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Abstract. The temperature-dependent electronic quasiparticle spectrum of the antiferromag-
netic semiconductor EuTe is derived by use of a combination of a many-body model procedure
with a tight-binding–‘linear muffin tin orbital’ (TB–LMTO) band structure calculation. The
central part is the d–f model for a single band electron (‘test electron’) being exchange coupled
to the antiferromagnetically ordered localized moments of the Eu ions. The single-electron
Bloch energies of the d–f model are taken from a TB–LMTO calculation for paramagnetic
EuTe. The d–f model is evaluated by a recently proposed moment conserving Green function
technique to get the temperature-dependent sublattice–quasiparticle bandstructure (S–QBS) and
sublattice–quasiparticle density of states (S–QDOS) of the unoccupied 5d–6s energy bands. Un-
conventional correlation effects and the appearance of characteristic quasiparticles (‘magnetic
polarons’) are worked out in detail. The temperature dependence of the S–QDOS and S–QBS is
mainly provoked by the spectral weights of the energy dispersions. Minority- and majority-spin
spectra coincide for all temperatures but with different densities of states. Upon cooling fromTN
to T = 0 K the lower conduction band edge exhibits a small blue shift of−0.025 eV in accor-
dance with the experiment. Quasiparticle damping manifesting itself in a temperature-dependent
broadening of the spectral density peaks arises from spin exchange processes between (5d–6s)
conduction band electrons and localized 4f moments.

1. Introduction

The europium monochalcogenides EuX (X= O, S, Se, Te) have attracted scientific interest
as have very few other groups of solid compounds. All the EuX compounds [1, 2] crystallize
in the rocksalt structure where the Eu2+ ions occupy the sites of an fcc structure. As to their
purely magnetic properties they may be considered as sufficiently well understood. They
are almost ideal realizations of the isotropic Heisenberg exchange model. The oxide and
sulphide are ferromagnets, the selenide is a metamagnet and the telluride is a prototypical
antiferromagnet [1, 3–5]. The magnetic moment of 7µB stems from the exactly half-filled
and strictly localized 4f shell of the Eu2+ ion (L = 0, J = S = 7/2). The magnetic structure
of antiferromagnetic EuTe is that of MnO, i.e., the (111) planes order ferromagnetically with
alternating magnetization directions between adjacent planes. EuTe has a Néel temperature
of 9.6 K and a negative paramagnetic Curie temperature of−4 K.

Many striking properties of magnetic semiconductors like the EuX are provoked by
an interband exchange interaction between the localized 4f electrons and itinerant (5d, 6s)
charge carriers. At low temperatures, it is sufficient to assume a single electron (‘test
electron’) in an otherwise empty conduction band. The first experimentally observed
exchange effect is the ‘red shift’ of the optical absorption edge upon cooling a ferromagnetic
semiconductor below the Curie temperature [6]. For antiferromagnetic semiconductors the
situation is not so clear: some exhibit a red shift (EuSe, ZrCr2Se4), others a blue shift
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(EuTe, NaCr2Se4) [6, 7]. In any case the effect documents a striking temperature-dependent
electronic structure which has to be traced back to the already mentioned 4f–(5d, 6s)
exchange coupling. Other experiments of which the results are determined by this interaction
concern the spin-filter properties of EuS–W junctions [8, 9], the insulator–metal transition
in Eu-rich EuO [10], the band filling dependence of the EuO Curie temperature [11] and the
pressure induced intermediate valence state of the Eu2+ ion in EuO, EuS [12, 13]. A proper
theoretical model for an at least qualitative description of these experimental findings is the
s–f (s–d) model [14, 15]. The model Hamiltonian

H = Hs +Hf +Hsf (1)

describes the mutual influence of localized (Hf ) and itinerant (Hs) electrons via an interband
exchange interactionHsf . The model is able to demonstrate how the magnetic state of the
localized f system may lead to drastic temperature dependences of the conduction band
states, to shifts, deformations and splittings of the empty band [14–16]. On the other hand,
a finite band filling drastically affects the magnetic behaviour of the moment system [17],
in particular the type of the magnetic order, the magnetization and the critical temperatures.

In this paper, we restrict our considerations to the conduction band structure of the
antiferromagnet EuTe. This empty band is built up by (5d–6s) states of the Eu2+ ion. The
seven 4f electrons of the Eu2+ ion enter our model description only as permanent magnetic
moments of 7µB . We investigate how the temperature-dependent sublattice magnetization
manifests itself in the electronic quasiparticle spectrum. For a quantitative comparison
with the experimental data, however, the bare s–f model is of course overtaxed since all
interactions, except for the mentioned 4f–(5d–6s) exchange, are suppressed. To incorporate
the consequences of the neglected interactions in an averaged, but rather realistic manner,
we have proposed in a series of preceding papers [18–22] a method which combines the
results of a self-consistent band structure calculation based on the density-functional theory
with a reliable many-body treatment of the s–f model to get realistic predictions for the
temperature-dependent quasiparticle band structure of local-moment ferromagnets such as
EuO, EuS and Gd. We extend in this paper the mentioned method to the prototypical
Heisenberg antiferromagnet EuTe. After defining in a proper way the sublattice structure
of EuTe and the magnetic unit cell we perform a ‘tight-binding–linear muffin tin orbital’
(TB–LMTO) calculation for paramagnetic EuTe. The results are taken as the effective
single-particle input for the subsequent many-body evaluation of the s–f model. Therewith
we guarantee that all the other interactions, which are not directly covered by the theoretical
model (1), are taken into account in a sufficiently realistic way. The main problem of
this method lies in a possible double-counting of just the decisive interaction, namely the
s–f exchange interaction, once explicitly via the model evaluation and then once more
implicitly by the renormalized single-particle energies. It is explained later in the text how
we circumvent this problem. For the mentioned many-body evaluation of the underlying
theoretical model, we apply a moment conserving Green function decoupling technique that
has been introduced in a preceding paper [16]. The approach exactly fulfils all relevant
limiting cases.

The paper is organized as follows. In the next section, we formulate explicitly the s–f
model for an antiferromagnetic semiconductor such as EuTe. In section 3 the Bloch energy
matrix is determined by a TB–LMTO calculation for getting the effective single-particle
input for the subsequent derivation of the self-energy matrix. The results are presented in
section 5 in terms of the temperature-dependent quasiparticle band structures and densities
of states. Special attention is devoted to unconventional correlation effects (‘magnetic
polaron’) which manifest themselves in the electronic structure of EuTe.
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2. Model description of antiferromagnetic semiconductors

We presume a solid that is composed ofm penetrating sublatticesα (α = 1, 2, . . . , m). The
local moments on each of the chemically equivalent sublattices order ferromagnetically, but
with different orientations of the spontaneous magnetization for differentα. We consider
the total (chemical) lattice as a magnetic Bravais lattice (Ri) with anm-atom basis (rα)

Riα = Ri + ra. (2)

i numbers theN sites of the Bravais lattice. Translational symmetry holds for each sublattice
so that the thermodynamic average of a site-dependent operatorOiα only depends on the
sublattice indexα:

〈Oiα〉 ≡ 〈Oα〉. (3)

Fourier transformations therefore refer to the magnetic Bravais lattice and the respective
Brillouin zone:

Oiα = 1√
N

∑
k

eik·RiOkα. (4)

For the investigation of an antiferromagnetic semiconductor we apply the s–f model
Hamiltonian (1). At each lattice siteRiα a permanent magnetic moment is localized,
represented by a spin operatorSiα. The exchange-coupled spins are described by the
Heisenberg model:

Hf = −
∑
ij
αβ

J
αβ

ij Sij · Sjβ . (5)

The exchange integralsJ αβij determine the magnetic structure. The partial operatorHs
refers to the band electrons, in the s–f model being treated as s electrons without Coulomb
interaction:

Hs =
∑
ijσ
αβ

T
αβ

ij c
+
iασ cjβσ =

∑
kσ
αβ

εαβ(k)c
+
kασ ckβσ . (6)

c+iασ (c+kασ ) and ciασ (ckασ ) are, respectively, the creation and the annihilation operator of
an electron with spinσ (σ =↑,↓) at siteRiα (with wave-vectork in sublatticeα). T αβij is
the hopping matrix andεαβ(k) the corresponding Bloch energy matrix:

T
αβ

ij =
1

N

∑
k

εαβ(k) eik·(Ri−Rj ). (7)

Our study aims at the electronic quasiparticle spectrum of the semiconductor EuTe. We
therefore assume a single electron (‘test electron’) in an otherwise empty conduction band
so that the neglect of the Coulomb interaction in (6) is trivially justified. The itinerant
electron interacts with the localized spin system via an intra-atomic exchangeHsf :

Hsf = −J
∑
jα

σjα · Sjα = −1

2
J
∑
jασ

(zσ S
z
jαnjασ + Sσjαc+jα−σ cjασ ). (8)

σjα is the electron spin operator andnjασ = c+jασ cjασ the occupation number operator.J is
the s–f coupling constant. For abbreviation we use

Sσjα = Sxjα + izσS
y

jα z↑ = +1, z↓ = −1. (9)
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The relevant information with respect to the electronic quasiparticle spectrum can be drawn
from the retarded single-electron Green function:

G
αβ

ijσ (E) = 〈〈ciασ ; c+jβσ 〉〉E = −i
∫ ∞

0
dt e−i/h̄Et 〈[ciασ (t), c+jβσ (0)]+〉. (10)

[. . . , . . .]+ ([. . . , . . .]−) means the anticommutator (commutator) and〈. . .〉 the thermody-
namic average. The equation of motion of the Green function,∑

r,γ

(Eδirδαγ − T αγir )Gγβ

rjσ (E) = h̄δij δαβ + 〈〈[ciασ ,Hsf ]−; c+jβσ 〉〉E (11)

can be used to define the self-energy matrixM
αβ

ijσ (E) by

〈〈[ciασ ,Hsf ]−; c+jβσ 〉〉 =
∑
r,γ

M
αγ

irσ (E)G
γβ

rjσ (E). (12)

Fourier transformation formally solves the problem. In matrix representation the Green
function reads

Gkσ (E) = h̄(E − ε(k)−Mkσ(E))
−1. (13)

The full influence of the exchange interaction is gathered in the self-energy matrixMkσ (E),
the determination of which therefore is the central task of our study.

3. Bloch energy matrix

The Eu moments of EuTe build an fcc structure where the moments in the (111) planes
are ferromagnetically arranged with alternating directions of the magnetization in adjacent
layers. The magnetic unit cell of EuTe may be constructed in different ways. It is clear
that for computational convenience the number of atoms per cell should be a minimum. On
the other hand, the unavoidablek-summations need a magnetic Brillouin zone as simple
as possible. Taking these two aspects into consideration we have chosen a base centred
orthorhombic magnetic unit cell with the lattice parametersa = 2a0, b = √2a0 and
c = a0/

√
2 (figure 1). a0 is the lattice constant of the chemical lattice. The magnetic

primitive cell accommodates two up-spin and two down-spin Eu atoms. Treating each Eu
atom as belonging to a sublattice, we thus get a four-sublattice antiferromagnet. The Bloch
energy matrix in (13) and (6), respectively, therefore is a 4× 4 matrix. We shall denote
the intrasublattice Bloch energy asε(k) and the intersublattice energies ast (k), u(k) and
v(k). Obeying obvious symmetries (figure 1) one gets the following matrixε(k):

ε(k) ≡


ε(k) t (k) u(k) v(k)
t (k) ε(k) v(k) u(k)
u(k) v(k) ε(k) t (k)
v(k) u(k) t (k) ε(k)

 . (14)

The goal is now to evaluateε, t , u andv. If the crystal has only one s band in the chemical
lattice and if the latter is composed of four sublattices than there will be four branches in
the band structure of the magnetic lattice. The eigenvalues of the Bloch matrix are nothing
else than the four values of the band dispersions at eachk-point in the first Brillouin zone
of the magnetic Bravais lattice. If we perform separately a band-structure calculation, so
that we know at eachk-point the values of the four dispersion curves, and therewith the
eigenvalues of the Bloch matrix, then it is possible to determine the above saidε(k), t (k),
u(k), v(k) by numerical techniques.
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Figure 1. Magnetic unit cell of EuTe. It is a base centred orthorhombic lattice with eight Eu
atoms. The four sublattices contained in this structure are shown with four different patterns.

Our study aims at the conduction band of EuTe which consists of five Eu 5d bands
and one Eu 6s band. The terms in the preceding formulae thus require an additional band
indexm that has been left up to now for clarity. We followed the above-described procedure
to determineεm(k), tm(k), um(k) andvm(k) from a TB–LMTO bandstructure calculation
[23, 24]. The main problem, when using such results as single-particle input for our EuTe
theory, arises by a possible double-counting of the s–f exchange interactions, namely once
in the single-electron band calculation and then once more explicitly in the following many-
body procedure. We circumvent this problem by exploiting the fact which has been worked
out by several authors [25, 26] that standard spin-polarized band calculations for magnetic
materials are practically consistent with the Stoner model. In the paramagnetic phase,
however, the Stoner quasiparticle energies are identical to the ‘free’ Bloch energies. We
have therefore performed the above-mentionedT = 0-band calculation forparamagnetic
EuTe. We believe that all interactions responsible for the 4f induced magnetic behaviour of
the conduction bands are then more or less switched off while all the other ‘non-magnetic’
interactions contribute to a renormalization of the single-particle energies. The result for
the chemical lattice is plotted in figure 2 where we have chosen the lattice constant to be
a0 = 4.367 Å. One recognizes that the flat Eu 4f bands lie between the occupied Te 5p
bands and the empty Eu (5d, 6s) conduction bands.

As explained above the evaluation of the Bloch energy matrix needs the calculation of
the band structure in the magnetic lattice, which takes care of an additional fourfold splitting.
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Figure 2. Band structure of EuTe in thechemical lattice. The six conduction bands (m = 1–6)
are shown as dotted lines.

Figure 3. The six conduction bands of the chemical lattice of EuTe which become 24 branches
in the magnetic lattice. They are grouped into six sections (shown with different intensity and
different line styles). The first section is assumed to constitute them = 1 subband and it is
called band 1, the second section is assumed to constitute them = 2 subband and it is called
band 2 and so on.

Thus there are altogether 24 branches as can be seen in figure 3. They are grouped into six
non-degenerate subbands (m = 1, 2, . . . ,6) according to the following procedure. At each
k-point of the Brillouin-zone we sort out the 24 energetically lowest conduction band states
and number them with respect to increasing single-electron energy. The first four states
belong to subbandm = 1, the next four to subbandm = 2, and so on. Now we consider
the four branches of a givenm as the eigenvalues of the Bloch matrix (14) and determine
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Figure 4. The density of states of EuTe corresponding to all the six sections of the conduction
band structure shown in figure 3.

Figure 5. The density of states of the sublattice corresponding to intrasublattice hoppingεm(k),
only; needed for the calculation of the sublattice self-energy (17) and (18), respectively.

the εm(k), tm(k), um(k) and vm(k) at eachk-point by solving the problem numerically.
The procedure is repeated for all the six sections. The Bloch density of states (BDOS) of
sublatticeα is then calculated according to a matrix inversion of the ‘free’ Green function

ρ(0)mασ (E) = ρ(0)mα−σ (E) = −
1

Nπ

∑
k

Im(E + i0+ − εm(k))−1
αα . (15)
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Figure 6. Several spin correlation functions in dependence on temperature for EuTe. The upper
part shows the sublattice magnetization.

From symmetry the BDOS is of course the same for all the four sublattices. The sublattice
Bloch density of states is plotted in figure 4. For the calculation of the self-energy in the
next section, however, we need the BDOS for the special case of intrasublattice hopping,
only. In (15) the matrixεm(k) has simply to be replaced by the diagonal Bloch energy
εm(k). This DOS, which is represented in figure 5, has no direct physical meaning, being
only an auxiliary quantity for the following treatment. Therewith the single-particle input
for the Hamiltonian (1) of the four-sublattice antiferromagnet EuTe is completely defined.
In the next step we describe the many-body treatment of the 4f–(5d, 6s) interband exchange
interaction.

4. Self-energy matrix

According to the chosen four-sublattice structure the resulting Green function (13) of the
interacting particle system will represent a 4× 4 matrix and the same is true for the self-
energy matrix:

Mkmσ (E) ≡ (M(αβ)

kmσ )(E))α,β=1,...,4. (16)

After having diagonalized the one-particle matrixεm(k) (14, 15) with respect to the band
indexm the self-energyM will, strictly speaking, be a matrix not only in the sublattice index
α, but also in the band indexm. For simplicity this fact is disregarded here. Intersubband
contributions are assumed to be sufficiently well accounted for by the LMTO input. Because
of the special magnetic order (figure 1) and the chemically equivalent sublattices it must
hold for the diagonal elements:

M
(11)
kmσ (E) = M(22)

kmσ (E) ≡ Mmσ (E) (17)
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Figure 7. Density plot of the sublattice spectral density (sublattice quasiparticle band structure)
of EuTe at〈Sz〉 = 0.0. The degree of blackening measures the magnitude of the spectral density.

M
(33)
kmσ (E) = M(44)

kmσ (E) ≡ Mm−σ (E). (18)

As explained after (22) our many-body evaluation leads to ak-independent (local) self-
energy. From this reason the off-diagonal elements ofMmσ vanish identically in the
paramagnetic phase (translational symmetry in full chemical lattice!). Since the self-energy
is provoked by the local exchange interaction (8) acting in the paramagnetic as well as in
the antiferromagnetic phase it is plausible to assume that the off-diagonal elements play
only a minor role in the ordered phase, too:

M(αβ)
mσ (E) ≈ 0 for α 6= β. (19)

Using the short-hand notation

Akmσ (E) ≡ E − εm(k)−Mmσ (E) (20)

the approximate Green function matrix in the four-sublattice structure reads:

h̄G−1
kmσ (E) ≡


Akmσ (E) −tm(k) −um(k) −vm(k)
−tm(k) Akmσ (E) −vm(k) −um(k)
−um(k) −vm(k) Akm−σ (E) −tm(k)
−vm(k) −um(k) −tm(k) Akm−σ (E)

 . (21)

The only quantity to be determined is the self-energyMkmσ (E) of the ferromagnetic
sublattice. We derive it from a respective treatment of a ferromagnetic semiconductor [10]
neglecting therewith the influence of intersublattice hopping on the sublattice self-energy.
The intersublattice hopping appears explicitly in the Green function matrix (21) viaum,
vm, tm. So ouransatz is correct in first order of the intersublattice hopping. That this is
indeed an acceptable assumption has been demonstrated in [27] for the antiferromagnetic
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Figure 8. Separate plotting of the six sections of the conduction band structure of EuTe shown
in figure 3.

single-band Hubbard model. It has also been applied in our previous paper [16] to a model
antiferromagnetic semiconductor with a two-sublattice structure. From that treatment we
exploit furthermore the moment conserving decoupling procedure to perform the explicit
derivation of the ferromagnetic self-energyMkmσ (E). Thus we can restrict ourselves here
to comment only on the resulting expression that enters the Green function matrix (20). For
the details of the mathematical evaluation the reader is referred to [16]. The rough structure
of the self-energy can be formulated as follows:

Mmσ (E) = − 1
2Jmzσ 〈Sz〉 + 1

4J
2
mQmσ (E). (22)

〈Sz〉 is the 4f-sublattice magnetization. A possiblek-dependence of the self-energy comes
into play exclusively by the magnon dispersion of the local magnetic moment system.
Magnon energies are smaller by several orders of magnitude than other typical energies of
the system, e.g., the bandwidth or the s–f coupling constantJ , although, being not necessary
for solving the equations [17], we neglected the magnon energies, getting therewith a wave-
vector-independent electronic self-energy.

The first term in (22) describes a Stoner-like induced exchange splitting of the
conduction band states which disappears in the paramagnetic phase. In weakly coupled
systems it dominates the temperature dependence of the states in a ferromagnetic
semiconductor. It turns out to be the correct leading term even in the case of finite band
occupations (metals!) [17]. A Stoner-like exchange splitting has been observed for certain
positions in the Brillouin zone of Gd by use of spin-polarized photoemission [28]. It is
an open and controversially discussed question whether or not the linear term in (22) is
dominant for all interesting magnetic semiconductors and local-moment metals.

The second part of the self-energy (22) is a very complicated functional of the self-energy
itself for both spin directions and of local spin correlation functions of the localized 4f-
moment system(〈Szα〉, 〈S±α S∓α 〉, . . .). The equations (44) to (47) together with the equations
(37) to (39) in [16] represent the full expression of the self-energy. A detailed inspection of
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Figure 9. Density plot of the sublattice spectral density (sublattice quasiparticle band structure)
of EuTe corresponding to up spin at〈Sz〉 = S. The degree of blackening measures the magnitude
of the spectral density.

the second term in the self-energy result (22) reveals that it is mainly caused by spin
exchange processes between the conduction electron and the localized moment system
mediated by the corresponding spinflip operator in the s–f exchange interaction (8). For
low temperatures it tends to reduce the induced first-order exchange splitting. For higher
temperatures, slightly below or above the transition point, it can cause a persistent splitting
of the band states even in the paramagnetic phase. In the next section we will find some
indications that this is indeed the case in certain parts of the EuTe Brillouin zone. The
local spin correlation functions can all be expressed by the sublattice magnetization〈Szα〉
applying a method described in [16].

For a given temperature we iterate the sublattice self-energy via (22) up to the desired
accuracy. The result is inserted into the Green-function matrix (21). Its diagonal elements
are determined according to

(Skmσ (E))αα = − 1

π
Im((E − εm(k)−Mkmσ (E))

−1)αα (23)

the sublattice spectral density, the prominent peaks of which help to define the temperature-
dependent sublattice quasiparticle bandstructure. The quasiparticle density of states of the
four sublattices results from an additional wave-vector summation over the first Brillouin
zone of the magnetic Bravais lattice:

ρmασ (E) = 1

N

∑
k

(Skmσ (E))αα. (24)
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Figure 10. Same as in figure 9 but for the down spin.

It is clear that the functions forα = 1 andα = 2 are identical while for the two others the
symmetry

(α = 1, 2; σ)↔ (α = 3, 4; −σ) (25)

holds. The representation can therefore be restricted to theα = 1 functions.

5. Discussion of the results

EuTe can be considered as a prototype of a Heisenberg antiferromagnet. The empty
conduction band of the insulator (semiconductor) has no influence on the magnetic properties
of the localized 4f spin system, so that the sublattice-magnetization curve turns out to be
very similar to a simple Brillouin function. We therefore treat the sublattice magnetization
〈Szα〉 as a given temperature-dependent parameter, realized by anS = 7/2 Brillouin function
according to the EuTe transition temperatureTN = 9.6 K. As explained in [16] we can use
〈Szα〉 to derive from the following formula [29]

〈Szα〉 =
(1+ S + ϕ)ϕ2S+1+ (S − ϕ)(1+ ϕ)2S+1

(1+ ϕ)2S+1− ϕ2S+1
(26)

the quantityϕ = ϕ(S) which has the meaning of an average magnon number per site.
This term helps to express the other local spin correlations needed for the evaluation of the
sublattice self-energy (22):

〈S−α S+α 〉 = 2h̄〈Szα〉ϕ (27)

〈(Szα)2〉 = h̄2S(S + 1)− h̄〈Szα〉(1+ 2ϕ) (28)

〈(Szα)3〉 = h̄3S(S + 1)ϕ + h̄2〈Szα〉(S(S + 1)+ ϕ)− h̄〈(Szα)2〉(1+ 3ϕ). (29)
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Figure 11. The sublattice quasiparticle density of states corresponding to band 1 and band 2 of
EuTe for both the spins at three different f-spin magnetizations.

Some of the spin correlation functions for EuTe are plotted in figure 6. We are going to
present all the other results as functions of〈Szα〉. For the s–f coupling constantJ we have
chosen a value which is commonly accepted [14, 15] as being realistic for the europium
chalcogenides:

J = 0.2 eV. (30)

Let us first consider the temperature-dependent quasiparticle bandstructure, which can be
read off from the spectral density peaks. Figure 7 shows the results for paramagnetic EuTe
(T = TN ). The bandstructure is represented as a density plot to demonstrate as clearly
as possible the influence of correlation effects. The degree of blackening is a measure
of the height of the spectral density. Sharp and deeply black lines indicate quasiparticles
of relatively long lifetimes. To demonstrate the influence of the s–f exchange interaction
we have plotted for comparison in figure 8 theuncorrelated single-particle dispersions
after decomposition into the six (‘artificial’) non-degenerate subbands (m = 1, 2, . . . ,6).
As explained above the single-particle energies have been taken from an LMTO band
calculation for unpolarized, i.e., paramagnetic, EuTe. The differences from the paramagnetic
quasiparticle bandstructure in figure 7 are therefore exclusively due to correlation effects
conveyed by the s–f exchange interaction. The most obvious consequence of the exchange
interaction is a quasiparticle damping that smears out great parts of the four dispersion
branches (the four-sublattice structure produces four branches per band). As has been
worked out in detail in [16] two elementary processes are responsible for finite-lifetime
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Figure 12. Same as in figure 11 but for band 3 and band 4.

effects. The majority- (minority-) spin electron can absorb (emit) a magnon thereby flipping
its own spin. For the ferromagnetic counterparts this leads to a broad scattering spectrum
provided there are (−σ ) states within reach which can be occupied by the originalσ

electron after its spinflip. The second elementary process can be described as a formation
of a magnetic polaron according to a repeated emission (absorption) and reabsorption
(reemission) of virtual magnons by the propagating band electron. For a ferromagnet under
special circumstances (T = 0, σ =↑) the polaron can become a stable particle, when there
are no electronic (−σ ) states necessary for a decay of the polaron into a−σ electron plus
magnon. Because of the spin mixing such a situation can never arise in the antiferromagnet.
In any case the polaron decays after a certain lifetime by magnon emission (absorption)
without reabsorption (reemission). Besides the damping effects due to the just described
spinflip processes the exchange correlation effects manifest themselves by opening a gap,
which does not appear in the LMTO spectrum. Except for them = 6 subband the gap
appears for all subbands, and not only for the plotted symmetry directions but for the whole
spectrum of the Brillouin zone as can be seen in the quasiparticle density of states. The
correlation gap is temperature dependent and disappears in most cases for low temperatures
(figures 9, 10).

In the case of a saturated ferromagnet (T = 0) the s–f problem can be solved exactly
[16]. The up-spin spectrum is then very simple because the electron cannot exchange its
spin with the localized and parallely aligned f system. Magnon absorption cannot happen
since the saturated ferromagnet does not contain magnons. The resulting quasiparticle
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Figure 13. Same as in figure 11 but for band 5 and band 6.

bandstructure remains undeformed and only rigidly shifted with respect to the ‘free’ Bloch
spectrum. The down-spin spectrum is more complicated because of the two above-described
spinflip processes (magnon emission, polaron formation). The resulting↓-quasiparticle
bandstructure is correspondingly very much different from that of the (σ =↑, T = 0) case.
Band deformations and splittings prevent a ‘Stoner-like’ exchange shift of the conduction
band states. The situation for the antiferromagnet comes out similarly complicated. The
majority-spin electron of a certain sublattice becomes a minority-spin electron when it
hops into the other sublattice. Nevertheless, for a majority-spin electron (figure 9) in a
saturated sublattice the lifetime is in general higher than that of a minority-spin particle
(figure 10). The majority-spin electron has the chance to move without any spinflip in its
original sublattice. On the other hand, the minority-spin electron must first hop into the other
sublattice to find parallel spins. The decay rate is therefore very much higher. Consequently
the spectra of minority-spin electrons are drastically smeared out by quasiparticle damping.
This can be recognized in theT = 0 quasiparticle band structure of EuTe when comparing
figures 9 and 10. Contrary to the damping effects the↑- and ↓-dispersions for a given
sublattice are rather similar as concerns their positions and their shapes. Differences appear
mainly in the spectral weights of the dispersions and in the just-mentioned damping. This
is a characteristic of the antiferromagnet. The ferromagnet usually shows up a distinct
temperature-dependent exchange splitting according to the linear term in the self-energy
(22). Since the electron in the antiferromagnetic spin structure of EuTe fluctuates between
majority- and minority-spin, when changing the sublattice, the up-spin and the down-spin
spectra of a given sublattice bandstructure have to occupy exactly the same energy region.
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Figure 14. Total sublattice quasiparticle density of states (the sublattice density of states of all
the bands added together) of EuTe for both the spins at three different f-spin magnetizations. In
the upper part of the figure, the lowest part of the QDOS is shown in expanded energy scale to
demonstrate the magnetic blue shift observed in EuTe.

To plot a spin resolved quasiparticle bandstructure as in figures 9, 10, e.g., means to project
mixed spin states on a complete set of pure spin states. The temperature-dependent spectral
weights are connected to the absolute squares of the respective expansion coefficients in the
mixed spin states.

The sublattice quasiparticle densities of states are plotted in figures 11–13 for three
different values of the sublattice magnetization, i.e. for three different temperatures. One
recognizes that indeed for all bands and all temperatures the energy spectra coincide for both
spin directions but with different densities of states. In the antiferromagnetically ordered
phase (T 6 TN ) the low-energy part is dominated by the majority-spin QDOS and the high-
energy part by the minority-spin QDOS. The demagnetization of the ferromagnetic sublattice
with increasing temperature is due to a rearranging of the spectral weights with hardly any
energy shift. The correlation caused splitting of the energy bands in the paramagnetic
phase is the stronger the narrower the band. A large effective s–f coupling enhances
the correlation effects. It is interesting to observe that in the case of saturated sublattice
magnetization(〈Sz〉 = S) the partial bandsm = 3 and 4 exhibit a structure very similar to
that of a saturated ferromagnet (see figure 5 in [16]) indicating that the electron propagation
happens mainly in the given sublattice. The high-energy part consists almost excludingly of
minority spin states. The corresponding quasiparticles have hardly any chance for a spinflip
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by magnon emission, representing therefore rather long-living magnetic polarons.
The total sublattice quasiparticle density of states (figure 14) is just the sum of the

six subband densities of states (m = 1, . . . , 6) exhibiting therewith the corresponding
temperature behaviour. At two positions the correlation gaps of the ferromagnetic sublattices
become visible in the total paramagnetic sublattice QDOS, too. The frequently discussed
total shift of the lower conduction band edge betweenT = TN andT = 0 is very small. It
turns out to be a blue shift of about−0.025 eV (see figure 14) in excellent agreement with
the experiment [6].

6. Conclusions

We have derived the energy spectrum of the prototypical antiferromagnet EuTe including
correlation effects and temperature dependences. Since the temperature dependences of the
opposite magnetizations in different sublattices of the antiferromagnet compensate each other
we have discussed our results excludingly in terms of sublattice quantities. The sublattice
quasiparticle band structure has been derived from respective peaks in the spectral density.
In order to get realistic spectra we have used as single-particle input of the applied interband
s–f exchange model the data of a tight-binding linear muffin tin calculation. Therewith it is
guaranteed that all the other interactions which are not directly accounted for by the model
Hamiltonian are taken into consideration by the renormalization of the ‘free’ Bloch energies.
For the subsequent model evaluation we used a recently proposed moment conserving Green
function technique that proves to be correct in all exactly solvable limiting cases of the s–f
model which are known to us.

Sublattice band structure and density of states reveal a striking temperature dependence
being mainly due to the spectral weights of the energy dispersion. Minority- and majority-
spin spectra exactly coincide for all temperatures but with different and strongly temperature-
dependent densities of states. BetweenTN and T = 0 the lower conduction band edge
performs a small blue shift of about−0.025 eV as it is observed for EuTe in the experiment.
Another temperature-dependent quantity of special interest is the quasiparticle damping
that manifests itself in a broadening of the spectral density peaks. Finite lifetimes of the
quasiparticles arise from spin exchange processes with the localized 4f moments either by
magnon emission and absorption or by the formation of magnetic polarons.
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