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Quasiparticle band structure of ferromagnetic EuS
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We derive the temperature dependence of the electronic quasiparticle spectrum of the ferromag-
netic semiconductor Eus. The study is based on a d fexc-hange model, whose "free" part contains
as important model parameters the Bloch energies e (k). These quantities are determined by a
self-consistent, spin-polarized band-structure calculation within the framework of density-
functional theory, thereby incorporating all interactions which are not explicitly taken into ac-
count by the d fmode-l. This is approximately solved by a many-body procedure, which treats
spin-exchange processes between localized 4f moments and itinerant conduction electrons with
special care. The method is exact at T =0. We discuss in detail the temperature dependence of
the quasiparticle density of states and of the quasiparticle band structure for the first five unoccu-
pied conduction bands, which are mainly of 5d type.

In two preceding papers' we calculated the electron-
ic quasiparticle spectrum of the ferromagnetic semicon-
ductor EuO by use of a new method, which incorporates
the results of a realistic self-consistent band-structure
calculation based on density-functional theory (DFT)
into a reliable many-body procedure. In this paper we
apply this method to EuS. From a basic physical point
of view the ferromagnetic semiconductors EuO and EuS
are very similar. Arising from the seven electrons in
the half-filled 4f shell of the Eu + ion, the well-localized
magnetic moment pE„——7 pz makes EuO, as well as
EuS, ideal model substances for the abstract Heisenberg
concept of the so-called "localized magnetism. " The
fact, however, that single crystals as well as evaporated
films can be used and their properties compared with
each other gives EuS an advantage over EuO from an
experimental point of view. A greater variety of experi-
ments has therefore been carried out with EuS rather
than with EuO, although in EuO the ferromagnetic in-
teraction is even more pronounced [T, (EuS ) = 16.57 K;
T, (EuO)=69. 33 K]. An interesting and very instructive
example is the field emission experiment, performed
on W-EuS junctions, which has revealed a lot of infor-
mation about the complicated quasiparticle structure of
the electronic excitation spectrum of such magnetic 4f
systems. We consider it therefore worthwhile to derive
the complete temperature-dependence quasiparticle band
structure for EuS, too.

The general procedure is as follows. First we choose a
suitable theoretical model, which explicitly takes into ac-
count all interactions being of decisive importance for
the structure and temperature dependence of the elec-
tronic excitation spectrum of EuS. In the second step
we fix the one-particle energies e (k) by use of a self-
consistent band-structure calculation (DFT), therewith

including in an effective manner all those interactions
which do not appear explicitly in our model Hamiltoni-
an. In the final step we investigate, by use of a special
many-body formalism, how the above-mentioned "im-
portant" interactions change the renormalized one-
particle energies into temperature-dependent quasiparti-
cle energies.

The choice of a proper theoretical model for fer-
romagnetic 4f systems like EuS is rather uniquely
predetermined. The main inAuence on the temperature
dependence of characteristic properties of these materi-
als must be ascribed to an exchange interaction between
localized 4f electrons and itinerant conduction electrons:

1 —iq R,
ex g g Qgm ( aSi km a k+qma2N, .

o+ i C km — Ck+aqma )

ck (ck ) is the creation (annihilation) operator of a
conduction electron with wave vector k and spin 0.
(cr = spin —up, spin —down ) in the mth subband. We
shall show below that the lowest, not completely filled
bands of EuS are mainly of 5d and 6s character. We
number them by the index m. S, =(S;",Sf,S ) is the lo-
calized 4f spin at site R; (S =—,'):

S~ SJ' + lZ~Sj p zsp&z Up
—+ 1& Zsp&z dowz ——1 .

g is the d fexchange constant betw-een 4f electrons
and conduction electrons of the m th subband. We
neglect a possible k dependence of g and interband
scattering.
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TABLE I. Band-structure data (eV) for EuS.

4f spin —up bandwidth
2p bandwidth
4f spin —up 2p separation
5d spin —up bandwidth
(L3 spin —up X3 spin —up)
X3 spin —up 2p gap
X3 spin —up 4f spin —up gap

Ref. 11

0.54
2.19
0.44

-7.8

3.04
1.65

Ref. 12

0.39
1.72(spin —up), 1.85(spin —down)

1.25( spin —up )

7 3

3 ~ 28(spin —up ), 3.47(spin —down)
1.64

Present
results

0.52
2.85
1.17
7.83

1.64
0.00

The kinetic energy of the conduction electrons reads

H, = g e (k)cz ck
km cr

e (k) are considered as renormalized Bloch energies
constructed in a suitable one-particle basis. They should
contain, at least in an averaged form, all interactions
which are not covered directly by our model Hamiltoni-
an.

The 4f moments of EuS are coupled via a certain kind
of superexchange

Hf ———g J~)S;.SJ .

The total d fmodel is then-defined by the Hamiltonian:

H =H, +Hf +H,„.

Since EuS is a semiconductor, we consider the situation
of a single electron excited into the otherwise empty
conduction band. In our previous paper' we have shown
that the corresponding many-body problem is exactly
solvable for ferromagnetically saturated 4f systems
(T =0). The solution for a spin-up electron is very sim-
ple,

(6)

while the spin-down spectrum has a complicated quasi-
particle structure. For details the reader is referred to
Ref. 1.

The simple exact result (6) is of decisive importance
for our further procedure, because it expresses the fact
that at T =0 the spin-up spectrum of the interacting sys-
tem is quasi-identical with the "free" Bloch energies
e (k). "Free" here means without d fexchange in--
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FIG. 1. Ground-state spin-up band structure of EuS as a
function of wave vector, obtained from a nonrelativistic ASW
calculation (Ref. 9).

FIG. 2. The same as in Fig. 1, but for spin-down band
structure.
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FIG. 3. Total Bloch density of states po per atom of EuS
(solid line) as a function of energy, calculated for the first five
conduction bands, which are mainly of Eu +-5d character.
Partial state densities (m =1, . . . , 5) are also indicated. The
energy zero coincides with the center of gravity of the m =1
subband.
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teraction. Performing a self-consistent, spin-polarized
band-structure calculation we can identify the spin-up
esult with the "free" one-particle energies e (k). The

density-functional theory takes into account in principle
all interactions, i.e. , in a certain sense the d fexchange-
too. The latter, however, leads in the T =0 spin-up
spectrum to a trivial additive term only, being meaning-
less because of the free choice of the energy zero. On
the other hand, the effective single-particle energies of
the density-functional theory contain all the other in-
teraction, which are not considered explicitly within the
d fmodel. B-y this method we surely get highly realistic
input parameters for our many-body treatment.

We have performed a self-consistent nonrelativistic
augmented spherical-wave (ASW) calculation with the
spin-polarized exchange and correlation potential V, of
density-functional theory as proposed by Moruzzi

ai. Furthermore, we have used the experimental
value of the lattice constant of EuS a =5.968 A. The
resulting spin-up and spin-down bands are plotted in
Figs. 1 and 2. Some relevant band-structure data are
collected in Table I and compared to previous calcula-
tions. The occupied p states, stemming from the S
ion, are not interesting to us. The highly localized 4f
spin-up states enter our model only as localized magnetic
moments, being responsible for the magnetic properties
of EuS. Since their definite energetic positions are not
important for the further procedure, we need not worry
about the fact that the gap between 4f spin-up states
and conduction band (X3 spin-up ) is practically closed,
contrary to the experiment which predicts a gap value
of 1.65 eV. On the other hand, our calculated X3 spin-
up 2p gap (1.64 eV) is not as bad compared to the exper-
imental value of about 2.2 eV. Similar trends could be3

realized in our previous calculation on EuO. ' Obviously,
the well-known inability of the density-functional theory
to predict correct gaps in insulators and semiconductors
becomes worse with increasing degree of localization of
the involved states. We mention that the essentially
correct value of the X3 spin-up 4f gap in Refs. 11 and
12 results from the choice of V, in those non-self-
consistent nonrelativistic calculations. In fact, it has
been shown in Ref. 11 that the 4f band position is ex-
tremely sensitive to the exchange-correlation potential
used and may be fitted to the experimental value bue y
varying V, . A relativistic calculation of the bands is
unlikely to change this situation, and since this point
does not affect our procedure we have not made efforts
in this direction.

Our interest is mainly focused on the temperature
dependence of the unoccupied conduction bands, partic-
ularly on the first five bands (m =1, . . . , 5), which are
mainly Eu-Sd-like. All higher lying bands shall be disre-
garded. The one-electron densities of states of the first
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FIG. 4. TG. 4. Transverse intra-atomic f-spin correlation of EuS
~ ~

(T, = 6.57 K) as a function of the reduced temperature T/T. .T=1
The le low-temperature part is calculated by a moment method
(Ref. 2), the high-temperature part (T) T, ) by a "local" mean
field approximation (Ref. 12). The lower inset shows the f
magnetization (S') as function of T/T, according to the ex-
perimental data for EuS in Ref. 13. The upper inset shows the
shift of the lower conduction band edge as a function of T/T
following from the theory of this paper ["edge shift" (T)
= edge position at T~ oo minus edge position at T].

02--

-3 -2 -1 0 1 2 3
E(eY)

r

5 6

FIG. 5. Total quasiparticle density of states Pspin —up spin —down

per atom as a function of energy for EuS at T =0 and T =4T, .
The corresponding spin-down result of density-functional
theory p, p",„d „ is indicated by the dotted line.
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FIG. 6. Full quasiparticle band structure of EuS at T =0 and T =4 T, (T, =16.57 K) in the I L direction. Small points mark
long-living quasiparticles (very sharp peaks in the spectral density), big points short-living quasiparticles (not so sharp, but still pro-
nounced peaks in the spectral density). Triangles indicate bound states (infinitely living quasiparticles, only existent at T =0). In
the T =0 case the spin-up spectrum (solid lines) consists only of bound states. Dotted lines indicate the T =0 spin-down result of
density-functional theory.

five spin-up bands, which we need as "free" Bloch bands
po™in our theoretical model, are plotted in Fig. 3.

For finite temperatures the model Hamiltonian (5) is
not exactly solvable. In Ref. 2 we have proposed a
many-body approach for deriving the temperature-
dependent quasiparticle band structure of EuO. This ap-
proach treats the important spin-exchange processes be-
tween f moment and conduction electron with special
care, and turns out to be exact for T =0. We shall not
repeat here details of the procedure, for which the
reader may be referred to our previous paper. The final
result for the electronic self-energy [Eq. (28) in Ref. 2]
contains the f magnetization & S') and the f spin corre-
lation &S; S; ). By use of a self-consistent moment
method we found, for low temperatures (0 + T/T,
& 0.7), the following simple relation:

&S;S,
—

) =(I+..)&S')+(S+&S') ) (S —&S') ) . (7)

In this paper we use the experimental EuS data for &S')
as given in Ref. 13. Figure 4 shows & S; S; ) and & S')
as functions of temperature T, where we have used in
the paramagnetic region Sinkkonen's "local mean-field
approximation" ' for the correlation function.

Our model contains as an important parameter the d-
f exchange constant g, which cannot be derived from
first principles. As already done in Refs. 1 and 2 for
EuQ we use the red shift of the optical absorption edge

for the electronic 4f 5d ~4f Sd' transition, which is
equivalent to a shift of the lower conduction band edge
to lower energies with decreasing temperature below T, .
This red-shift effect fixes the exchange constant g& for
the lowest subband,

g&
——0. 145 eV . (8)

The full temperature dependence of the edge position, as
it results from our theory, is exhibited as an inset in Fig.
4. The choice (8) gives a total red shift of about 0.205
eV which is slightly higher than the experimental value.
This has intentionally been done because density-
functional theory usually gives bands which are slightly
too broad (up to 10%). Smaller bandwidth, however,
means less red shift (see Fig. 3 in Ref. 2). So we believe
that (8) represents a realistic choice. Unfortunately,
there is no similar criterion for the exchange constants
of the other four 5d subbands. Somewhat arbitrarily we
have assumed that all g are equal.

Figure 5 shows our results for the temperature-
dependent, total quasiparticle density of states. At T =0
we observe an "effective" exchange splitting of about 0.5
eV, which steadily decreases with increasing tempera-
ture. Above the Curie temperature T, =16.57 K both
spin bands of course coincide. The above-mentioned ex-
change splitting is, however, not at all rigid. Strictly
speaking, we find that for all temperatures T&0 both
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spin spectra occupy exactly the same energy region. For
T & T, the domo-spin state density is, however, very
much smaller at the lower edge than the up-spin state
density, so that one can really speak of an "effective" ex-
change splitting. The comparison of p,'z,„= d, „with the
corresponding result p,~";„d, „of the density-functional
theory reveals some striking discrepancies, which are
mainly due to the existence of a sharp 4f spin-down
band in p, ;„d,„„.We consider this 4f spin-down peak,
however, as an artifact of density-functional theory,
which predicts at T =0 an exchange splitting
4f spin —down-4f spin —up of some 5 eV. If we extrapo-
late this T =0 result to finite temperatures, we can ex-
plain nonsaturated ferromagnetism (0 & T &16.57 K) or
paramagnetism (T & 16.57 K) only by a partial or total
overlap of the 4fspin —up and 4fspin —down subband.
Since the Eu 4f shel-l is only half filled, this necessarily
would lead to the conclusion that EuS was a metal at
finite temperatures, in contradiction to the experiment.
Furthermore, it is extremely unlikely that a thermal en-
ergy of k&T, =10 eV may close an original exchange
splitting of 5 eV at T =0.

The reason for this obvious failure of the density-
functional theory lies in its "Stoner picture" of fer-
romagnetism, which assumes the magnetization to be
proportional to the difference of 4fspin —up and
4fspin —down particle densities. For Heisenberg fer-
romagnets like EuS such an ansatz is completely unreal-
istic.

As described in detail in Ref. 2 for EuO we use the
one-electron spectral density [Eq. (37) in Ref. 2] in order
to derive the quasiparticle band structure. Normally,
but not always, the spectral density shows a pronounced
peak over the broad scattering spectrum. We identify
the peak position with the quasiparticle energy, and its
width as a measure of the quasiparticle lifetime. Exam-
ples for the resulting band structure at T =0 and
T =4T, are plotted in Fig. 6, representatively for k vec-
tors from the I I direction. We observe for T & T, a @-

dependent exchange splitting of each dispersion
(m =1, . . . , 5), the temperature dependence of which is
mainly determined by the f magnetization (S'). Above
T, the transverse f-spin correlation (S S ) dominates
the temperature-behavior of the quasiparticle band

structure.
The calculated temperature dependence of the EuS

quasiparticle band structure should be observable in an
inverse photoemission experiment. To our knowledge
such an experimental investigation of the empty states
has not been performed up to now, so that a direct com-
parison of our results to experimental data is still exclud-
ed.

There are, however, some important qualitative as-
pects being completely confirmed by existing experi-
ments. The inset of Fig. 4 shows the red shift of the
lower conduction band edge as a function of tempera-
ture. For low. temperatures it follows roughly the 4f
magnetization (S'), while for temperatures around and
above T, it is dominated by f-spin correlation functions
(7). This exactly agrees with the experimental observa-
tion. '

The quasiparticle densities of states (Fig. 5) permit a
natural interpretation of the field emission data found
for W-EuS junctions. The original idea was to con-
struct by such junctions perfect electron spin filters. The
expectation of fully spin-polarized tunnel electrons was
based on the assumption of a spin-polarized splitting of
the EuS conduction band below T, . According to our
results for p,~;„„~and p,~;„d, „(Fig. 5) such a splitting,
strictly speaking, does not happen. Both spin parts oc-
cupy for all temperatures exactly the same energy re-
gion, excluding therewith a total electron spin polariza-
tion. At the lower edge of the conduction band
p,~;„d, „(E) is, however, always substantially smaller
than p,z,„„z(E), where the difference disappears for
T & T, and increases with decreasing temperature below
T, . Since the electrons, which start from the W-Fermi
edge, will tunnel through the low-energy part of the EuS
conduction band, there is nevertheless expected for
T & T, a remarkable high electron spin polarization.

Our theory therefore predicts for T & T, a disappear-
ing electron spin polarization and for T & T, polariza-
tion, which increases with decreasing temperature,
reaching quite high values, but never the full saturation.
This is exactly the experimental observation.
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