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The Magnetic Red Shift in Europium Chalcogenides

by M. J. Freiser, F. Holtzberg, S. Methfessel, G. D. Pettit,
M. W. Shafer and J. C. Suits

IBM Watson Research Center, Yorktown Heights, New York 10598

(13. V. 68)

Abstract. The comparison of optical absorption spectra of Eu2+ in Eu-chalcogenides, EuF2,
KBr, and Sr-chalcogenides suggests the assignment of the absorption edge in Eu-chalcogenides
to the 4/->- 5 d transition instead of to an indirect transition between valence and conduction
bands. The 'magnetic-exciton' model gives a suitable description of the magnetic red shift in this
case. In solid solutions between ferromagnetic Eu-chalcogenides and isostructural Sr-chalcogenides
the 4/->-5<7 absorption band moves toward lower energies with increasing Eu concentration.
This indicates the existence of a cation-cation interaction which decreases (as does the ferromagnetic
Curie temperature) from EuO to EuTe and which is not observable in paramagnetic EuF2.

Busch and his collaborators [1-3] discovered the magnetic red shift of the optical
absorption edge in Eu++ chalcogenide powders by measuring the diffuse reflectance
as a function of temperature. Magnetic effects in the optical absorption spectrum
of single crystals and evaporated thin films of Eu-chalcogenides have been investigated
by several authors [4-6]. We report here additional experimental details which may
help to characterize the mechanism of this interesting effect.

There are numerous known examples of magnetic ordering effects in optical
spectra and their theoretical interpretations have many uncertainties [7, 8]. The
magnetic red shift in the Eu-chalcogenides is of particular interest because the
occurrence of a sharp absorption edge is combined with ferromagnetic ordering in a

relatively simple crystal lattice.
Two different interpretations of the magnetic red shift have been evolved from

different models of the band structure and the nature of magnetic interactions in
these materials. Baltensperger and his colleagues [9] relate the absorption edge to
an indirect excitation from the valence into the conduction band in agreement with
preliminary nonself-consistent APW-band-structure calculations by Cho [10, 11].
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The magnetic red shift results then from the influence of spin correlations on electron
states at the bottom of the conduction band via intra-atomic s — f exchange.

The other approach, in contrast to the APW-calculations, assumes that the
localized 4/levels of Eu2+ lie above the filled valence band in the energy gap. In this
case the absorption edge is assigned to a rather localized 4/— 5 d transition [12-16]
which has a lower energy than the intrinsic excitations between valence and conduction

bands1). The latter lies in the ultraviolet and is very similar in energy and shape
to the absorption edge [17-20] of equivalent Sr-chalcogenides. Strontium behaves

chemically like europium, but does not contain localized magnetic 4/electrons. The

Af — 5 d transition has an exciton-like character [14] in which the 5 d orbital of the
excited 4/6 — 5 d1 configuration overlaps with the 12 nearest Eu neighbors. It can
be shown that for this model the red shift is determined by the temperature dependence

of the nearest neighbor spin correlation, (,SxS2yjS2. Kasuya et al. [21,22],
have treated the model of the 'magnetic exciton' in more detail and find the red shift
to be in quantitative agreement with spectroscopic free ion parameters. We believe
that the following experimental details support the assumption of a transition to an
exciton-like 5 d state from localized 4/ states within the forbidden gap above the
valence band2).

Figure 1 shows the log of optical absorption in EuO single crystals plotted as a

function of photon energy for different temperatures. The curves were obtained by
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Figure 1

The exponential absorption edge of EuO single crystals as a function of temperature. These curves
are the low energy tail of the absorption curves shown in Figure 4 for EuO films.

x) Note added in proof: Cho's most recent calculations remove this discrepancy and find the
position of their 4/ band extremely sensitive to modifications of the Slater exchange term.
A reduction of exchange by 75°/0 moves the 4/ band up above the top of the valence band,
and the indirect excitations from the 4/into the 5 d conduction states now agree with the
experimental absorption edges.

2) Note added in proof: The observation of photoconductivity would not conflict with the exciton
model (as concluded by R. Bachmann, P. Wächter: Phys. Lett. 26 A, 478, 1968). The
exciton states can decay into lower lying conducting states.
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computer analysis of data recorded by a Cary 14 spectrometer and include reflectivity
corrections. The crystals were several mm in diameter and were cleaved and polished
to a thickness of 0.01 to 0.1 mm. EuS and EuSe single crystals show similar absorption
curves but their slope is steeper (d logaldE > 10.9 eV-1 instead of 5.6 eV-1 in EuO).
It is remarkable that the absorption edges in all Eu-chalcogenides have an exponential
character with constant slope as the edge shifts with decreasing temperature over a

wide range of energies. Exponential absorption edges have been found in other
materials and have been related to transitions into exciton states [23]. The strong
interaction of the excited state with phonons usually results in a strong variation of the
slope with temperature. The temperature independent slope in Figure 1 can be
understood when we consider the absorption edge in Eu-chalcogenides as the low

energy tail of the excitation from the localized 4/7 ground state into a 4/6 — 5 d

state with exciton-like character of the 5 d wave function. Studies of this excitation

for Eu2+ in alkaline earth fluorides show that the total width of the resulting
absorption band is given by the multiplet width of the excited 4/6(7irj) configuration
which is temperature independent due to the strong localization of the 4 / electrons
[24]. The detailed relationship of the absorption edge in Eu-chalcogenides to the

4/ — 5 d transition in alkaline earth halides is discussed later.
The red shift of the absorption edges with temperature for EuO und EuS single

crystals are shown in Figure 2. These curves are derived from point-by-point measurements

with magnetic fields applied parallel to the polarization plane of linearly
polarized light. The small magnetic field removes domains which can affect the
absorption measurements in the ferromagnetic state by scattering light [25] out of the
aperture of the spectrometer and can produce magnetic dichroism. The shift of the
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Figure 2

The magnetic red shift in single crystals of EuO and EuS. The photon energy where the absorption
coefficient is 800 or 820 cm-1 is taken as the absorption edge. The blue shift at higher temperatures
is given in eV/deg. The dashed line is proportional to the experimentally determined spin corre¬

lations in EuO.
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absorption edge with temperature is consistent with the earlier observed [6, 9]

proportionality to the spin correlation function. The temperature dependence of the
spin correlation in Figure 2 was obtained from specific heat3) and magneto-elastic
investigation on EuO single crystals [26].

Figure 3 demonstrates the influence of magnetization direction and light polarization

on absorption edges observed in EuO single crystals near the Curie temperature
at 77 °K. A component of the magnetization parallel to the light beam adds a Faraday
contribution to the red shift which is proportional to the magnetization. Magnetization

components in the plane of the sample produce a quadratic Cotton-Mouton
contribution by magnetic dichroism for light polarizations perpendicular to the
magnetization. These polarization effects are comparable in magnitude with the
orientation independent red shift, which is directly observable only with linear
polarized light in a parallel magnetic field.

linear- perpendicular

right circular

C--.05

£-.04 parali

-03

UI-02 EuO

eft circular

5 10 15

INTERNAL FIELD (kOe)

Figure 3

Absorption edge shift of EuO at 77 °K for different magnetization directions and light polarizations
as function of the internal magnetic field. The dotted line gives the red shift in circular polarized
light obtained by averaging the right-circular and left-circular measurements. It agrees with the

linear-parallel measurements which are free of dichroism.

In order to demonstrate the consistent character of the absorption spectrum of
Eu++ in the solid state, and of our identification of the principal features of the
spectrum with 4/ — 5 d transitions, we have assembled in Figure 4 absorption curves
for a variety of materials containing Eu++ in both CaF2 and NaCl-type lattices. The
principal distinction between these two lattice types, as regards the 5 d states, is that
in the CaF2 structure the states with eg symmetry have lower energy than the t2g

levels, whereas in the NaCl structure the order of these levels is reversed. The magnitude

of the splitting, 10 Dq, depends on the amount of covalent mixing of anion wave
functions with the 5 d orbitals. Also, the t2g orbitals in the NaCl structure are further
stabilized by their overlap between adjacent cations.

Two bands are seen in Figure 4 in the absorption curve of EuF2. This curve was
obtained for an evaporated film of EuF2, but the absorption spectrum is similar

3) The internal magnetic energy (the integrated magnetic specific heat) for a Heisenberg ferro-
magnet, with nearest neighbor interactions only, is proportional to the nearest neighbor spin
correlation function.
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to absorption curves for low concentrations of Eu++ in CaF2. These bands have
been commonly interpreted as arising from excitation from the 4f ground state into
the 4/8 5 d configuration with t2g and eg symmetry [27-36]. The invariance of this
spectrum to Eu++ concentration implies weak interactions between the excited Eu++
ion and the other cations in marked contrast to the situation in the chalcogenides, as

we shall see. In the eg band the different multiplet levels of the 4/6(7F) core of the
excited ion, with / 0 to 6 can be resolved as separate peaks at low temperatures,
whereas those details are obscured in the t2g band by spin-orbit interactions [24].
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Figure 4

Absorption spectra of several materials containing Eu2+ ions. The absorption peaks of the pure
Eu-chalcogenides are of the order of 105 cm4. EuO curves at R. T. and 8 °K are given to demonstrate
the magnetic red shift. The difference between the curves for EuS and 1% Eu in SrS gives the
concentration dependence red shift. Data for EuO, EuS, EuSe and EuF2 were taken on evaporated

films and on single crystals for SrS : Eu++.

Next we consider Eu++ dilute in KBr, a halide having the rock salt structure [37],
Here the t2g levels lie below the eg levels. Then the halogens are replaced by the
chalcogens. The similarity of the curve for Eu++ diluted in SrS to the curve for Eu++
in KBr is evident and the oscillator strengths are similar. The transitions of Eu++ in
SrS occur at lower energy than in KBr, since sulfur is less electronegative than
bromine. The e band cannot be seen in SrS because it lies at higher energy than the
intrinsic absorption due to transitions from the valence band.

The stabilization of the t2g orbitals in the NaCl structure by overlap between

adjacent Eu++ ions is made clear in Figure 5, which shows the displacement of the

peak towards lower energies with increasing Eu++ concentration in the Sr-chalcogenides.

The data were obtained at R. T. from single crystals in the low concentration

range and from evaporated thin films. The decrease in concentration dependence
from oxide to telluride may be related to the increase in cation-cation distance with
anion size. The fact that the ferromagnetic transition temperature decreases in the
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same order supports the assumption that the ferromagnetic exchange in Eu-chalcogenides

is connected with the overlap of 5 d wave functions at neighboring cations

[12, 38, 39]. (Superexchange coupling would increase with covalency from oxide to

telluride.) In this context, the paramagnetism and concentration independence of the

spectrum in EuF2 can be explained by the smaller effective radius of 5 d orbitals in

this material because of lower covalency, which is reflected also in the dielectric

constants (the refractive indices [40] are 1.55 and 2.3 for EuF2 and EuS, respectively).
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Figure 5

Shift of the absorption peak of the 4f-5d transition of Eu2+ with Eu-concentration in Sr-

chalcogenides.

These considerations support the assumption that the localized 4/levels lie above

the valence band, within the forbidden gap. The interpretation of the optical data as

due to 4/^5 d transitions, and the evidence for the derealization of excited t2g

states in the NaCl structure through overlap between adjacent Eu++ ions provides an

account of the magnetic red shift in terms of the 'magnetic-exciton' model. These

excitonic states can be related to the occurrence of ferromagnetism in the Eu-chalcogenides.
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Localized Versus Band Model of Electrons in Solids

by H. Fröhlich
Department of Theoretical Physics, University of Liverpool

(29. IV. 68)

The sixtieth birthday of Georg Busch is a welcome opportunity for discussing
certain electronic properties which in the current theoretical literature are frequently
treated wrongly. I refer to the so-called 'small' polaron - an electron in a polar lattice
in which its interaction with the lattice displacements is so large that its properties
are very different from those of an electron in a substance in which the band model
holds. Conditions for such possibilities were first mentioned by myself [1] in 1957;
reference to some of the frequently occurring mistakes are found in Reference [2].

Under the circumstances in question, an electron is best described as localized
around an ion with a certain chance of jumping to a neighbour. Such a state is de-
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