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Exchange interaction mechanisms in magnetic semiconductors
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Effective exchange interaction in magnetic semiconductars is deduced by taking into account varous

factors: hybridization of the f-electron statcs willh the valenee and conduction bands, total interatomic

exchunge including the imerband interaction of the electrons, Coulomb repulsion effect, and the effect of
the fnite f-level width The calculated values of the exchange constants [, and [, for europium
chalcogenides are in good agresment with the experimental values.

PACS numbers: 75.30.Et

1. In the description of the properties of magnetic di- An analogous mechanism, due to exc itation of elec-
electrics and semiconductore based on transition and trons from localized p orbits of anions into the condue-
rare-carth metals (REM), various mechanisms of ex- tion band, was proposed by Berdyshev and Letfulov™
change interaction are resorted to. Whereas the Kra- and by Kagakov,[® The data they used, however, were
mers superexchange interaction mechanismt!! suflices taken from experimental papersl®!?! whose authors in-
to explain the magnetism of magnetic dielectrics, which correctly identified the forbidden gap width B with the
are antiferromagnetic in most cases, the situation is f-lavel'! binding energy &. The real valees of the para-
more complicated in the case of magnetic samiconduc- meters B (see Table I} in europium chaleogenides are
tors based on REM. Thus, for example, in the geries of  2—F tlmes larger than those assumed in the aforemen-
of europium -chalcogenides, which have a more compli- tioned theoretical papers,["®! so that the obtained ex-
cated electronic structure, one vbserves a broad spec- change integrals are smaller by one or iwo orders of
trum of magnetic properties on going from ecompound Lo magnitude than those given in Table Il of (7} Thus, the
compound or when the lattice parameter 1s altered by interband-interaction mechanism alone is not sufficient

pressure, 3 Xavier and de Graafi*s! sttempted to ex- to obtain good agreement with the experimental data.
plain both the ferromagnetic and antiferromagnetic ex-

change interactions in EuQ and EuS by using anly the It follows from magneto-optical measurements and
Bloembergen—-Rowland interband-interaction mechan- from caleulations of the band structure with allowance
iem.™®! Their overstated values of the interband-inter- for the stremp f-elactron correlationt®?! and the lattice
action constants can, however, not be regarded as ac- polarizationf?! that in curoplum chaleogenides the lo-
ceptable, calized weakly smeared f level lies in the forbidden gap
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between the valence and conduction bands.™*! In this
case cne cannot neglect the mechanisms of the direct
and kinetic exchanges via execitations of the f elactrons
to the s and 54—f,, levels of europlum,™*! say on ac-
eount of hybridization of the localized f states with emp-
ty conduction band'®! or zero-point lattice vibra-
tions."'”! However, the lattice mechanism in curopium
chaleogenides is apparently strongly suppressed, since
the Curie temperalure does net reveal any isotopic ef-
fects or anomalies in the paramagnetic susceptibility.
In addition to the faregoing mechanism, other explana-
tions, frequently quite complicated ones,'™ were also
offered for the exchange interaction in magnetic sami-
conductors.

The presence of a transition integral leads to the on-
set, besides the usual Kramers-Anderson superex-
change interaction, to new indirect exchange interac-
tions connected with the interaction of the f electrans
with the empty conducting band and the filled valence
band. Estimules show that an appreciable contribution
to the exchange interaction 1s made also by mechanisms
with participation of excited 4 ® configurations with one
excess [ electron at the center, so that it is necessary
lo lake into aceount also excited states thal admit of a
transition of the magnetic f electrons from cation to ca-
tlon (directly, 477 —47", or via the empty eonduction
band).

We obtain below, using the simple madel of the band
structure of a magnetic semiconductor shawn in Fig,
1 (compare with Fig. 24 of (2]}, an effective exchange
interaction that includes all Lthe mechanizms listed
above. Aceount is taken also of the effecls of hybridi-
zation of the stales of the f electrons and of the local ex-
change with the valence band."® This model provides
not only a earrect gualitative description of the ex-
change in magnetic semiconductors, but makes it also
poesible to obtain good qualitative asreement with the
exchange-parameters values obtained experimetally faor
4 large family of magnetic semiconduetors of the euro-
pium=-chalcogenide type.

2. Tn real magnetic semiconductors, the conduction
and valence bands are made up respectively of the
states Gs and 544, electrons of the metal (cations) and
P slates of the anions. These states arc represented in
the figure by the upper band, with a dispersion €,,, sep-
arated by a gap & from a localized / level of width ~W,
and a lower Land wilh a dispersion law €,,, separated by
apgap B from the bottom of the conduction band. We
consider a case with one localized F electron at the cen-
ter; we assume Lhat the axcitation energy of a system
with two f electrons at the center due to Coulomb re-
pulsion, L, is larger than the Fermi energy. All the
energies are reckoned from the bottom of the conduction
band.
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FIG, 1, Muodel of band
! structura,

The Hamiltonian of the model is given by
Lu
H—-—E‘. S.l.m.,"'a'k,+£ Barliy gy + -2— E fa,.‘h_,.&_,_" .
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The first two terms of (1) are the kinetic energies of th
upper and lower bands respectively; the fourth and fiftt
terms econstitute the energy of the localized f electrons
in the site representation with a transition inlegral e-
gual to W, . The sixth term represents local hybridiza
tion of the £ level with both bands, which takes the form
Vi ikl =VexplikR ), V, k)= Viexp(fkR,}; the seventh
term 1= the local intra-atomic exchange and includes
also the interband exchange J, due to the interaction of
holes and electrons from different bands."™' Finally, t
third term is the intra-atomic repulsion of the f elec-
trons at one center. We note that without the terms J
and W the Hamiltonian (1) is a generalization of Ander-
gon’s model to the case of two bands.

In the considered substanees, the parameters J, V,
and W can be regarded as small {4, V, WA, B, I},
and perturbation theary then yiclds an effective ex-
change-interaction Hamiltonian in the form

i - 1 R |

- a - n i -
Hoye={ ¥ | e —— wo [ o |
o < E~H, E—H, E,=H, £, H." E.—H.V
il RS SR g B e SR -
+J ¥ F=+F ¥ P I
E—H, E,=H~, E~H, E.—H, E.-H,

LS Y S
- »
Ev_Hi -E-'l—Hn .E'.;.—H; >

The averaging in (2) is over the 2¥-fold degenerate sub-
apace of the localized functions of the f electrons for a
filled valence band and an empty conduction band,

Substituting in {2) the explicit form of the correspond-
ing operators from (1), earrying out the necessary com-
mutations of the operators o (r, ), 2, %0, and using
the usual transition, on the subspace of the homopolar
functions (b, *%,, +b,.% . =1} from clectron operators to
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spin operators b, ‘b, =1/2+8% b;,*h, =57, we obtain
in analogy with!®*? the expression

o= A M g+ Z i 3::| +1) 18 B E 5545y, (3
(%] ks
where
P U = B 2 LS L ViEexplitke k) Ra}
PO R L )__._ 4
YN {a+:,.. A+V 7 TA+E ) (Ae) “
by
1 «— j2V\F | V.V v gxp ik =) Mg
_1-"?' - + (L T ,) PAELES— ol P o
v 2N '?_l: {-Ii"'!'ll. A+ #) Eyg—Einy k { }
9 Wa g 2F2 4V 2 IWF
g WY e T L Yo (IR, e o g
’ N El'_".-f':..{:". Fen .l-'-L-'}Uim e (8)

and R,,=R=R, - R, is the distance between the #th and
Jjth atoms,

The first integral here is the contribution made to the
exchange interaction by the hybridization and by the lo-
ral exchange on account of the upper band. The firsal
term in (4) represents the kinetic exchange mechanism
and is a direct gencralization of the Kramers-Anderson
superexchange interactiom.

Putting U/—= in (4) we arrive a formulas {4) and (5)
off'8), We note Lhat allowanee for the Coulomb repulsion
Il leads Lo g renormalization of the eXxchange constant
3,, which does not depend on the momentum, The in-
erement to 4, is negative here and in the absence ol 4,
the term (4) is always antiferromagnetic. The last term
in {4) corresponds to the process wherein the electron
expited into the empty conduction band interacts in ex-
change [ashion with Lhe remaining magnetic f elecirons.
The eiffective constant

ayg  avg

—_— Lot
|".'|'-Pt.|L f

ean be obtained from Andersom’s model by the Schricf-
fer-Wolff transformation. ™%’

The second integral J #' corresponds to interband ex-
change aseribed to the upper band. Here, as in {4}, the
usual constant is replaced by a quantity that depends on
the momentum. As seen from (B), at 3,=0the hybridi-
zation itself leads to an effeclive interband interaction.
Expression (6) contains three terms: the [irst two are
new exchange-interaction mechanisms due to the inte-
gral of the transition with participation of lthe condurtion
hand and of the excited 47° level with energy 4+ o,
while the last term of {6) is the usual Eramers-Andor-
son antiferromagnetic exchange.t'’

In the limit of strong repulsion (['—«), the term (6)
is left with an exchange integral corresponding to a pro-
cess of third-order perturbation theory, in which the [
electron goes from the given center into the conduction
band; the vacant place is taken by an f elactren from a
neighboring atom, and then the glectron returns from
the band to the center. This process leads to ferromag-
netic exchanpe interaction.

As [f—w= the strong Coulomb interactions provents the
presence of mere than one f electran at the center; in
this cuse the Pauli principle, which excludes electron
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transitions to vceupied states, prevents the onset of ex-
change mechanisms via inleraction of the f electrons
with the valence band, analogous to expressions {4)—(B).
1 U ie finite, however, it 15 possible to have, besides
the exchange integrals (4)-(8), also indirect-exchange
mechanisms due to virtual transitions of valenee-hand
electrons to the excited 477 level.

The additional effective exchange interaction in (3) is
of the {orm

AH o E (AT AL +ArS B S,
dumk]
where

e (0 25

kg

(2 ) )
e N (E o e = 7.)
R A e
s =~ B (e * o) S
(8

i ¥y LS il
+TE—" 2W.(tl—_l'. +T:) explikTt, .

The exchange integral AJ%! represents here an intra-
hand conlribution analogous to (4) to the exchange inter-
action, but due Lo the valence-band clectrons, &Y' cor-
responds to interband exchange aseribed Lo the lower
band, and finally &J'* is an cxchange integral analogous
to (6) but with a completely filled Jband,

As U —w, expressions (7)-(8) vanish, as cxpected,
and the effective exchange is determined by the contei-
bution of the integrals J&', J'*', and J'. 1l is easy to
verify, by substituting the data from Table I, that for
all cases of practical importance the integrals {T)=19)
at /> & are smaller Lhan (4}=(6). These inteprals can
be grouped with the corresponding terme in (4)=[(6).

1t is inleresting to note that by assuming UF—= and
8y,4,5=0 we obtain, in the framework of the single-par-
ticle Hamiltonian, an effective exchange interaction that
eongists of ferromagnetic and antiferromagnetic parts.

3. The exchange integrals (4)-{6} can be caleulated
by assuming a parabolic dispersion law for both bands
in the form €,,= F°k%/2m, and €;,= =B =K'k*/2n,. By
changing in the usual [ashion from sumimation to inte-
gration over Lhe momenta

i ]

T - |

hy E‘ [2n)? -[d
{R=u/N is the volume per atom) we obtain an analytic
expression for the integral Ji e

i { VEm?
Rt 2mA) b

£V 2 2m,4)"
s ) Exp(— B

T AnchiRY J' [_10]

It is seen that, depending on the ratio of the par ameters,
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the SuIMMAry interaction (10} can be of either sign.

we obtain similarly from (5), after a first intergra-
tian over the momenta and over the angles of the vector
g, an expression for

: 2 rAV.V, VLV :
=] (e w557

)cuxp{—.ﬁ( I} (£+k'}] }ksm"h‘:!.'c (11}

ghere C=0%m, /(271 R4,
At V=0 the integral (11} is equal to™

) 2T EmY R[28 (m+my)]"
r (AT

T TR (my g A (12}

where K,{x) is a Bessel [unetion of imaginary argument,

An approximate expression for the integral J'*' at
¥#0, when the condition

B(2maA) WA= R {Tm B v e

ig satisfied, is of the form

O m, ﬂ M @', ma
|________f__ 1L e ki ; X 1 ¥
" rrrre A T Fa¥i¥a (o) R Foo (19)

In the other limiting case

R"2m.m"?'32-[—+£(m'} (5";'—?}“31'3,

My

peglecting the momentum dependence in the exchange
eomstant in the integral {11), we get

2, LR 2V BEVL
T B () e TR {—'ﬁ— ALl
H[2(m+m)B]"
:l(i.!:l:[.l[——- T ]

In real substances B =4—6 aV, A=1=2 eV, &3],
R[2(m,+m,)B]!'%/K>5, and R(2m,8)"'%3/A>2, s0 that
relation {14) is valid for all cases of physical interest.
It is seen that the interband interaction is, as in (10), of
shart-range character, Another approximalion can be
obiained frem (5) if we lel the mass m, go to infinity
after integrating over the states of the valence band and
limit to range of integration over the momenta to k=27
{4r0/3)"2/3. As a result we obtain for J%' the expras-
Sinnle. 5,81

_f,}’

(14)

J i — Mf‘k.‘,}?}gy_p{

LA
o 2m.B) 1. (15)

Here Fix) = (x cos x — sinx)/+* is the Ruderman-Kittel
funetion,

With increasing lattice parameter, expression (13)
can become positive. Xavier and de Graaf attempled to
atiribute the antiferromagnetic component of the ex-
change interaction to the same indirect-exchange me-
chanism. However, the antiferromagnetic interaetion in
their result™ is due to the specifics of the assumed ap-
proximation. As seen from {12) with V=0, the exchange
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integral J®' can be caleulated exactly and is always ne-
gative. We nole also that the previously assumedt+®
approximation is erude, since in the compounds in ques-
tions we have m, ~m, 5 m, B

The integral J** can be caleulated simply, and it e-
quals

N ey 2 mAL KW R{2m A i 2w
o [ e — o i
(ﬂg;ﬁ.m,j]'- (.¢+H]n) it '“"[ [ ]+a1'-U

{16)

The decrease of the integral J*¥' with interatomic dis-
tance is slow compared with (10) and {14}, because of
the absence of the coefficient 2 in the argument of the
exponential of (16): at large distances, the exchange in-
tegral J%' becomes duminant,

The integrals (T)—(9) are close in their structure to
the corresponding expressions in (4)-(6), and they can
be calcalated in similar fashion. From (10)-{18) it i=

seen that at short distances the total exechange integral

is ferrumagnetic. Using the analytic expressions [or the
exchange integrals, we can determine the resultant ex-
change parameters for the interaction with the nearest
neighbors I, taken at R=d (where J is the distance be-
tween the nearest cation atoms), and with next-to-near-
esl neighbors, I,, in a lattice of the NaCl type (at
R=dv32). The gualitative behavior of the exchange para-
meters I, and [, is the same as in0'%'; at short distances
the resultant exchange is ferromagnetic, and at large
distances it reverses sign and remains antiferromagne-
tic.

4, By way of example we consider a family of typical
well-investigated magnetic semiconductors—the chaleo-
genides of europium, Tt is known thal the large variation
of the exchange constant in the chaleogenide series (by a
factor 6=7 on going from EuQ to EuTe) cannot be attri-
buted to only the variation of their lattice parameter
R,, %% gp that to caleulate the exchange integrals we
musgt have data on the hand structure. Table I lists
some parameters for europlum chalcogenides, obtained
in experimentsf: %41 The data on EuS and EuTe are in-
complele, and we use the extrapolated values marked in
the table by an asterisk{*).

In the chaleogenides of europium, the wave functions
of the anion , join two nearest cations, which are next-
to-nearest neighbors to one another, to form an 130-
degree configuration. Although the next-to-nearest eat-
ions are separated by large distances, the effeclive
transition integral W for them turns out to be of the
game order as for the nearest neighbors, owing to the
additional effective overlap of the orbitals via the p-band
of the chaleogen,'®?

Thae effective transition integral can be regarded as
different from zero for only two nearest coordination
gpheres, and the parameter is W~ V,%/( +U) and is ap-
proximalely equal ta (5-12) % 107 e¥. The parameters
g, and ¥, ,, as in'®3, will be assumed to be ~0,3-0.4
eV; the intra-atomic cl:nnstanti: 4, and 4, are small, 4,
~4,=0.1 ¢V, and the effective masses arc aseumed to
he o{ the order of the mass of the free electron.t®)  The
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TABLE II.

Ira.u“w| rl.ra'p Iy there f:u:p

Eal} 004 3=0,87 | —0,06 .07

Fuf o3 L] =016 =008
=000 + =0.14)

Lade | D45 fid -7 —i14

EuTe | 042 | 040 |08 ~1.2
| (=047 % ~04T)

best agreement with experiment ie obtained at W=19.014
eVand ¥V, ,=0.33 eV,

We note that the eflective constant

EVLP;+ 2V.F, g
a A+l

in J%! deereases on going from EuO to EuTe, in agree-
ment with the available data.t®’

Table II lists the theoretically calculated values of the
exchange parameters J, and I {in "K) and their experi-
mental values.™ The data in the parentheses were
taken from 121, Some dlscrepancy in the case of Bu and
FuSe for the exchange constant [, is apparently due to
the ineorreet choice of the parameters B and U (see
alsal™’), We note that all the mechanisms except J1
make approximately the same contribution te I, where-
as in J, the prineipal role is played by the exchange in-
tegral J3Y, On the other hand, the term representing
the Dlocembergen-Howland effective interband interac-
tion makes in all eases a small contribution to f; and
decreases rapidly on going from EuQ to EuTe, By way
of example, in EuQ {EuSe) contributions to J| are made
by JU/2=0,11(0.03), JE/2=0,07, and J9/2=0.46
(0.12), and contributions to I, by the values J©®'/2
= -0,06{-0.17}.

Tt is eclear from the results Lhal in the general case it
is impossible to separate in magnetic semiconductors
any partieular indirect-exchange mechanism, and it is
necessary to include in the analysis of the magnetic
properties of these substances the principal mechanisms
that take into aceount the conercte singularities of the
clectronie structure, and to estimate their relalive con-
tributions to the effective exchange interaction.

In our analysie we made a number of simplifying as-
sumptions (a local character of the matrix elements of
the hybridization and of the intra-atomie exchange, and
a simple form of the spectrum of €,, and €, in the ¢f-
feclive-mass approXimation}; in addition, in the numer-
ieal comparison with experiment it was assumed thal in
europlum chalcogenides, on going from EvO to EuTe,
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one can assume that the changes of parameters such as
and W, are small and that it suffices to
take into account the variation of anly those paramelers
which are listed in Table I. None the less, cven under
these assumptions the simple model congidered here
gives good numerical agreement between the calculated
exchange parameters and their experimental values,

Vi,x: ni,a,srmlra:

In conclusions, the authors thank D. I. Khomskil for
useful discussions and valeable remarks.
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