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Electronic structure of a mixed valence system: Eu304
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The optical reflectivity of single crystals of Eu,04 has been investigated in the photon energy range between

0.03 and 12 eV, The dielectric functions have been derived by means of a Kramers-Kronig analysis and

interpreted with lattice vibrations and interband transitions from initial Eu'+, Eu'+, and 2p states into crystal-

field-split Sd bands. In addition intra 4f transitions have been observed and commented on. The Coulomb

correlation energy between Eu'+ and Eu'+ has been found experimentally. Optical transmission measurements

at low temperatures have revealed a blue shift of the absorption edge for temperatures above the Neel point

T& and in zero external magnetic fields and a red shift of the absorption edge for magnetic fields larg« t»»
critical field H, =2.4 kOe, confirming the metamagnetic phase. T& is found to be 5.2 0.2 K.

I. INTRODUCTION

Mixed valence systems are compounds where the
cation is present in more than one valence state.
Some well known examples are Fes04 (magnetite),
Eu,S4, and Sm, S4,

' the chemical formula of which
can be written A~' A2"B4~-. If the cations occupy
equivalent lattice sites, then a temperature acti-
vated hopping process occurs between the divalent
and the trivalent cation, and at high temperatures

~ 0

Mossbauer measurements yield an intermediate
valence of the cation of 2. 5. 4 This is the case in
the above-mentioned mate rials. Magnetite crys-
tallizes in the inverse spinel structure with eight
Fe 'and eight Fe 'ions occupying octahedral B sites
and eight Fe" ions being in tetrahedral' sites and

Eu384 and Sm384 crystallize in the Th3P4 structure,
where all cation sites are equivalent. The latter two
materials are of further interest since at low tempera-
tures a charge-ordering effect has been proposed' and

possiblybeenobserved inthe case of Eu,S4.
On the other hand, Eu304 (Eum'Eu2"04~ ) is a

compound with divalent and trivalent Eu being in the
ratio 1:2, but the Eu ions occupy nonequivalent lat-
tice sites, since this material crystallizes in the
calcium ferrite (CaFe,O,) structure. ' Here divalent
Eu occupies the Ca sites and trivalent Eu the Fe
sites. The trivalent Eu ions are coordinated to six
oxygen ions forming distorted octahedra, and the
divalent Eu ions are coordinated to eight oxygen
ions, six of which form a triangular prism with
the Eu in the center, and two oxygen ions are lo-
cated out from the two wide faces of the prism.
Therefore, hopping mobility and intermediate va-
lence are not expected in this material. On the oth-
er hand, if the electronic structure of Eu,04 were
known, it might serve as a reference structure for
Eu3S4, or Sm, S4, and absorbing regions in the latte r
two compounds not being accounted for by similar
absorptions in Eu,O4 may then be connected with
the hopping mechanism.

With regard to the magnetic properties of

a Neel temperature quoted between 5 and 7.8 K @nd

with a critical field of H, = 2.4 kOe. In this connec-
tion, it is of considerable interest to investigate the in-
fluence of magnetic order on the optical spectra.

II. SYNTHESIS OF MATERIAL

Eu,04 was synthesized by reacting EuO and Eu203
in stoichiometric ratio (7-g charge) in an evacuated
and sealed molybdenum crucible. Details about
the sealing process by electron bombardment and
the apparatus and furnaces used can be found else-
where. ' In order to avoid changes in stoichiome-
try due to partial evaporation of the most volatile

components, the reaction of the starting materials
and the crystal growth of Eu,04 were made in a re-
verse transport temperature profile, keeping the
lid of the crucible hotter than the bottom. The
crucible was heated for 30 h at 1900 'C (&T = —40 'C
= 1860-1900 'C), then for 5 h at 2040 'C (b T
= —50 C= 1990 —2040'C) and then cooled slowly
(10'C/h). Crystals with dimensions 3x3x2 mm
were obtained. A small pari of the starting
materials of EuO and Euz03 did not react and
was found at the surface of the melt which solidi-
fied last. The nonreacted components were easily
distinguished by their different color with respect
to Eg,04. X-ray powder diagrams gave lattice
constants similar to those of the literature
a = 10.095, b = 12.070, and c = 3. 501 A.

III. REFLECTIVITY AND KRAMERS-KRONIG ANALYSIS

The ref lectivity of mechanically polished and an-
nealed single crystals of Eu304 has been measured
at room temperature for photon energies between
0.03 and 12 eV. The results are shown in Fig. 1
with the insert giving a blown up view of the far-
infrared data. The general pattern of the reQectiv-
ity is that of an insulator with ionic vibrations in
the infrared and electronic interband transitions in
the visible and ultraviolet. Insulating behavior is
expected from the chemical formula and the crys-
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FIG. 1. Beflectivity of'Eu304 single crystals at 300 K.
The insert shows the reflectivity in the far infrared.
Dashed part of the curve is extrapolated as described in
the text.

ref lectivity at zero photon energy by a self-con-
sistent iterative process in the dielectric functions
(discussed below). The finally chosen ref lectivity
outside the experimental spectrum is shown with a
dashed line in the insert of Fig. 1.

In the interband region of the spectrum, we ob-
serve a well-structured ref lectivity with values be-
tween 11% and 18% as typical also for the Eu mono-
chalcogenides. ~ To compute the dielectric func-
tions e(&o) with a KK relation, we have to extrapo-
late the spectrum also to infinite photon energies.
This procedure, however, is a standard one and is
well described in Ref. 14. Finally, we show in
Fig. 2 the real (e~) and the imaginary (e2) part of the di-
electric function for Eu304 in the interband region.

IV. INTERBAND TRANSITIONS AND ENERGY-LEVEL
SCHEME

tallographic structure and has also been verified
with a four-probe resistivity measurement at 300
K, yielding p~ 10 0 cm. For photon energies be-
low 0.08 eV, the reflectivity is due to the residual
rays. Compared with EuO, ' ' it is remarkable
that the minimum in the ref lectivity (3%%ug) due to the
LO phonon modes is with 0.073 eV (17 p, m) at
higher energies in Eu+4 and that after a shoulder
and a maximum at 0.0515 eV (24 pm), we observe
a second minimum at 0.045 eV (27. 5 pm} and a
maximum near 0.031 eV (40 gm}. Considering the
detailed structure analysis of Rau, we realize that
the phonon modes can be substituted by two TO
modes and two LO modes, in spite of the fact that
a group-theoretical analysis of the complex struc-
ture will result in many more modes. However,
the latter superimpose in a ref lectivity experiment
and cannot be distinguished individually. The
double-phonon structure basically arises due to the
different oxygen surrounding of trivalent and di-
valent Eu. In the Eu" oxygen octahedrons, the
Eu-0 distance is always less (with an average of
2. 34 A} than the one in EuO (2. 57 A), and in the
Eu ' oxygen prisms the Eu-9 distance is always
more (with an average of 2. 71 A) than the one in
EuO. Conesquently, we have hard TQ and LO
modes due to the Eu" surrounding and softer TO
and LO modes due to the Eu ' surrounding.

The lowest photon energy used has been 0.03 eV
(40 pm). For this energy we observe already a
small decrease of the ref lectivity. For the Kram-
ers-Kronig (KK} analysis of the phonon modes (to
be described below), we would like to have the re-
flectivity down to zero photon energy; therefore
we complete the experimental spectrum in the fol-
lowing way: With the experimentally determined
half-width of the lowest-energy ref lectivity peak
(assuming it to be symmetric in shape), we con-
struct the low-energy shoulder and determine the

It has been an important object of our investiga-
tions to derive for the first time the electronic
structure of an A3B4 compound over a large energy
scale. Therefore, an energy-level scheme shall
be proposed after identifying electronic transitions
in the optical spectra. As it turns out, the well-
known electronic structure of EuO (Refs. 13, 14)
will be a great help for this purpose, and frequent-
ly a comparison will be made.

Starting with low energies in Fig. 2, &, steeply
increases from negative values, intersects the ab-
scissa at an ZA3 phonon mode, and reaches a pla-
teau at about 1 eV. Since in this energy range &~

is zero, the plateau defines E~, =4. 15 and the re-
fractive index n„,= 2. 05. A comparison with EuO

(c„,between" 4. 6 and~' 3.85) yields similar
values. On the other hand, the energy gap E,= l. 60
eV is appreciably larger in Eu304 than in EuO
(l. 12 eV). Considering a theoretical energy-level
diagram based on an ionic model, ~6 it becomes
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FIG. 2. Heal and imaginary part of the dielectric func-
tion of Eu304.
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evident that in Eu,04 as well as in EuO, the lo-
calized divalent Eu 4f states are the highest-oc-
cupied valence states. But in Eu304 their density
is only —,

' the one of EuO. The spectrum of &3 in
Fig. 2 exhibits two maxima at 2. 25 and 3. 55 eV
with about —,

' the magnitude observed in EuO, where
indeed the two most prominent low-energy peaks
have been identified as arising from 4f'-4f ( Fz)
x5dt+ and 4f 7-4f8(~F~)5de, transitions. In Eu~O,
the crystal field acting on the 5d conduction bands
is not cubic; thus a distinction in t&~ and e~ should
be avoided. Nevertheless, the cubic term will be
the largest in a perturbation treatment and effec-
tively the 5d conduction band will split in two sub-
bands, their centers being 1.3 eV apart. This
value in En~04 is much smaller than in EuO (3. I
eV), but as a consequence, just as in the series of
the Eu monochalcogenides, a smaller crystal-field-
splitting results in a larger energy gap as observed.
We thus have strong quantitative and qualitative
evidence that the two lowest energy peaks of E& in
Eu~04 correspond to 4f -4f ('F~)5d transitions in-
to a crystal-field-sylit 5d conduction band. Fur-
ther evidence is given by the magnetic induced
shift of the absorption edge as will be described
below.

Once we have chosen the value of b = 1.3 eV for
the 5d crystal-field splitting, it serves as a scale
for the further identification of the spectrum. The
same value of & characterizes the difference be-
tween the next two maxima in Ez at 5. 9 and 7. 2 eV.
From the position in energy, the steep increase in
intensity, and from ultraviolet-photoemission
(UPS) measurements on EuO, ~~'~8 we conclude that
these peaks are due to transitions from the 2p va-
lence band of the oxygen ions into the crystal-field-
split 5d conduction band.

The higher-energy spectrum of e2 is charac-
terized by a fine structure superimposed on a
broad hump. Most probably the latter is due to
transitions from the 2p valence band into the 6s
conduction band. So we are left with possible tran-
sitions from the Eus' ions 4f8( Fo) into the crystal-
field-split 5d bands. The key for the identification
of this part of the spectrum is the Coulomb corre-
lation energy U between Eu ' and Eu ' ions, and the
fact that the final coordination of the Eu3'('Fo)- 5d
transition must be 4f '(8H~, 6F~, 6P~)5d.

The Coulomb correlation energy U is the dif-
ference in ionization potentials for the Eu ' and
Eu '

energy level. In an energy-level diagram,
one always displays, the, e. g. , 4f" energy states
in a 4f" ~ + electron configuration, meaning that
the energy difference which one reads in the dia-
gram represents the energy which one has to sup-
ply to the crystal in order to make this transition.
To estimate U from ionization potentials in the
case of Eu '

and Eu ' we need the difference be-

tween the third and the fourth ionization energy of
Eu. Unfortunately, only the first three ionization
energies for Eu are known, the third being 25. 13
eV. However, ylotting the square root of the
sum of the ionization energies versus the number
of ionized electrons one obtains a straight line,
which permits an estimate of the fourth ionization
potential of Eu, which is about 31 eV. The differ-
ence between the third and the fourth ionization en-
ergy for Eu then is about 5. 8 eV, which gives us a
first estimate of the correlation energy U.

Another theoretical value of U may be obtained
by comparing electronic energy levels in rare-
earth metals, where one uses for trivalent Eu
metal an interpolation between Sm and Qd metal
and for divalent Eu metal the computed values.
This procedure yields 5. 5 eV for U.

Experimental data for U have been determined
from x-ray-photoemission (XPS) measurements,
comyaring, e. g. , the energy levels of EuF2 con-
taining Eu3' as impurities 2 or comparing two dif-
ferent materials, e. g. , Eu~03 and EuSO4 with
reference to the carbon 1s line of simultaneously
present organic contaminants. The experiments
yield U=6 and 5. 9 eV, respectively.

In our experiment on Eu304, we obtain U experi-
mentally by identifying the peak in &~ at 7. 95 eV
with the onset of the 4f6- 5d transition and taking
the difference to the 4f~- 5d transition: V. 95 eV
—2. 25 eV= 5. 7 eV. This value is in good agree-
ment with the theoretical estimates and with the
XPS results. It is thus the first time that a Cou-
lomb correlation energy has been determined from
an optical ref lectivity measurement.

Now we have to consider that in an intracation
transition like 4f - 5d, the remaining 4f ' electrons
can be with a certain probability in excited states
allowed by spin conservation and spin-orbit cou-
pling. These are the 4f'(SH~, 6F~, P~) multiplets,
which are well known from the isoelectronic Sm~'

spectra. ' In UPS or XPS electron emission spec-
tra, . the probability to find an electron in one of
the multiplets can be computed as the "coefficients
of fractional parentage " because the final state
of the emitted electron is a plane wave. In our
case of an optical absorption, the final state is a
5d conduction band which complicates the situa-
tion. Nevertheless, the separation in energy of
the multiplets remains the same as in an XPS
measurement and it can also be taken from an en-
ergy-level scheme of the ions. a' Finally, we have
to consider that all these transitions appear twice
because of the crystal-field splitting of the 5d band.

Helping the reader to select the transitions, we
show in Fig. 3 again &~ of Eu,04 with all the signifi-
cant energy splittings indicated. This assignment
has so many self-consistent checks that no other
interpretation is possible. A last remark concerns
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FIG. 3. Imaginary part of the dielectric function. In-
dicated in the figure is the crystal-field splitting of the Gd

conduction band and the Coulomb correlation energy.
Furthermore, shown is the center of gravity of the 6H,

F, and P multiplets with the intensity computed from
the coefficients of fractional parentage.

the only weak contribution to &~ of the Eu ' transi-
tions in the vacuum ultraviolet spectral region.
This can be understood already with classical dis-
persion theory. Comparing two oscillators with
the same oscillator strength but at different reso-
nance frequencies the one at higher energies con-
tributes to ea only the fraction v2/&~ (z, «3) of the
one at lower energies. This even overcompen-
sates the fact that the Eu" ions are present twice
as much as the Eu+ iong.

From all these data it is now possible to propose
a, rough energy-level scheme for Eu3Q4. For rea-
sons of comparison, we show it in Fig. 4 together
with the energy-level scheme of EuQ. As reference
level we have chosen the 4f ' states of divalent Eu.

On the right-hand side of each diagram we plot the
band states, and on the left-hand side, the localized
4f states which are furthermore distinguished in
initial and final states. The width of the 2P valence
band is chosen to be the same for both compounds,
and it has been taken from photoemission measure-
ments on EuO. 7'

It is obvious that the main differences between
both compounds are the existence of the Eu"
4f ( Fo) level, 5. 7 below the Eu~' 4f ~(SS~~~) level
of Eu,04 and a reduced crystal-field splitting of the
5d conduction band in Eu304, resulting in a larger
energy gap E~. It is possible that the width of the
2p valence band in Eu3O» is different from the one
in EuO, but we do not expect an observable crystal-
field splitting since the different oxygen surround-
ings of divalent and trivalent Eu will wash out any
fine structure. Finally, it is not a trivial assump-
tion that the 4f 5d and 4f 55d states belong to the
same conduction band; however, it seems to be
justified by the experiment.

V. PHONON MODES

It has been mentioned above that we expect in

Eu304 two TO and two LO phonon modes due to the
different surroundings of Eu ' and Eu ' ions. These
modes serve as substitutes for the group theoreti-
cally expected many phonon modes. For the KK
analysis of the far-infrared spectrum, we had to
complete the measured ref lectivity (8) to zero fre-
quencies. One procedure has been to construct the
low-energy shoulder from the known half-width of
the ref lectivity curve. A further condition for the
ref lectivity at zero frequency was that Ez had to
become zero for low frequencies without reaching
negative values. An iterative procedure in the di-
electric functions gave the results displayed in Fig. 5.
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The resonances are given by the zeros of e~ with
dc&/d~ & 0 corresponding to a TO mode and da& /du&

& 0 corresponding to a LO mode. The highest-en-
ergy LOz mode is at 0. 067 + 0. 001 eV (18.5 + 0. 5 p m),
and its position in energy does not depend on the ex-
trapolation procedure of R towards zero frequency.
Due to the superposition of the dispersion of the
phonon modes, E~ has only one other zero at the
TO, mode at 0. 025+ 0. 003 eV (50+6 gm). This
mode depends on the extrapolation procedure of
8, but only within the given error limits without
inducing further unphysical behavior in az and &z.
Also, the magnitudes of && and ez near the TQ&
mode strongly depend on the extrapolation used,
and we give it only a qualitative aspect. The
TO& mode is best taken from the maximum in
e2 which is at 0. 048+0. 001 eV (25. 5+0. 5 p, m),
again it does not depend on the extrapolation of R.
The LO~ mode can be obtained from a decomposi-
tion of e~ and it coincides approximatively with the
TO& mode. The higher-energy TO~ and LOB modes
are due to the Eu3' surrounding, and their position
in energy is well established. The lower-energy
TO~ and LO~ modes are due to the Eu ' surround-
ing and within a larger-error limit also their po-
sition in energy can be given.

Finally, the static dielectric constant is shown
to be 22 + 3, a value which is similar to the one of
Euo [23.8+4 (Ref. 12) or 26. 5 (Ref. 14)j.

FIG. 5. Real and imaginary part of the dielectric func-
tion of Eu304 in the phonon region. For energies larger
than about 0. 04 eV &2 and &~ are multplied by a factor 10.

position and absorption coefficient clearly identi-
fies them as intra 4f 6 transitions of trivalent Eu.
In Fig. 4 we have indicated the six ~F~ z 6 multiplet
levels with dashed lines. It is, however, remark-
able that only transitions are observed from the
ground state Fo into states with even J. Besides
Eu ' also Pr, Tb ', and Ho

' show electric-dipole
transitions only between J= 0 and even J states.
Judd 6 and Ofelt have derived some theories about
intensities of optical transitions in crystal-field
split 4f" multiplets. In their considerations, they
take into account that the wave functions of a given
J can have admixtures of opposite parity due to the
crystal field and that these admixtures determine
the intensity of the electrical-dipole transitions.
These authors show indeed that in an ion with an
even number of electrons like in Eu3', transitions
from J= 0 to odd J should be very weak.

In our case the symmetry of the crystal field is
so low that the J degeneracy is lifted completely.
We thus can have 2J+ 1 Stark components. Since
the ground state E() is not split, we only observe
the splitting of the final state. Accordingly, we
expect in the J= 0 J= 2 transition five absorption
lines, in the J=O- J=4 transition, nine, and in the
J= 0-J= 6 transition 13 absorption lines. As
shown in the inserts of Fig. 6, we indeed observe
the demanded number of lines with the exception
of the J= 0 J= 6 transitions, where even at 2. 2 K
in a magnetic field of I3. 5 kOe, only eight lines
can be distinguished. In this case we think that a
number of lines overlap or they are not strong
enough to be discriminated against the background.
In Table I we have compiled the observed intra 4f
transitions in Eu3O4. We note that there exists al-
so another absorption measurement on EusO4,
where, however, the absorption coefficient is at
least an order of magnitude (-1000 cm ~) larger

300
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VI. OPTICAL TRANSMISSION

Besides the ref lectivity of Eu3O4, we also have
investigated the optical transmission of thin single
crystal plates. In Fig. 6 we display the absorp-
tion coefficient K versus the photon energy at 300
K. Between the phonon absorption (residual ray
band) below about 0. 08 eV and the interband ab-
sorption above about 1.6 eV, we observe three
groups of sharp absorption lines. Their spectral

0
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Photon Energy (eV)

FIG. 6. Absorption coefficient of Eu304 at 300 K. The
fine structure of the +0 —&2, +4 ~ and &6 transitions
are shown in the inserts. The one of the &0 —+6 transi-
tion is shown for 2. 2 K in a magnetic field of 13 kOe.
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TABLE I. Excitation energy of the Fz Stark compo-
nents above the Fo ground level in eV and pm. (The
value in brackets is uncertain. )

~I"
2 eV: 0. 096

pm: 12.9
0.102

12.1
0.113 0.125 0.134

11.0 9.90 9.26

~F4 eV, 0. 324
pm: 3.83

0.383
3.24

ev: (0.568)
(2. 18)

eV: 0.611
pm: 2. 03

0.343
3.61

0. 387
3.21

0.589
2. 11

0.630
1.97

0.350
3.55

0.391
3.18

0. 593
2. 09

0.635
1.95

0. 359
3.45

0. 397
3.13

0. 598
2. 08

0. 380
3.26

0.603
2. 06

than in our samples and the sharp intra 4fs lines
are not resolved.

VII. CORRELATION BETWEEN OPTICAL ABSORPTION
AND MAGNETIC ORDER

The magnetic properties of Eu,Q4 have been in-
vestigated by several authors. ~ Holmes and
Schieber ' have found a metamagnetic behavior
below T„=5 K with a critical field H, = 2.4 kQe at
2. 2 K. Analyzing their data with a molecular-
field theory, they propose the following spin struc-
ture: The magnetic moments of the Eu ' ions form
linear chains parallel to the c axis of the ortho-
rhombic unit cell. Within these chains, a ferro-
magnetic alignment exists, while between neighbor-
ing chains an antiferromagnetic coupling is present.
In these considerations the Eu3' ions do not appear,
because at low temperatures only the nonmagnetic
E~ ground state is occupied.

We have investigated the position of the absorp-
tion edge in the temperature region of magnetic
order and also in external magnetic fields up to
13 kQe. The result is shown in Fig. 7. Compared
with room temperature, the absorption edge at
10 K is shifted by 0. 07 eV towards higher ener-
gies. Two competing mechanisms determine the
shift of the absorption edge in the paramagnetic
region: Upon cooling, a thermal lattice contrac-
tion increases the crystal-field splitting of the 5d

conduction band and as a consequence reduces the
energy gap (red shift), and a decreasing electron-
phonon interaction narrows the absorbing regions
(blue shift). As usual and expected in ionic com-
pounds, the latter effect is larger in magnitude and

determines the net result. Between about 40 and

10 K the absorption edge is practically "frozen in. "
Cooling near and below T„, an additional spon-

taneous blue shift of the absorption edge is ob-
served, which amounts to 0. 03 eV until 2. 2 K.
Extrapolating the indications of a saturation to-
wards zero K, a total blue shift of about 0. 035 eV

1.70

o1.69
UJ

O
O

CL

1,68

!
I-Ow

0 H= 0

1.67

0
t)0 d)~0~0~0 0 0~0

0»
d»

dI

~g' H = 15 koe
d

~d

1.65
0 10 15

Temperature (K)

FIG. 7. Position. of the absorption edge of Eu&04 vs
temperature. 7.'z = 5.2 K.

can be obtained. A blue shift in this order of mag-
nitude is common for anitferromagnets, whereas
ferromagnets only exhibit red shifts of the absorp-
tion edge. On the other hand, some antiferromag-
nets are known which also display a red shift of
the absorption edge (see compilation below). The
decisive factor for this magneto-optic effect is the
spin structure of an antiferromagnet which deter-
mines sign and magnitude of the local magnetic
exchange energy. As illustration, we use two an-
tiferromagnets in zero external fields, with the
same crystallographic and electronic structure,
namely, EuSe and EuTe. The 4f spins in consec-
utive ferromagnetic (111)planes orient in the se-
quence 004k and 0404, respectively. The total
magnetic exchange energy of the z&=12 nearest
and zz = 6 next-nearest neighbors is + 6J& for EuSe
and —6l Zzl for EuTe. (Z~ is the positive nearest-
neighbor exchange, and Jz is the negative next-
nearest-neighbor exchange, and E= l Jz, ml cosP,
with P the angle of the spine with respect to an
arbitrarily chosen spin direction, e.g. , 4. ) The
red shift of the antiferromagnetic 4444 phase of
EuSe is thus a consequence of only the positive
contributions to the total magnetic exchange ener-
gy ~

The unusual sharp kink in the blue shift of the
absorption edge versus temperature for EusQ4 in
Fig. 7 also permits a determination of the Noel
temperature in zero fields. It is found to be 5. 2
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+ 0. 2 K, a value which closely agrees with mea-
surements of Holmes and Schieber. '

In a magnetic field of 13 kOe perpendicular to
the c axis of the crystal, which is in excess of the
critical field H, = 2. 4 kOe and the anisotropy field
of about 7 kOe, a ferromagnetic phase is induced.
(Sometimes it is proposed to call such a phase
paramagnetic, but we prefer the term "induced
ferromagnetism. ") As a consequence, we expect
and observe a red shift of the absorption edge
which amounts to about 0. 02 eV between 15 K and
zero. At 2. 2 K and in function of the magnetic
field, the shUt of the absorption edge reflects also
the kink at the critical field of 2. 4 kQe. Thus
Eu,04 is the first substance where a blue shif t of the
absorption edge can be changed into a net red shift.

In this connection it might be of interest to give
a more complete inventory of materials on which
the shift of the absorption edge has been investi-
gated, because so far, only a very poor compila-
tion has been published. The following ferromag
nets show a red shift: EuO, EuS, EuSe (between
2. 8 and I.8 K) ' Eusp Eu2SiO~, Eu38iO„
EuO: Gd, CdCr2S4, CdCr2Se4, ' HgCrgS4,
HgCr&Se&. '

For the following antiferromagnets in zero mag-
netic field, a red shift (x) or blue shift (5) has been
observed: EuSe (between 4. 6 and 2. 8 K) (r)30'3

EuTe (5), NaCrS2 (5), ~ ZnCr28e~ (r), ' n-M Sn

(b), CoO (5), MnO (x), ' ' EuBAsz (x)."
Together with Eu804 19materials have been invest-

igated with respect to a shift of the absorption edge.

VIII. CONCLUSION

In this paper we have shown the powerful tech-
niques of optical investigations of semiconductors.

Not only has it been possible to obtain the elec-
tronic structure of occupied, localized, and band
states, but information is also obtained on the
structure and position in energy of empty conduc-
tion bands. We have been able to derive the Cou-
lomb correlation energy of Eu304 by identifying the
final 4f55d states T. he intra 4f transitions fur-
ther complete the picture of the electronic struc-
ture of the material. Also, the basic features of
the phonon spectrum have been obtained from the
optical investigation. If it were not already known
before, we could have derived also the type of mag-
netic order, the Noel temperature, and the critical
field.

The knowledge of the electronic structure of the
still relatively simple Eu304 is of vital importance
as a reference of the more complex fluctuating
compounds Eu3S4 and Sm3S4. The different crystal
structure of the latter compounds compared to
Eu304 is not a severe drawback, s inc e it will mani-
fest itself mostly in the magnitude of the 5d crys-
tal-field splitting and in the fine structure of the
intra 4f transitions. Indeed, the optical studies
of Eu3S4 and Sm3S4 have confirmed the statements
above. " The temperature dependence of the opti-
cal constants in conjunction with electrical-trans-
port properties will then give information about the
hopping mechanism in these compounds. These in-
vestigations are under way.
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