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Exchange interaction in magnetic semiconductors
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A simple medel iz propoted for magnetic semiconductors based on 1are carth metals with localized f elec-
trons hybridized with an empty conductien band, The intraatemic exchange hetween [ oand sd electrons £

aleo considered, Pertwbation theory s vsed to dedve an effective exchange imeraction which can be writlen

g3 the sumn of aotifestomagnetic amd ferromagnetic pars, The total interaction cen be cither lermmagnetic or
antiferromagoede, The caleulated dependences of the exchange incegrals &y and &, on the interatomic dl-
tance are in agreement with the messored resulte for europlam chaleogenides,

Magnetic semiconductors conlaining transition or rare
earth ions, in particular, enropium chalveogenides, arecur-
rently altracting eonsidarable allention. Such materials
.on he gither ferromaygnetic (Ewd, EnS) or antiferromag-
neboe (iaTe). Although the exchange intcraction in stan-
ward magnetic insulators is now well understood Gt is as-
sumad that the principal mechanism is the hramers su-
perexchange’], there are several dilfurent models af the
exchange in magnelic semiconductors, Sometimes, il 18
explained by the direct exchange or by the indirect ax=
change via anions or by the Bloembergen - Howland polar-
ization mechanism. There are also other, frequently com-
plicated, models,’ We propose a simple modal, which ex-
plains well all the main features of the exchange inferac-
tinn in mapnetic semicondyctors, particularly those bascd
on rare carth metals. Our treatment is similar to the
medel of ref. 3, which applics to rare earth metals them-
selves.

The most important feature of the hand strocture of
the materials under study 18 the existence of a conductinn
hand {usnally emply) which is derived frem B or d slales
of the metal (ur by their hybridization) and the existence
of narréw f levels in the forbidden bond, whichean he as-
aumed to be localized, For simplicity, we shall neglect
the orbital moment and consider the case of a single
glectron per center having epin 8 = 12, We shall also as-
gume that the f electrong are localized and that there 18
at most one £ electron per cenler because of a strang Con-
lomb repulsion. The enrresponding Hamiltonianis givenly
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Here, the firsl Lerm is the kinetic energy ol the conduetion
electroneg (we ghall call them ed electrong): the second
term i2 the enargy of the lnealized F alectrons in lhe site
representation (the F level is separated by a gap A from
the bottom of the conduction band)., The Lhird lerm de-
geribes the hvbridization and the feurth termn the local in-
traatomic exchanpe [which can he written in the form

PR, 1 " i - .
{=1/2) )_‘{1.-’2" 2oj8j), where o is the conduction-clectran

spin and gy-is the spin of an f electron at a site jl. Since
the ¢ electron wave fanetiche are strangly localized, we
shall assume that Lhe hybridization 18 local,? Le., we shall
Bt Wik =V eaplil® ). The lybridizutivn and exchange inthe
materials under study arve wenk (V, 7 =5 A, B, where B =
1/m* i= the width of the conduction band),
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Cr exchange mwechanism represants a direclt gener-
alization of the Kramers—Anderson supereschange.' Bt
hybridization and intrastomie exchange terms are vmilled v
the system reduces to a sel vl isvlated localized F elee-
trong; the ground state is 2N times deganerate with re-
spect to spin. Becausg of the hybridizalion with the coa- in
duction band, virtual transitions of the F electrons tothe an
conduction bund can cecur and, as a result, they can in- l thi
leract with one annther the hybridization and the kinetic | de
enerpy of the =d eleclrons play the role analogous to elec-
tron Lransilions via oxygen ions in magnetic oxides), This G
cffcet lifte the epin degeneracy in the [ourth crder of the
perturbation theory with respect tn 7, which usually give ﬂu
rise to an antiferromagnelic exchange interaction of In-:;l-? L_"'
fred splns.l However, the intrastomic exchange was nul |I IiJ:1|
considered in ref. 3 [the last tarm in Eg. (1}]; when this dl'i--

term ig included, the f electrons belonging to a given cen
ter can be excited to the eonduction band where their inter
actinn with other 7 electrons is of the exchange type and

than they return to the original centers. This mechanism | ex
leads to a ferromagnetic exchange Interaction. Thuese tw th
effects can explain all dillerent propertics of magnetic | di:

semiconductors, [ i
: : o T
The elfective exchange Hamiltonian can be obtainet Lie
bv a perturbaticn expansion of kEg. (1): i
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The averaging in Bq. (2) is over tha 2¥-times dege’ '
cratc snhepace of the localized f-electron wave functish |
in the presence ol an empty conduction band,

Suhatituting in Eg. (2) the explicil expressicns fob fhe ;
approprisle vperators and carrving oot the nacessary d
commutations of the operators ap ., and a}LI , wi ohtain
ioowm (12, — 2 as;,
eff )

whore

a Tkl H =B i
.."1.. =i E .I::'- e T |
WOk, B .

Nl I,
wi have used the standsrd transformation from Lhe ele
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* The actual farm of the exchange integrals (4) and (6)
Jepands on the spactrum of £, allthuugh the qualitative be-
pavior of the cxchange integrals 1s practically independent
of the spectrum, Tor the slmplest apectrum g = kK ame
{he pxehange interoction has the form
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pera, @ = V/N i tha volume of 2 unit cell which appeara
s o resull of the Lranslormatlion
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v ig the volume of a cryatal),

Our expressicn for .T‘E'. i& identical with that obtained
in ref. 3 (however, the cquation obtained in ref, 3 contains
a1 erroneous additional power of R in the deneminalor);
{le ferromagnetic part of the exchange 34, has the same
dependence on R, 3

Equations (1) and (&) can be applied Lo magnetic semi-
pepduetors. It follows from these equationg that the re.
sulting inleraction can be either ferromagnelic or anli-
ferromaghetic, depending on the relative magnitude of the
purameters of the system. The ferromagnetic part of the
interaction [Eq. (8)] decreases [aster as & funclien of the
digtance, which implies that the resulting interaction is
mainly anliferromagnetic al large distances,

Measurcments on enropinm chaleoganides yield the
exchange integrals J; and J; governing the intcraction with
lhe nearest and sennnd-nearest nelghbors. Denoling Lhe
distance between nearest neighbors by d, we find that the
distance hetween second-nearest neiphbors s 4T for the
EoD lattice, which is similar Lo NaCl, The total interac-
tion ealoulated from Fe. (6, glvenby J = J2 (d) Ifid) and
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Fig. 1. Dependences of cthe exchange
integeals J; and J, on the igleratomic
fseance for evropivm chalcegenides.
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Jy = JE{d T+ J-Jrfd-":ﬁ, is shown schamatically in Fig. 1.
Tha measured values of 4, and Jo [ur europium chalcogen-
ides have the same dependences on the interatomic dis-
tance (Bee Tig. 1 In ref. 2); a comparison with diffecent
malerials is also shown in Fig. 1.

It follows from KEg. (6) that J; has a zero at Ky =
£ ImF A 2m* v? oand Jo ul By = BV uging Fig, & of vef.
2, we can estimate the experimental ratio ”1.-"'”: ra 1.3,
which is in gand agreement with the caleulated value
R1.-"I.H'J = T,

Wa made zeveral simplityiog assumplions (Lhe hy-
bridization was asswmed to be conatant and the epactriam
£ had the simplest form); furtharmore, in vur compari-
gun wilh the experimental results, we assumed that the
parameters V and m* had the same values for all eurv=-
pium chalcogenides and only the inleratomic distance d
was variable. Nevertheless, in spite of these simplifica-
liona, cur medel provides a good gualitative deseription
of the exchange interaction in magnetic semiconductors
bazed on rare earth metuls.
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