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Temperature-dependent quasiparticle band structure of the ferromagnetic semiconductor EuS
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~Received 27 March 2002; published 15 August 2002!

We present calculations for the temperature-dependent electronic structure of the ferromagnetic semicon-
ductor EuS. A combination of a many-body evaluation of a multiband Kondo-lattice model and a first-
principlesT50 –band-structure calculation@tight-binding linear muffin-tin orbital~TB-LMTO!# is used to get
realistic information about temperature- and correlation effects in the EuS energy spectrum. The combined
method strictly avoids double-counting of any relevant interaction. Results for EuS are presented in terms of
spectral densities, quasiparticle band structures, and quasiparticle densities of states, and that over the entire
temperature range.
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I. INTRODUCTION

Since the 1960s the europium chalcogenides EuX
5O, S, Se, Te) have attracted tremendous research act
experimentally as well as theoretically.1–3 They are magnetic
semiconductors, which crystallize in the rocksalt struct
with increasing lattice constants~5–7 Å! when going from
the oxide to the telluride. The Eu21 ions occupy lattice sites
of an fcc structure so that each ion has twelve nearest an
next-nearest Eu-neighbors.

As to their purely magnetic properties the EuX are co
sidered almost ideal realizations of the Heisenberg mode
the so-calledlocal-moment magnetism. Their magnetism is
due to the half-filled 4f shell of the Eu21. The 4f charge
density distribution is nearly completely located within t
filled 5s2 and 5p6 shells so that the overlap of 4f wave
functions of adjacent Eu21 ions is negligibly small. Hunds
rules of atomic physics can be applied yielding an8S7/2
ground state configuration of the 4f shell. The 7mB moments
are exchange coupled resulting in antiferromagnetic~EuTe,
EuSe!, ferrimagnetic~EuSe!, and ferromagnetic~EuO, EuS!
orderings at low temperatures. The fact that the magn
contribution to the thermodynamics of the EuX is excellen
described by the Heisenberg Hamiltonian,

H52(
i , j

Ji j Si•Sj ~1!

allows to test models of the microscopic coupling mec
nism by direct comparison to experimental data. There
convincing evidence that the exchange integrals can be
stricted to nearest (J1) and next nearest neighbors (J2).4,5 J1
is positive~ferromagnetic! decreasing from the oxide to th
telluride. J2 is negative, except for EuO, where the antife
romagnetic coupling increases in magnitude from the sul
to the telluride. Liu and co-workers6–9 have proposed an in
direct exchange between the localized 4f moments mediated
by virtual excitations of chalcogenide-valence band~p! elec-
trons into the empty Eu21(5d) conduction bands togethe
with a subsequent interband exchange interaction of thd
electron (p hole! with the localized 4f electrons. Using this
picture, very similar to the Bloembergen–Rowlan
mechanism,10 the calculated values forJ1 , J2 agree nicely
0163-1829/2002/66~8!/085205~9!/$20.00 66 0852
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with experimental data, both in sign as well as in magnitu
for EuO, EuS, and EuSe. The results are found by a per
bative calculation of the indirect 4f –4f exchange interaction
~1! with data from alinear combination of atomic orbitals
~LCAO! method as band structure input. The different d
tances of the 4f moments do obviously create the differe
magnetic behavior of the EuX. For the exchange integrals
the two ferromagnets one finds4,5

EuO:
J1

kB
50.625 K;

J2

kB
50.125 K, ~2!

EuS:
J1

kB
50.221 K;

J2

kB
520.100 K. ~3!

Although in EuO the ferromagnetic interaction is more pr
nounced @TC(EuO)569.33 K; TC(EuS)516.57 K#1 a
greater variety of experiments has been carried out with E
than with EuO. The reason is that single crystals as wel
films with well defined thicknesses11,12 can better be pre-
pared for EuS than for EuO. Apart from this, the ferroma
netism of EuS is interesting in itself for two reasons. The
are competing exchange integralsJ1 andJ2, and the magni-
tude of the dipolar energy is comparable to the excha
energy.

Besides the purely magnetic properties a striking tempe
ture dependence of the~empty! conduction bands has cause
intensive investigation. This was first detected for the fer
magnetic EuX as a redshift of the optical absorption ed
(4 f –5d) upon cooling belowTC.13 The reason is an inter
band exchange coupling of the excited 5d electron to the
localized 4f electrons that induces the temperature dep
dence of the localized moment system into the empty c
duction band states. A further striking effect, which is due
the induced temperature dependence of the conduction b
states, is a metal-insulator transition observed in Eu-r
EuO.14,15 The Eu richness manifests itself in twofold pos
tively charged oxygen vacancies. One of the two Eu21 ex-
cess electrons, which are no longer needed for the bindin
thought to be tightly trapped by the vacancy. Because of
Coulomb repulsion, the other electron occupies an impu
level fairly close to the lower band edge. With decreas
temperature belowTc the band edge crosses the impur
©2002 The American Physical Society05-1



p

n
m
tic
g

th
ru

tic

.

a
ik
th

a

r
n

n

he
u
u

o
d
-B
a

n
th
vi
ta
ro

en
ry
od
lf

w
he
o

n
nd
e
e
S
nd
r
a
s,

ce

A
the
tly

t,

berg

ion

ins.
be
e-

efs.

it-

e,

The
M

ter-
il-
ure

W. MÜLLER AND W. NOLTING PHYSICAL REVIEW B 66, 085205 ~2002!
level thereby freeing impurity electrons. A conductivity jum
as much as 14 orders of magnitude was observed.15 Other
remarkable effects result from the interaction of the ba
electron with collective excitations of the moment syste
One of these is the creation of a characteristic quasipar
~magnetic polaron! which can be identified as a propagatin
electron dressed by a virtual cloud of excited magnons.

In previous papers we have proposed a method for
determination of the temperature dependent electronic st
ture of bulk EuO~Ref. 16! as well as EuO-films.17 The treat-
ment is based on a combination of a multiband Kondo-lat
model ~MB-KLM ! with first principles tight-binding linear
muffin-tin orbital ~TB-LMTO! band structure calculations
The many-body treatment of the~ferromagnetic! KLM was
combined with the first-principles part by strictly avoiding
double-counting of any relevant interaction. The most str
ing result concerned the prediction of a surface state for
EuO~100! films, the temperature shift of which may cause
surface half-metal-insulator transition.18 For low enough
temperatures the shift of the surface state leads to an ove
with the occupied localized 4f states. Therefore, one ca
speculate that the resistivity of the EuO~100! films might be
highly magnetic field dependent, so that a colossal mag
toresistance effect is to be expected.

In this paper we investigate in a similar manner the ot
ferromagnet EuS, where we restrict ourselves first to the b
material. We want to derive the temperature dependent q
siparticle band structure~Q-BS!, in particular concentrating
on those effects, which are due to a mutual influence
localized magnetic 4f states and itinerant, weakly correlate
conduction band states. There was earlier work on the Q
of bulk EuS.19,20 In these papers, however, an approach w
employed that decomposes the Eu-5d band into five con-
secutive nondegenerate subbands. For each of the subba
single-band KLM was evaluated therewith disregarding
full multiband-structure of the EuS conduction band. Ob
ously this procedure leads to an overestimation of cer
correlation effects as a consequence of certainly too nar
subbands. We therefore use in this paper a multiband 4f –5d
Kondo-lattice model to get reliably the temperature dep
dent Q-BS of EuS with all correlation effects in a symmet
conserving manner. Our method combines a many-b
analysis of the mentioned multiband-model with a se
consistent LMTO band structure calculation.

Since the technical details can be taken from Ref. 16
present in the following only the general procedure toget
with those aspects which are vital for the understanding
the new EuS results. In Sec. II we formulate the multiba
Hamiltonian and fix its single-particle part by a realistic ba
structure calculation. Furthermore, we describe the param
choice for the decisive interband exchange coupling. S
III A is devoted to the local-moment ferromagnetism of Eu
while Sec. III B repeats shortly how we solved the multiba
Kondo-lattice model. In Sec. IV the electronic EuS structu
is discussed in terms of quasiparticle band structures
densities of states~Q-DOS! as well as spectral densitie
which are closely related to the angle and spin resolved~in-
verse! photoemission experiment.
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II. MULTIBAND KONDO-LATTICE MODEL

The complete model-Hamiltonian for a real substan
with multiple conduction bands consists of three parts,

H5H5d1H4 f1Hd f . ~4!

The first term contains the 5d conduction band structure
of the considered material as, e.g., EuS,

H5d5(
i , j

(
m,m8

Ti j
mm8cims

† cjm8s . ~5!

The indicesm andm’ refer to the respective 5d subbands,
i and j to lattice sites. cims

† and cims are, respectively, the
creation and annihilation operator for an electron with spins

(s5↑,↓) from subband m at lattice siteRi . Ti j
mm8 are the

hopping integrals, which are to be obtained from a LD
calculation in order to incorporate in a realistic manner
influences of all those interactions which are not direc
accounted for by our model Hamiltonian.

Each siteRi is occupied by a localized magnetic momen
represented by a spin operatorSi . It stems from the half-
filled 4f shell of the Eu21 ion, according to Hund’s rule
being a pure spin moment of 7mB . The exchange coupled
localized moments are described by an extended Heisen
Hamiltonian,

H4 f52(
i j

Ji j Si•Sj2D0(
i

~Si
z!2. ~6!

In the case of EuS the exchange integralsJi j can be re-
stricted to nearest and next nearest neighbors~3!. The non-
negligible dipolar energy in EuS is expressed by a single-
anisotropyD0.

The characterizing feature of thenormal single-band
KLM, also calleds–f or s–d model, is an intraatomic ex-
change between conduction electrons and localized sp
The form of the respective multiband-Hamiltonian can
derived from the general on-site Coulomb interaction b
tween electrons of different subbands. It was shown in R
16,17 that in the special case of EuX~half-filled 4f shell,
empty conduction band! the interband exchange can be wr
ten as

Hd f52
1

2
J(

im
~Si

z~nim↑2nim↓!1Si
1cim↓

† cim↑

1Si
2cim↑

† cim↓!. ~7!

J is the corresponding coupling constant, and furthermor

nims5cims
† cims ; S65Sx6 iSy. ~8!

The first term in ~7! represents anIsing-type interaction
while the two others refer to spin exchange processes.
latter are responsible for some of the most typical KL
properties.

In order to incorporate in a certain sense all those in
actions, which are not directly covered by the model Ham
tonian, we take the hopping integrals from a band struct
5-2
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TEMPERATURE-DEPENDENT QUASIPARTICLE BAND . . . PHYSICAL REVIEW B 66, 085205 ~2002!
calculation according to the TB-LMTO-atomic sphere pr
gram of Andersen.21,22 In this method, the original Hamil-
tonian is transformed to a tight-binding Hamiltonian conta
ing nearest neighbor correlations, only. The transformatio
obtained by linearly combining the original muffin-tin orbi
als to the short ranged tight-binding muffin-tin orbitals. T
evaluation is restricted to 5d bands, only. LDA-typical diffi-
culties arise with the strongly localized character of thef
levels. To circumvent the problem we considered thef
electrons as core electrons, since our main interest is foc
on the reaction of the conduction bands on the magnetic s
of the localized moments. For our purpose the 4f levels ap-
pear only as localized spins in the sense ofH4 f in Eq. ~6!.
Figure 1 shows the calculated spin-dependent band struc
of EuS, where, of course, the 4f levels are missing. Clearly
the conduction-band region is dominated by Eu-5d states.
For our subsequent model calculations it is therefore rea
able to restrict the single-particle input from the band str
ture calculations to the Eu-5d part, only. The low-energy par
in Fig. 1 belongs to the S-3p states. For comparison we hav
also performed a LDA1U calculation which is able to re
produce the right positions of the respective bands. Howe
this method suffers from the introduction of adjustable p
rametersU and J being, therefore, no longer a ‘‘first prin

FIG. 1. Spin dependent~solid lines up-spin, broken lines down
spin! band structure of bulk EuS calculated within a TB-LMT
scheme with the 4f levels treated as core states. The energy z
coincides with the Fermi energy.
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ciples’’ theory. The results of the LDA1U calculation do not
differ strongly from those of the ‘‘normal’’ LDA, with the 4f
electrons treated as core electrons. So we have chose
much simpler LDA calculation. Since we are mainly inte
ested in overall correlation and temperature effects, the
treme details of the band structure are surely not so imp
tant. In Fig. 2, from the same calculation, the LDA-dens
of states is displayed. A distinct exchange splitting is visib
which can be used to fix the interband exchange coup
constantJ in Eq. ~7!. Assuming that a LDA treatment o
ferromagnetism is quite compatible with the Stoner~mean
field! picture, as stated by several authors,23,24theT50 split-
ting should amount toDE5JS. Unfortunately, the results in
Fig. 2 do not fully confirm this simple assumption but rath
point to an energy-dependent exchange splitting. The in
cated shifts of the lower edge and of the center of grav
lead to differentJ values,

J5J~edge!50.11 eV; J5J~center!50.23 eV. ~9!

In the following we will use both values for the a bit ove
simplified ansatzHd f in Eq. ~7! to compare the slightly dif-
ferent consequences.

It is a well-known fact~see Fig. 1 in Ref. 25, and refer
ences therein! that the KLM can exactly be solved for th
ferromagnetically saturated (T50) semiconductor. It is
found that the↑ spectrum is rigidly shifted towards lowe
energies by the amount of12 JS, while the ↓ spectrum is
remarkably deformed by correlation effects due to spin
change processes between extended 5d and localized 4f
states. We cannot switch off the interband exchange inte
tion Hd f in the LDA code, but we can exploit from the exa
T50 result that it leads in the↑ spectrum only to an unim-
portant rigid shift. So we take from the LDA calculation
which holds by definition forT50, the↑ part as the single-
particle input forH5d in Eq. ~5!. Therewith it is guaranteed
that all the other interactions, which do not explicitly ent
the KLM operator~4!, are implicitly taken into account by

o

FIG. 2. Spin-dependent density of 5d-states of EuS as function
of energy~calculated within a TB-LMTO scheme!. The numbers
are~in eV! for the lower band edges and for the centers of grav
The Fermi edge is below the 5d band~see Fig. 1!.
5-3
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W. MÜLLER AND W. NOLTING PHYSICAL REVIEW B 66, 085205 ~2002!
the LDA-renormalized single-particle Hamiltonian~5!. On
the other hand, a double counting of any decisive interac
is definitely avoided.

III. MODEL EVALUATION

A. Magnetic part

Because of the empty conduction bands the magnetic
dering of the localized 4f moments will not directly be in-
fluenced by the band states. For the purely magnetic pro
ties of EuS it is therefore sufficient to study exclusively t
extended Heisenberg–Hamiltonian~6!. While the exchange
integralsJi j are known from spin wave analysis@see Eq.
~3!#, the single-ion anisotropy constantD0 must be consid-
ered an adjustable parameter. Via the magnon-Green f
tion,

Pi j ~E!5^^Si
1 ;Sj

2&&, ~10!

we can calculate all desiredf spin correlation functions by
evaluating the respective equation of motion,

EPi j ~E!52\2^Si
z&d i j 1^^@Si

1 ,H4 f #2 ;Sj
2&&E . ~11!

Evaluation of this equation of motion requires the deco
pling of higher Green functions, originating from the Heise
berg exchange term and the anisotropy part in Eq.~6!. For
Green functions coming out of the Heisenberg term we h
used the so-called Tyablikow approximation, which is kno
to yield reasonable results in all temperature regions.
Green functions, which arise from the anisotropy term,
use a decoupling technique proposed by Lines.26 Details of
the method have been presented in a previous paper27 on
EuO. As result one gets the following well-known express
for the temperature dependent local-moment magnetizat

^Sz&5\
~11f!2S11~S2f!1f2S11~S111f!

f2S112~11f!2S11
. ~12!

f can be interpreted as average magnon number,

f5
1

N (
k

~ebE(k)21!21, ~13!

whereE(k) is the pole of the wave vector dependent Four
transform ofPi j (E). Some typical magnetization curves a
plotted in Fig. 3. They differ by the value of the anisotro
constantD0, which is still an undetermined parameter. Wh
D0 /kB increases from 0.01 K to 0.4 KTC rises from about
15 K to 16.9 K. Regarding thatJ1 , J2 are derived from a
low-temperature spin-wave fit, the agreement between
calculatedTcs and the experimental value of 16.57 K~Ref.
1! is remarkably good for almost all applied values ofD0,
and best for 0.375 K. Since we are interested above all in
electronic bulk band structure and its temperature dep
dence, the actual numerical value ofD0 does not play the
decisive role. However, when treating systems of lower
mensionality~films, surfaces!, which is planned for a forth-
coming paper, then a finiteD0 will be the precondition for
getting a collective magnetic order of the spin system.28,29
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Together with~12! and~13! practically all local spin cor-
relations are derivable, as, e.g.,

^S2S1&52\^Sz&f, ~14!

^~Sz!2&5\2S~S11!^Sz&~112f!, ~15!

^~Sz!3&5\3S~S11!f1\2^Sz&~S~S11!1f!2\^~Sz!2&

3~112f!. ~16!

These and similar terms are responsible for the tempera
dependence of the electronic self-energy.

B. Electronic part

The inspection of the electronic part starts from the
tarded Greenfunction̂̂ cims ;cjm8s

† &&E or its wave-vector de-
pendent Fourier transform,

Ĝks~E!5
\

E12T̂k2Ŝks~E!
. ~17!

Here 1 represents the (M3M ) identity matrix, where M is

the number of relevant subbands. The elementsTk
mm8 of the

hopping matrix are the Fourier transforms of the hopp
integrals in Eq.~5!, while the elements of the selfenerg
matrix are introduced by

^^@cims ,Hd f#2 ;cjm8s
† &&E[(

lm9
S i l s

mm9~E!Gl j s
m9m8~E!,

~18!

with subsequent Fourier transformation.
To get explicitly the selfenergy elements in Eq.~18! we

evaluate the commutator on the left-hand side what produ
two higher Green functions,

G ik j s
mm8~E!5^^Si

zckms ;cjm8s
† &&E , ~19!

FIG. 3. 4f -magnetization as a function of temperature for va
ous values of the single-ion anisotropyD0. The vertical broken line
marks the used experimental value (TC516.57 eV).
5-4
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Fik j s
mm8~E!5^^Si

2sckm2s ;cjm8s
† &&E . ~20!

G arises from theIsing-typeinteraction in thed–f interac-
tion term ~7! and F from thespin exchangepartial operator
(S↑,↓5S1,2),

^^@cims ,Hd f#2 ;cjm8s
† &&E52 1

2 J~zsG i i j s
mm81Fii j s

mm8!
~21!

(zs5ds↑2ds↓). Exploiting already the fact that the Eu
conduction band is empty we encounter the following eq
tions of motion of the higher Green functions~19! and~20!,

(
lm9

~Edkldmm92Tkl
mm9!G i l j s

m9m8~E!5\^Sz&dk jdmm8

1^^Si
z@ckms ,Hd f#2 ;cjm8s

† &&E , ~22!

(
lm9

~Edkldmm92Tkl
mm9!Fil j s

m9m8~E!5^^~ds↑Si
21ds↓Si

1!

3@ckm2s ,Hd f#2 ;cjm8s
† &&E . ~23!

On the right-hand side of these equations appear fur
higher Green functions which prevent a direct solution a
require an approximative treatment. That shall be differ
for the nondiagonal terms (iÞk) and the diagonal terms (i
5k), because the strong intraatomic correlations due to
on-site interaction~7! have to be handled with special car
For iÞk a self-consistent selfenergy approach is appli
which has been tested in numerous previo
papers.16,17,25,27,30,31It simply consists of treating the com
mutators in~22! and~23!, respectively, in formal analogy to
the definition Eq.~18! for the self-energy,

^^Si
z@ckms ,Hd f#2 ;cjm8s

† &&E→(
lm9

S i l s
mm9G i l j s

m9m8~E!,

~24!

^^~ds↑Si
21ds↓Si

1!@ckm2s ,Hd f#2 ;cjm8s
† &&E

→(
lm9

S i l 2s
mm9 Fil j s

m9m8~E!. ~25!

For the diagonal terms (i 5k) a moment technique is use
that takes the local correlations better into account. For
purpose we explicitly evaluate the commutators in Eqs.~22!
and~23! obtaining then, as usual, further higher Green fu
tions. In the first step these new functions are reduced
minimum number by exploiting that all functions, arisin
from theIsing-equation~22!, can rigorously be expressed b
linear combinations of those which come out of thespin–
flip-equation~23!. For a decoupling, the latter are then wr
ten as linear combinations of simpler functions that are
ready involved in the hierarchy of Green functions. T
choice, which kind of simpler functions enter the respect
ansatz, is guided by exactly solvable limiting cases~ferro-
magnetic saturation, zero-bandwidth limit,S5 1

2 ). We illus-
trate the procedure by a typical example,
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Di j s
mm8~E!5^^D iscims ;cjm8s

1 &&,

D is5ds↑Si
2Si

11ds↓Si
1Si

2 . ~26!

For S5 1
2 it holds rigorously,

Di j s
mm8~E!5 1

2 Gi j s
mm8~E!2~ds↑2ds↓!G i i j s

mm8~E!. ~27!

This relation is valid for all temperatures. On the other ha
in the ferromagnetic saturation (^Sz&5S) the same function
reads for all spin values,

Di j s
mm8~E!5SGi j s

mm8~E!2~ds↑2ds↓!G i i j s
mm8~E!. ~28!

Equations~27! and~28! clearly suggest the following ansat
for the general case:

Di j s
mm8~E!5as

mm8Gi j s
mm8~E!1bs

mm8G i i j s
mm8~E!. ~29!

In order to fix the coefficientsas
mm8 and bs

mm8 , we now
calculate the first two spectral moments of each of the th
Green functions in~29!, and that exactly and independent
from the respective Green function. The diagonal parts of
other functions, appearing on the right-hand sides of~22! and
~23!, can be elaborated analogously.

By these manipulations we arrive at a closed system

equations for the self-energy matrix elementsS i j s
mm8(E),

which can numerically be solved. Via the spectral momen
used for the various ansatze such as~29!, a set of local spin
correlations as those in Eqs.~12!, ~14!, ~15!, ~16! enter the
procedure. They are mainly responsible for the temperat
dependence of the electronic self-energy.

To get a first impression of correlation effects in the ele
tronic structure of EuS we have evaluated our comp
theory forT50 K. The Q-DOS results are exhibited in Fig
4. As explained and tentatively justified before Eq.~9! we
use two different values for the exchange coupling J. Th↑
Q-DOS is uneffected by the actual value of J and coinci
with the respective LDA curve, when we compensate,
done in Fig. 4, the unimportant rigid shift (2 1

2 JS). So our
approach fulfills the exact (T50,s5↑)-limit. The slight de-
viations, seen in the upper part of Fig. 4, are exclusively d
to the numerical rounding procedure.A posteriori this fact
demonstrates once more that our above-described metho
implementing the LDA input into the many-body model ca
culation definitely circumvents the often discusseddouble
counting problem. As explained in Sec. II we succeeded
this respect because for the special case of a ferromag
cally saturated semiconductor the↑ spectrum is free of cor-
relation effects which stem from the interband exchan
Hd f .

The lower half of Fig. 4 demonstrates that correlati
effects do appear, even atT50 K, in the ↓ spectrum. Be-
sides a band narrowing, they provoke strong deformati
and shifts with respect to the LDA result. Here the influen
of the different J values from Eq.~9! is quite remarkable. For
getting quantitative details of the EuS-energy spectrum
proper choice of the exchange constant is obviously ne
sary. The lower value (J50.11 eV) is appropriate when w
are mainly interested in the lower band-edge region. Ho
5-5
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W. MÜLLER AND W. NOLTING PHYSICAL REVIEW B 66, 085205 ~2002!
ever, in the middle of the band, around the center of grav
J50.23 eV is surely the better choice.

IV. EuS ENERGY SPECTRUM

The main focus of our study is the temperature dep
dence of the 5d-energy spectrum of the ferromagnetic sem
conductor EuS. The 5d bands are empty, except for th
single test electron, so that the T-dependence must be exc
sively caused by the exchange coupling of the band state
the localizedmagnetic4 f states. Figures 5 and 6 display th
quasiparticle densities of states for five different 4f magne-
tizations, i.e., five different temperatures~Fig. 3!. The
Q-DOS in Fig. 5 are calculated forJ50.11 eV. One sees
that the lower edge of the↑ Q-DOS performs a shift to lowe
energies upon cooling fromT5TC down to T50 K. This
explains the famous redshift of the optical absorption e
for an electronic 4f –5dt2g

transition, first observed by Busc

and Wachter.32,33We find a shift of about 0.17 eV~see inset
in Fig. 5!,very close to the experimental data.1,13 This con-
firms once more thatJ50.11 eV is a realistic choice for th
exchange coupling constant as long as the lower part of
5d spectrum is under consideration. Note, that our fitt
procedure for the exchange constantJ @Fig. 2, Eq.~9!# does
not predetermine the redshift.

Since we have taken into account for our calculation
full band structure of the Eu-5d conduction bands, the sym
metry of the different Eu-5d orbitals is preserved. The 5d
bands of bulk EuS are therefore split intot2g and eg sub-
bands~Fig. 5!, where thet2g bands are substantially broad
(;7 eV) than theeg bands (;4 eV). In a previous study
of the temperature dependent EuS-band structure19 the Eu-
5d complex was split into fives-like bands by numbering fo
a givenk vector the states fromm51 to m55 according to

FIG. 4. The same as in Fig. 2, but in addition theT50 results of
our combined many-body/first principles theory. The latter has b
performed for two different values of the exchange coupling J~dot-
ted lineJ50.11 eV; broken lineJ50.23 eV). The up-spin curve
have been shifted both to coincide at the lower edge with the LS
curve. That demonstrates that atT50 correlation effects appear i
the down-spectrum only.
08520
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increasing single-electron energiesem(k). All k states with
an energyem(k) then form the subbandm. This simplified
procedure does not respect symmetries and neglects sub

hybridization, i.e., interband hoppingTi j
mm8 for mÞm8. The

subband widthsW turn out to be of order 1–3 eV bein
therefore distinctly narrower than those in Fig. 5. That has
important consequence. Since correlation effects scale
the effective(!)exchange couplingJ/W, they become for the

n

A FIG. 5. Quasiparticle densities of states of the Eu-5d bands of
bulk EuS as a function of energy for various temperatures. S
lines for up-spin, broken lines for down-spin, thick line forT5TC

(^Sz&50). The outermost curves belong toT50 (^Sz&/S51).
They approach each other when increasing the temperature.
inset shows on an enlarged scale the temperature shift of the lo
up-spin edge. Exchange coupling:J50.11 eV.

FIG. 6. The same as in Fig. 5 but forJ50.23 eV.
5-6
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same J more pronounced in narrower bands. That is why
believe that correlations are to a certain degree overestim
in Ref. 19. As a consequence of the weaker effective c
pling the appearance of polaronlike quasiparticle branche
less likely in the present investigation.

In Fig. 6 the Q-DOS is plotted for the stronger exchan
couplingJ50.23 eV, which should be more realistic for th
middle part of the spectrum, around the center of grav
The temperature-influence on the spectrum is more p
nounced than for the weaker coupling in Fig. 5. Strong
formations and shifts appear, being not at all rigid, i.e.,
beyond the mean field picture. However, not surprising,
lower edge shift betweenT5TC andT50 K comes out too
strong. The calculated redshift of 0.27 eV substantially
ceeds the experimental value of 0.167 eV.1 As mentioned
above, the lower part of the spectrum is better described w
J50.11 eV.

While the Q-DOS refers to the spin resolved, but an
averaged~inverse! photoemission experiment, thek depen-
dent spectral density is the angle resolved counterpart. F
Sks(E) we derive the quasiparticle band structure~Q-BS!.
Figures 7 and 8 represent as density plots the spectral de
for some symmetry directions. The degree of blackening
measure of the magnitude of the spectral function. Figur

FIG. 7. Spin-dependent quasiparticle bandstructure of the Eud
bands of bulk EuS for different 4f magnetizationŝ Sz&/S. Ex-
change coupling:J50.11 eV.
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holds for J50.11 eV and Fig. 8 forJ50.23 eV. In both
situations the↑ spectrum in case of ferromagnetic saturati
coincides with the dispersions obtained from the LDA calc
lation. In the weak coupling case~Fig. 7! the temperature
influence is mainly a shift of the total spectrum. The induc
exchange splitting reduces with increasing T and disapp
at T5TC. Correlation effects are more clearly visible in th
case of J50.23 eV ~Fig. 8!. They manifest themselve
above all in lifetime effects. Great parts of the dispersio
are washed out because of magnon absorption~emission! of
the itinerant↑(↓) electron with simultaneous spin–flip. I
ferromagnetic saturation a↑ electron has no chance to abso
a magnon because there does not exist any magnon. Th
fore the dispersion appears sharp representing quasipar
with infinite lifetime. On the other hand, the↓ electron has
even atT50 K the possibility to emit a magnon becomin
then a↑ electron. Therefore correlation effects are already
T50 K present in the↓ spectrum. For finite temperature
finite demagnetizations, magnons are available and abs
tion processes provoke quasiparticle damping in the↑ spec-
trum, too. The overall exchange splitting reduces with
creasing temperatures, until in the limitT→Tc (^Sz&→0)
the vanishing 4f magnetization removes the induced sp
asymmetry in the 5d subbands.

For a better insight into the temperature-behavior we h
plotted in Figs. 9–12 for fourk-points from the Brillouin

FIG. 8. The same as in Fig. 7, but forJ50.23 eV.
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zone (G,L,W,X) the energy dependence of the spectral d
sity, and that for the same three temperatures as in Fig. 8
the G-point we expect two structures according to the tw
fold (eg) and threefold (t2g) degenerate dispersions. As ca
be seen in Fig. 9 well defined quasiparticle peaks appear
additional spin split belowTC. The exchange splitting, intro
duced via the interband coupling to the magnetically act
4 f system, collapses forT→TC ~Stoner-type behavior!. Ob-
viously, quasiparticle damping increases with increas
temperature. Similar statements hold for the spectral den
at the L-point. In accordance with the quasiparticle ba
structure in Fig. 8 three structures appear, the upper
being twofold degenerate~Fig. 10!. Interesting features ca
be observed at the W-point~Fig. 11!. At T50 four sharp
peaks show up in the↑-spectrum, and, though alread
strongly damped, the same peak-sequence comes out i
↓-spectrum. The exchange splitting amounts to about 0
0.9 eV. With increasing temperature damping leads to
strong overlap of the two upper peaks, which are no lon
distinguishable.

At the X-point the spin resolved spectral density exhib

FIG. 9. Spin-dependent spectral densitySks of the Eu-5d states
of bulk EuS as function of energy for the same 4f magnetizations
as in Fig. 8. Solid lines: up-spin; broken lines: down-spin; th
lines: T5TC (^Sz&50)). Exchange coupling:J50.23 eV; k5G.

FIG. 10. The same as in Fig. 9 butk5L.
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four clearly separated structures, where the upper belong
a twofold degenerate dispersion~Fig. 12!. In the two middle
structures, at least the↓-peaks are so strongly damped th
they certainly will not be observable in an inverse pho
emission experiment. Altogether, the 5d-spectral densities o
the ferromagnetic semiconductor EuS exhibit dras
temperature-dependencies, what concerns the positions
the widths of the quasiparticle peaks.

V. CONCLUSIONS

We presented a method of calculating the temperature
pendent bandstructure for the ferromagnetic semicondu
EuS. The essential point is the combination of a many bo
evaluation of a proper theoretical model with a ‘‘first prin
ciples’’ band structure calculation. The model of choice is t
ferromagnetic Kondo-lattice model, which describes the
change interaction between localized magnetic moments
itinerant conduction electrons. For a realistic treatment
EuS we have extended the conventional KLM to a multiba
version to account for orbital symmetry. Intraband- a
interband-hopping integrals have been extracted from atight-
binding linear muffin-tin orbitalband structure calculation to
incorporate besides thenormal single-particle energies th
influence of all those interactions which are not directly co

FIG. 11. The same as in Fig. 9 butk5W.

FIG. 12. The same as in Fig. 9 butk5X.
5-8



y
t-
tri
n
e
ro
e
c
4

ce
e

hi
te

f

rg
d
ur
-
l

the

-
f in-

a
pa-
r-

not
of
i-

0’’

TEMPERATURE-DEPENDENT QUASIPARTICLE BAND . . . PHYSICAL REVIEW B 66, 085205 ~2002!
ered by the KLM-Hamiltonian. By exploiting an exactl
solvable limiting case of the KLM this combination of firs
principles and model-calculations could be done under s
avoidance of a double-counting of any relevant interactio

The many-body part of the procedure was perform
within a moment-conserving interpolation method that rep
duces exactly important rigorous limiting cases of the mod
The resulting electronic self-energy carries a distin
temperature-dependence, which is mainly due to localf
spin correlations. Since the band is empty, the KLM redu
to a simple Heisenberg model as long as the purely magn
4 f properties, as e.g., the mentioned 4f spin correlations, are
concerned. The result is a closed system of equations w
can be solved numerically for all quantities we are interes
in.

We have demonstrated the temperature-dependence o
energy spectrum of the ferromagnetic semiconductor EuS
terms of the 5d spectral density and 5d quasiparticle density
of states. Peak positions and peak widths determine ene
and lifetimes of quasiparticles, which have been gathere
special quasiparticle band structures. A striking temperat
dependence of theempty5d-bands is observed which is in
duced by the magnetic 4f -state. A well-known experimenta
L:

rth
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.
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confirmation of theT-dependence is the ‘‘redshift’’ of the
optical absorption edge, uniquely related to the shift of
lower 5d-edge for decreasing temperature fromT5TC down
to T50 K. The induced exchange splitting atT50 col-
lapses forT→TC Stoner-type, but with distinct changes in
the quasiparticle damping~lifetime!. All these temperature
dependent band effects should be observable by use o
verse photoemission.

We expect further insight into interesting physics by
forthcoming extension of our method to finite band occu
tions ~Gd, Gd-films!. The respective single-band model ve
sion has already been presented in previous papers.30,34 In
particular amodified RKKYhas been used35,36 for a self-
consistent inclusion of the magnetic properties of the
directly coupled local moments. A further implementation
disorder in the local moment system will allow to treat d
luted magnetic semiconductors such as Ga12xMnxAs and
therefore contribute to the hot topicspintronics.
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