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Dilute magnetic semiconductors have been attracting scientific community due to their wide array of
applications like spintronics devices such as nano-magnetic memories, nano-sensors, etc. The researchers
have gathered a large amount of experimental data over the past few decades with varied perceptions into
the origin of ferromagnetism in dilute magnetic semiconductors. Some investigators found the room tem-
perature ferromagnetism (RTFM) because of metallic groups; whereas others revealed the same because of
the substitution of doped transition metals (TM) into the host milieu and called it as semi-magnetic semi-
conductors. Some of them also found paramagnetic behaviors at room temperature, however, achieved
RTFM after annealing in vacuum/Hs/air or any other medium. Theoretical models like Ruderman-Kittel-
Kasuya-Yosida (RKKY), Zener, bound magnetic polaron (BMP) were also developed to investigate the
same, but to some extent, confusion remains about which interaction mechanism is responsible for ob-
served intrinsic type of RTFM. The theoretical modeling is among utmost imperative analysis in the re-
search progression. It helped to understand the conceptual and quantifiable knowledge of the origin of fer-
romagnetism in the dilute magnetic semiconductors. Furthermore, it may offer the essential path to culti-
vate an efficacious approach for the manufacturer of these materials. The present paper epitomizes various
theoretical models viz RKKY model, Zener model, mean-field Zener model and BMP model that elucidate
the RTFM in dilute magnetic semiconductors. The study reveals, among various BMP models, magnetic
ordering is most reliant in the finding the RTFM, and quite successful to explicate ferromagnetic exchange
coupling amid the TM local moments in dilute magnetic semiconductors.
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1. INTRODUCTION combustion method to prepare ZnixFexO (x=0.000,

0.0625, and 0.125) nanoparticles. The structural prop-
erties, electronic band structure, density of states and
magnetic property of pristine ZnO and ZnixFexO were
also theoretically explored by means of density func-
; : tional theory with Local Density Approximation
metals (TM)‘ These _TM produce lo.cahze(.i magnetic (LDA), General Gradient Approximation (GGA), with
moments in the semiconductor matrix which are fre- Hubbard model scheme (U). Meng et al. [7] suggested
quently originated from their respective 3d or 4f un- (1,4 the Co-doped InsOs is favorable for RTFM; as
wrap shells. An energetic spin-dependent articulation they implemented first-principle spin-polarized densi-

among 'th’e localized S‘t ates and bands causes hl‘lmong- ty functional theory calculations to prove the magnetic
ous splitting of the spin electronic states, spin-disorder interactions of Co atoms in Inz0s. An et al. [8] investi-

scattering and evolution of magnetic polarons that can gated both experimentally and theoretically the struc-
be. controlled, prqbed and es.corted towards collective tural, magnetic and transport properties of the films.
spin glass ordering accordingly [1]. Moreover, re- They summarized that the variation of Ms with Fe

searchfes have' been extended to DMS based on wide doping has a strong relationship with the localization
gap oxide semiconductor systems, such as TiOs, SnOz, radius & of carriers and the characteristic hopping

InyOs, etc. These oxide-based DSM (O-DMSs) have temperature 7o, signifying that the change of localiza-

f:aptlvated much acclaim due. to pro.spe.cts 1n spintron- tion impact can extraordinarily influence the FM order
ics and magneto-optoelectronic applications [2, 3]. of the (In1-xFex)20s films

Various theoretical and experimental research
findings have been reported in literature on the ferro-
magnetic, pa.ramagnetic, antiferromagneti(.: and spin sight. It becomes indispensable to compare experi-
glass properties of TM-doped DMS [4, 5]. Sikam et al. mental results with the expected observations for the

(6] in\{estigated pristir}e Zn0O and anjXFeXO in both various theoretical models for RTFM in these DMS
emperical and theoretical characteristics. They used materials

The diluted magnetic semiconductors (DMS) are
considered as functional materials in spintronic devic-
es, circumscribe typical semiconductors that exhibit a
considerable portion of atoms surrogated by transition

Amidst these theoretical and experimental findings
still the origin of RTFM is subjected to more clear in-
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In view of this, the present paper illuminates a short
review on a few models which set forth to expound the
ferromagnetism in magnetic semiconductors.

2. THEORETICAL MODELS FOR
FERROMAGNETISM IN DMS

2.1 The RKKY Model

The RKKY (Ruderman-Kittel-Kasuya-Yosida) model
[9] elucidates the magnetic interaction amid solitary
localized magnetic and delocalized conduction band
electrons. Due to RKKY interaction, conduction elec-
trons near the magnetic ion get magnetized and act as
an effective field to impact the polarization of neigh-
boring magnetic particles, with the oscillatory polari-
zation rotting with distance from the magnetic ions
and causing indirect super exchange interaction
(RKKY) between two magnetic ions on closest or next
closest magnetic neighbors. This coupling brings about
a parallel (ferromagnetic) or an anti-parallel (antifer-
romagnetic) setting of moments dependent on separa-
tion of the interacting atoms. This RKKY interaction
is proficient when a high concentration of delocalized
carriers exists in the host material.

This model cannot be realized easily for the mag-
netic semiconductors which archetypally contain di-
lute subsystem of localized magnetic spins and an
even more dilute gas of free carriers [10].

2.2 Zener Model

Zener postulates the model of FM driven by the ex-
change interaction amongst carriers and localized
spins. When transition atoms dissolved in a metal or
alloy that generally contains only completed inner
shells then the transition atoms have ordered posi-
tions with no nearest neighbors of each other. In such
alloys, there would be no direct exchange of electrons
amongst d shells. Hence, the FM coupling by means of
conduction electron should offer ascent to FM at low
temperatures [11].

In the Zener model, the direct interaction between d
shells of the contiguous TM atoms (super-exchange)
prompts an antiferromagnetic configuration of the d
shell spins in light of the fact that the TM-d shell is
half-filled. Then again, the indirect coupling of spins via
the conduction electrons has a tendency to adjust the
spins of the incomplete d shells in a FM way. It is only
when these rules over the direct super-exchange cou-
pling amongst neighboring d shells are observed. The
drawback of the model is that it gives an approximate
estimation of ferromagnetism driven by the exchange
interaction among free carriers and localized magnetic
moments, perceived at critical ferromagnetic tempera-
tures in DMS materials. The Zener model disregards
essential impacts identified with the character of the
ferromagnetic order in these systems, probably mediat-
ed by the wandering nature of the free carrier spins.

2.3 The Mean Field Zener Model

Dietl et al. [12] proposed the mean-field Zener
model which is based on the original model of Zener
and the RKKY interaction. When contrasted with the
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RKKY collaboration, the mean-field Zener model con-
siders the anisotropy of the carrier-mediated exchange
interaction allied with the spin-orbit coupling in the
host material and furthermore the carrier correlation.
In the process, it propounds the imperative impact of
the spin-orbit coupling in the valence band in finding
the magnitude of 7. and direction of the simple axis in
p-type ferromagnetic semiconductors. It shows a hole
mediated FM interaction between localized spins in
magnetic semiconductor. With a specific end goal to
induce the long ranged FM, the holes should have
been spatially delocalized or feebly localized [12, 13].

2.4 Bound Magnetic Polaron Theory

The bound magnetic polaron (BMP) model is an
imperative methodology for elucidating the ferromag-
netic ordering in the TM doped oxide semiconductors.
BMP is an assemblage of electrons (or holes) bound to
impurity atoms via exchange interactions within an
orbit [14]. Reliant to the system, these interactions
render carriers parallel or anti-parallel to the magnet-
ic impurity. The parallel and anti-parallel alignments
contrast in energies, leading to non-zero spin flip en-
ergy states, which is an idiosyncrasy of BMPs. As s-d
exchange energy exceeds kBT, the mutual alignment of
ions and carriers results in a ferromagnetic “bubble”
i.e. “collective” regime which occurs normally at low
temperatures whereas at elevated temperatures the
spins of magnetic ions are not continual and lead to
non-zero magnetization via spin fluctuations i.e. “fluc-
tuation” regime within respective carrier orbit.

The BMP magnetic ordering temperature is reliant
on the nature of interactions among charge carriers
and atomic spins. Durst et al. [15] computed exchange
parameters based on the polaron-pair model that ac-
counts the interaction amongst BMP pairs through
mutual interstitial zone. Such zones are essential for
carrier mediated ordering of every BMP [16].

In the formation of BMPs, if s-d interactions are fee-
ble and donor bands are comparatively high, then col-
lective phase is perceived merely at low temperatures
whereas if additional localized valence bands intricate,
then p-d interaction becomes robust to endure mutual
phases even at upper temperature ranges.

Based on exchange interaction amid the atomic
spin moment of dopant ions and extremely interrelat-
ed constricted impurity bands for n-type DMS, Coey et
al. [16] suggested a model. They demonstrated sche-
matically the interactions within oxides, in which the
defects such as oxygen vacancies act as a source of
electrons. When the concentration of electrons that are
aligned with characteristic Bohr radii upsurges their
individual orbits, they spread out into constricted im-
purity bands. If there are adequate magnetic spins,
the electrons are absolutely spin polarized and result-
ing ferromagnetic ordering due to indirect exchange
interaction intermediated by carriers [17, 18].

3. CONCLUSIONS

The models conferred here illustrate that the per-
tinent characteristics of TM doped DMS and their het-
erostructures can be inferred qualitatively. The RKKY
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interactions generally prevail over the direct exchange
coupling among adjacent local magnetic moments as
well as magnetic dipole-dipole coupling. Zener model
suggests that the magnetic interaction is diffused from
one spin to another through indirect exchange interac-
tion which is intermediated by a conduction electron of
doped TM ion. The mean field Zener approximation is
applicable for long-range character of the ferromagnet-
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B po30aBJjIeHMX MarHiTHUX HAMIiBIIPOBiIHUKAX
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Posbapieni marsiTHI HAIIBIPOBITHUKY IIPUBEPTAIOTH yBAry HAYKOBOIO CIIIBTOBAPUCTBA 3aBISKHU IIIUPO-
KOMY CIIEKTDY 3aCTOCYBaHb, TAKUM SIK IIPUCTPOI JJIS CIIHTPOHIKY, HAHOMATHITHI IIPUCTPOI I1am'sTi, HaHOCe-
ucopw: 1 T.1. Jlocmimauky 3106pasiu BeJIMKY KIJBKICTh €KCIIePUMEHTAIBHUX JAHUX 34 OCTAHHI KLJIBKA JIeCSITH-
JITH 3 PI3HUMU YSIBJIEHHSIMH IIPO ITOXO/KEHHsI (DepOMarHeTH3My y po30aBJI€HMX MATHITHUX HAITIBIIPOBIJI-
aurax. Jleskl nocaiguukn BusBrin depomarHerusm 3a kKimuHaTHOI Temmneparypu (RTFM) gepes merasesi
TpyNH; B TOM 4Yac SK 1HII BUSBHUJIM HOTO Yepe3 3aMiHy JIETOBAHUX IEPEXLTHUX METAJIB ¥ CepPEeOBUII MaT-
puIii 1 HagBaaW IX HAMIBMATHITHUMYA HamiBIpoBimHuKamu. Jleskl 3 HUX TAKOXK BUSBUJIN ITapaMarHiTHY II0-
BeOIHKY IpH KIMHATHIN Temmeparypi, omHak mocsaraiau RTFM micaa sigmasny y Baxyymi/Ho/mosiTpi abo
Oyab-AKOMy 1HIIIOMY cepemoBuimi. TeopeTHdHl Momesi, Taki AK MOmeJIl PynepmaHa—HiTTenﬂ—Kacys{-ﬁociz[a,
3eHepa Ta 3B'a3aHOr0 MarHiTHOro mossapory (BMP), tako:mx Oyim po3pobieHi A1 JOCTiIKeHHs hepoMarte-
TH3My, ajie TIeBHOI MIipoI0 3aJIMINAEThCI He3PO3yMIINM, 3a AKHUU MEXaHI3M B3aeMOJIl BIAIOBigae crocrepe-
skyBauuit BHyTpimmHiA THn RTFM. Teopernune mo/esioBaHHS € OJHUM 3 IMEPIIOYEPrOBUX IMIIEPATUBHUX
aHaJI3iB y mociaimkenHi. 1le momomarae 3po3yMiTH IOXOMKEHHS (pepoMarHeTU3My y Po30aBJIEHUX MATHIT-
HUX HamBIpoBigHnKax. KpiM Toro, MomeoBaHHA MOKE 3aIPOIOHYBATH BH3HAYAIBHUN IIJIAX IJIA BHPOO-
JeHHsI e()eKTUBHOTO IIIX0/Y JI0 BUTOTOBJIEHHS ITUX MarepiasiB. ¥ JaHi poOOTi pO3TJISHYTO Pi3HI Teoperu-
uHl Mogzesi, a came mogmessb RKKY, monens 3eHepa, cepeaHbOIOIbOBA MOe)Ib 3eHepa 1 mojess BMP, mo
nosicaoiore RTFM B po3baBiieHMX MArHIiTHUX HAMMIBIPOBITHUKAX. J[oC/iReHHS IOKa3ye, 10 cepes PI3HUX
MoJiesiel MarHITHe BIIOPSAKYBAaHHS € HaWOLIbin 3asexunM y 3HaxomreHHl RTFM, tomy mocuthb ycmimso
MOKHA HOsSICHUTH hepOMAarHITHI 0OMIHHI 3B'SI3KM HA TJII JIOKAJIBHUX MOMEHTIB IIepexiTHIX MeTasiB B po3ba-
BJIEHUX MATHITHUX HATBIPOBIIHUKAX.

Knrouosi cnosa: @epomarnerusm 3a ximuaTtuol Temmeparypu (RTFM), Mogmens Pymepmana-Kirrens-Kacys-
Wociga (RKKY), Mogens 3enepa, Cepenubononosa Mmojess 3enepa, Monens maruitaoro nossspory (BMP).
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