of several per cent, consistent wi th exp eriment [1, 34].

In the infrared regim ethe theo ry predi cts a prom inent feature in the anom a-
lous Hal l conducti vi ty at a frequency tha t vari es over the range from 200 to
400 m eV, depending on the Mn and carri er densiti es, and is associated wi th tra nsi-
ti ons between heavy- hole and l ight- hole bands. The m id- infra red response feature
tra nslates into stro ng magneto -opti cal e˜ects, as i l lustra ted in Fi g. 4.

Fig. 4. (a) Faraday and (b) K err e˜ects for x = 6% Mn concentration and p =

0 : 4 nm À .

The hole-Ûuid e˜ecti ve Ha mi l to nian theo ry di scussed above uses no free pa-
ram eters and is exp ected to be rel iable in sampl es wi th hi gh cri ti cal tem peratures
where the holes are meta ll ic and thei r intera cti on wi th Mn and other im puri ties is
e˜ecti vely screened. Mo re deta i led studi es of disorder e˜ects in D MSs have com -
bi ned the Ko ndo descripti on of the spin intera cti ons wi th Mo nte Ca rlo techni ques
appl ied to both m etal l ic [42] (hi gh carri er densi ty) and insul ati ng [43] (l ow carri er
density) regimes, and wi th the CPA [44] or spin-wave theo ry [45] for the m etal l ic
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sam ples. The CPA calculati ons, whi ch start from a ti ght- bi nding appro xi mati on
band m odel and use the Ruderm an{ Ki ttel { Ka suya{ Yoshida (R KKY) theo ry of
the e˜ecti ve Mn{ Mn intera cti on, predi ct a factor of 3 enhancement of the cri ti -
cal tem perature due to di sorder for typi cal Mn and hole densiti es in (G a,Mn)As
D MSs [44]. Other studi es usi ng dyna m ical m ean Ùeld theo ry [46] suggest sim i lar
trends wi th som e addi ti onal features when consideri ng the e˜ecti ve J pd coupl ing
as a vari abl e. On the other hand, the random Mn distri buti on and spati al Ûuc-
tua ti ons of the m agneti zati on suppress the ferrom agneti c tra nsiti on tem perature
in Mo nte Carl o sim ulatio ns [42]. The non-col l inear nature of the ground state due
to disorder has been pointed out in the spin-wave theo ry calculati ons [45]. It was
also suggested [47] tha t hi ghly frustra ted m agneti c correl ati ons may result f rom
the strong spin{ orbi t intera cti on in the valence band and the spati al di sorder.

The m etal { insulator tra nsiti on regime was expl ored by exact diagonal iza-
ti on techni ques [48, 49]. Consistent wi th experim ent, the studi es predi ct a m etal {
insul ato r tra nsiti on for 1% Mn doping in GaAs D MSs [48, 49]. It has been em-
phasized [48] tha t defect correl ati ons pl ay an importa nt role in the tra nsi ti on
and the calcula ti ons [48, 49] have provi ded evidence in favo r of the appl icabi l it y
of hole-Ûuid and im puri t y- band m agneti c-polaron m odels on m etal l ic and insu-
lati ng sides of the tra nsiti on, respectivel y. Mo nte Carl o studi es of the insul ati ng
phase have found spati a lly inhomogeneous m agneti zati ons below the ferrom ag-
neti c cri ti cal tem perature and an enhancement of the cri ti cal tem perature due to
di sorder [43].
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