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Electronic structure and optical properties of europium-activated yttrium oxide phosphor
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The electronic structure and optical properties of a red phosphor, Y203.Eu, have been studied using
the first-principles molecular-orbital and band-structure methods. Using the calculated one-electron en-

ergy levels, several properties of the host material and properties of the phosphor based on host-impurity
interactions have been explained. However, it has been found that the luminescence properties of Eu +

require the spin-orbit effects to be included in the computational methods.

I. INTRODUCTION

The electronic structures of materials based on f and-
d-electron atoms have long presented a challenge to
condensed-rnatter theories. ' Most optoelectronic materi-
als contain elements from the transition-metal or the
rare-earth series. In order to understand the optoelect-
ronic processes in these materials, a knowledge of their
electronic structure is crucial. Recently, it was shown
that optical properties of transition-metal ions in oxides
and sulfides of zinc can be studied through a complemen-
tary use of cluster molecular-orbital and band-structure
theories. ' One-electron energy levels calculated within
the framework of scattered-wave molecular-orbital
and augmented-spherical-wave (ASW) band-structure
theories gave a reasonable and consistent explanation of
various optical transitions in these materials.

In this paper we have extended this approach to yttria
(Yz03) activated by trivalent europium which contains
ions both from the transition-metal and the rare-earth
series. This material is used as a red phosphor in the
lighting industry and also in laser devices. Considerable
experimental results exist in the literature on the excited-
state properties of this phosphor. Traditionally, exci-
tation energies involving a rare-earth ion have been stud-
ied within the semiempirical crystal-field theories. '
Such approaches tend to analyze the electronic structure
of rare-earth ions independently of the host lattice, with
the host-impurity interaction being introduced in a semi-
empirical manner utilizing local symmetry properties. It
is also assumed that the f electrons are localized at the
impurity site and the covalency effect is insignificant;
therefore, the covalency contributions can be incorporat-
ed parametrically to explain the observed experimental
data. Some recent calculations" have indicated that this
assumption may not be valid. A significant amount of
mixing between the f electrons and the extended states of
the host lattice have been found with the amount of mix-

ing dependent on the position of a rare-earth ion in the
Periodic Table and its valence state. In order to include
such covalency effects, the electronic structure of the
rare-earth ion together with the host material can be
studied by using a cluster approach' or supercell band-
structure method. ' Two interesting features of this
phosphor which indicate the importance of rigorous
treatment of this host-impurity interactions are worth
mentioning: the presence of a charge-transfer band and
the observation of two-photon transitions near 17.5 eV. '

The exact nature of the charge-transfer bands is not
definitely known although the presence of such a band is
obvious from the absorption spectrum of Y203..Eu.
These bands have been used in empirical theories' to ex-
plain various luminescence processes. Second, multipho-
ton emission in Yz03.Eu near 17.6 eV indicates produc-
tion of more than one secondary electron-hole pair in the
host lattice which eventually recombine at the europium
site. Such a recombination process would require
significant host-impurity coupling.

One-electron theories are not free from all conceptual
difficulties when extended to the study of problems in-
volving rare-earth ions for which the relativistic effects
are very crucial. These effects, particularly those resulting
from strong spin-orbit coupling, can and should be han-
dled with relativistic many-body theories or configuration
interactions.

In this paper the electronic structure of Y203 has been
investigated by both the cluster and the band-structure
methods, while that of the europium ion has been studied
by the cluster method only. It will be shown that these
one-electron methods provide satisfactory explanations of
the host material properties as well as those properties
which are dependent on host-impurity interactions.
However, the one-electron energy levels fail to explain
transitions among the f manifold of europium. In order
to predict these transitions, one has to include the elec-
tron correlation and spin-orbit interaction explicitly, ei-
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ther by a many-body approach or a configuration-
interaction method.

II. METHODS AND RESULT

The electronic structure of yttrium oxide has been cal-
culated using the AS% band structure and the
scattered-wave cluster molecular-orbital' methods. The
localized energy levels and wave functions of the trivalent
europium ion impurities substituting for yttrium have
been studied by the cluster approach. These methods
have been discussed in detail in the literature and in our
earlier publications. '

The cluster calculations were performed using the met-
al centered clusters, consisting of the metal ion and its six
nearest-neighbor oxygen atoms. Both for the yttrium and
the europium centered clusters, the clusters are chosen
with D3d symmetry, which corresponds to the site sym-

metry of the eight metal ions occupying special positions
( —,', —,', —,

' ).' It has been assumed that clusters centered at
the low-symmetry site would lead to only minor changes
in the relative separation of the energy eigenvalues. In
view of the small crystal-field splitting observed for the
f-like states, this is a reasonable approximation.

First we will consider the results from the cluster cal-
culation. This calculation was done with a (YO~} clus-
ter enclosed inside a Watson sphere. The exchange pa-
rameters a used for yttrium and oxygen atoms are
0.70465 and 0.74447, respectively. The 4p atomic states
of yttrium and the 2p and 2s atomic states of oxygen are
treated as valence orbitals which give rise to three dis-
tinct bands of energy levels in the valence band.

The oxygen p-like band consists of two a &, one a&„,
one a2~, two a2„, three e~, and two e„molecular orbitals.
These molecular orbitals have been labeled using the irre-
ducible representations of the D3d point group. The
bandwidth is calculated to be 2.01 eV. The oxygen 2s-
like states lead to one a2„, one e„, one e~, and one a&~
molecular orbitals, with the width of this band being 0.46
eV. The interband gap between the 2s- and 2p-like bands
is 12.70 eV. The 4p-like states of yttrium give rise to one
a2„and one e„molecular orbitals, which appear 4.12 eV
below the bottom of the oxygen 2s-like band.

The d-like states of yttrium lead to two e~ and one a,~
molecular orbitals. The crystal-field splitting is found to
be 2.25 eV. The d-like states are 5.6 eV (221 nm) above
the top of the valence band. This separation compares
very well with the observed band gap of yttria (5.6 eV}.'

The d-like states are found to have very little admixture
of oxygen states, indicating weak covalency.

In addition to the molecular orbitals, which can be
identified with the atomic states, two molecular orbitals
in the irreducible representation a2„and a& are also
found inside the gap between the valence and conduction
bands. These molecular orbitals are 4.78 and 3.85 eV
above the valence band and have significant oxygenlike
character. The physical significance of these levels will
be discussed later in the text.

The band-structure calculations for yttrium oxide by
the ASW method have been done using the structural in-
formation from x-ray crystallographic studies. ' Yttrium
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FICx. 1. Energy bands of yttrium oxide based on a calculation
by the ASW method. The valence bands mostly due to the oxy-
gen p-like states are between 0.0 and 3.0 eV. Note the energy
band at the bottom of the conduction bands which exhibits con-
siderable curvature compared with other energy bands.

oxide has a body-centered-cubic structure conforming to
the space group Ia3. The lattice constant is 10.604 A.
There are 80 atoms per unit cell: 32 metal atoms and 48
oxygen atoms. Eight of the metal ions occupy the special
positions ( —,', —,', —,'), the rest occupying the sites (u, 0, —,').
The oxygen atoms are located at general (x,y, z) posi-
tions and are arranged in a distorted octahedron around
the metal ion. The muffin-tin radii for the atomic spheres
for oxygen and yttrium are chosen to be 2.64567 and
3.18323 a.u. , respectively. The oxygen 1s and metal 1s
through 4p levels are treated as core levels. Calculations
are also performed using the 4p level of yttrium included
among valence orbitals. However, the final energy bands
are found to be similar in both the calculations. Since the
conduction-band state are more crucial to our under-
standing of the excited-state properties of yttria, we will

present results of our calculation which treat the yttrium
4p-like levels as core states.

The energy bands and density of states are shown in

Figs. 1 and 2. In Fig. 1, the energy bands are plotted
along the symmetry directions of the Brillouin zone. The
Fermi energy is located near 3.0 eV. The oxygen 2s-like
bands are located 12.0 eV below the Fermi energy, which
compares very well with 14.7 eV calculated from the
cluster method. Both the oxygen 2p- and yttrium 4d-like
bands are Bat, with the exception of one band near the
bottom of the conduction band. This band is due to met-
al s-like states with the energy minimum at the I point.
The energy separation at this point between the
minimum of this band and the top of the valence band is
3.3 eV. However, the minimum due to the metal 3d-like
bands and the top of the valence band is 5.64 eV. This
latter gap is in good agreement with the observed band

gap for this material' and also with the band gap calcu-
lated from the cluster calculation, assuming that the opti-
cal transitions near the band edge are charge-transfer
transitions involving oxygen p-like and yttrium d-like
states. However, the band that slopes down from the H
point to the I point, as well as the cluster state found in
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FIG. 2. Density of states calculated for Y203 per electron
volt. The energy scale ranges from oxygen 2p-like bands to con-
duction bands. The minor peaks are not meaningful and should
be ignored.

Yo EUQ EUO

FIG. 3. An energy-level diagram for Y203.Eu based on the
cluster calculations. The energy levels associated with o,'(up}
spins and P (down) spins are shown separately. The d-like
molecular orbitals due to the Y ion are labeled using the irre-
ducible representations of the D3d point group.

the energy gap, are enigmatic. However, the density-of-
states plot (Fig. 2) using all the energy bands shows a
very low density between 3.0 and 5.0 eV. Therefore, it is
possible that although these bands are actually present,
they have a negligible optical absorption. , The optical
measurements of the band gap do in fact exhibit a very
weak tail extending to 3.0 eV. Thermal activation energy
measurements also give a small energy gap of 1.46 eV. '

Thus, the experimental studies of the energy gap for this
material are not in convict with the presence of this band;
rather, they seem to indicate the presence of some diffuse
bands less than 5.6 eV above the valence-band max-
imum. The joint-density-of-states (JDOS) calculations
also indicate a similar trend. The JDOS increases mono-
tonically from 5.0 to 10.0 eV where one observes a peak
due to transitions from the oxygen p-like band to yttrium
d-like states.

Finally, the results from the europium centered cluster
will be discussed. This cluster calculation has been per-
formed using the spin-polarized version of the scattered-
wave method, including relativistic corrections. The
cluster geometry is the same as that of the yttrium cen-
tered cluster except for the europium ion substituting for
yttrium. The exchange parameter for europium is taken
to be 0.695 49.

A trivalent europium ion contains six f-like electrons.
In D3d symmetry, the sevenfold f-like orbitals split into
two a2„, two e„, and one a,„molecular orbitals. These
molecular orbitals are further split by an exchange corre-
lation favoring a high spin configuration. The energy lev-
els for europium are shown in Fig. 3 along with those for
the yttrium centered cluster for comparison. The one-
electron molecular-orbital energy eigenvalues for spinup
and spindown states are shown separately.

One of the molecular orbitals, a2„, is empty because of
the hole in the f-shell in the trivalent europium ion. The
energy separation among the molecular orbitals from the
f-like state is less than 0.7 eV, indicating a weak crystal-
field effect. The exchange splitting is found to be 4.48 eV,

which compares very well with values calculated by ear-
lier workers. '

A weak crystal-field splitting observed experimentally
for rare-earth ions has been explained in terms of locali-
zation of f-like states and weak covalency of the rare-
earth ions. Although the present calculation leads to a
weak crystal field, the molecular orbitals associated with
the europium f-like states indicate significant charge
transfer to the ligand orbitals. The lower a2„, e„, and a &„

molecular orbitals have 95% to 98% of their total charge
mostly localized at europium; the last two orbitals, e„
and a2„, are, however, significantly delocalized, with ap-
proximately 28% of their charge being transferred to
nearest neighbors. A similar trend is also observed for
the unoccupied spindown states.

The lowest-energy f-like molecular orbital, a&„, is
found to be 0.58 eV above the highest occupied molecular
orbitals which are mostly due to the nearest-neighbor ox-
ygen atoms. These valence orbitals are also split due to
the exchange-correlation effect. This splitting is less than
0.2 eV. The 5p-like levels of europium have been treated
as valence orbitals. The molecular orbitals resulting from
this state are found to be very delocalized with more than
20% charge transfer to the nearest ligand atoms. The
most notable feature of the present investigation is the
delocalization of both 4f- and Sp-like states of europium
in an oxygen environment, awhile the crystal-field effect on
these levels is considerably weak. This explains why the
charge-transfer bands for trivalent europium are very
strong. The significant mixing of the europium f-like or-
bitals and oxygen p- orbitals would lead to a high proba-
bility for the charge-transfer transitions.

III. DISCUSSION

There were two other motivations behind this work:
determination of the origin and nature of the excitation
peaks associated with trivalent europium ions, and inter-
pretation of the trends in quantum efficiency of this phos-

phor as a function of excitation energy. '
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The emission frequencies for europium are usually ex-
plained in terms of electronic transitions among the f-
electron manifolds. The main transitions are identified
with the D- F transition corresponding to a spin-flip
transition from the D& manifold to the FJ manifold due
to the six f-like electrons. Our calculations give a value
of 4.48 eV for a spin-forbidden transition from the up-
spin one-electron state e„ to the lowest unoccupied spin-
down state az„originating from the f-like states of euro-

pium. This is in good agreement with the exchange split-
ting calculated for europium ions in europium sulfide. '

These calculations clearly indicate that the transition fre-
quencies associated with the trivalent europium ion can-
not be explained using one-electron molecular-orbital en-

ergies, which is in keeping with the strong spin-order in-
teraction for this ion. However, one should use these
one-electron states, which describe the covalency effects
in a rigorous manner, as the basis functions for
configuration interaction or diagrammatic many-body
calculations, including the spin-orbit interactions in the
perturbation Hamiltonian.

The 254-nm radiation from a mercury discharge is be-
lieved to excite electrons into a charge-transfer band.
This transition involves either excitation of electrons
from oxygenlike levels to europiumlike states or excita-
tion of electrons from the europium f-like levels to the
conduction band. In the second case, a tetravalent euro-
pium ion would be temporarily formed, which is very un-
likely. Since this transition involves the host lattice, this
excitation frequency can be calculated from the one-
electron energy levels. The present calculation gives a
value of 5.6 eV for a transition from the top of the
valence band to a spin-down f-like state. There are also a
few other levels to which transition can occur at a lower
energy of 4.6 eV. It would be interesting to determine ex-
actly how energy transfer occurs from the charge-transfer
band to the emitting state of europium. It would involve
not only energy transfer but also a spin flip at the europi-
um site.

In a recent paper the quantum efficiency of this phos-
phor, Qz or rl, in the energy range of 5.0 to 25 eV, was re-
ported. ' Results from measurements using higher energy
excitations are available in the literature. In the energy
range 5.0-25.0 eV, a number of interesting structures in
the quantum-efficiency plot as a function of excitation en-

ergy were observed. The quantum efficiency q of this
phosphor increases from 0.6 to 1.0 as excitation energy
increases from 5.0 to 6.0 eV and then drops to 0.6 at 8.0
eV. Near 14.0 eV, g becomes I again and increases al-
most linearly to 2.25 near 18.0 eV. The most interesting
feature in the variation of g with the exciting energy is
that between 14.0 and 18 eV, q increases by 1.25, indicat-
ing the occurrence of a two- or three-photon process.

Multiphoton processes in this phosphor can be ex-
plained in terms of interband Auger transitions ' which
lead to production of secondary electron-hole pairs from
the primary electron-hole pairs generated by the incident
photon. It is well known that the threshold energies for
multiple photon emission due to an interband Auger pro-
cess will occur at energy values greater than integral mul-
tiples of the band-gap energy. The change in quantum

efficiency from 1.0 to 2.25 (+0.38) indicates the presence
at least of two-photon processes.

%hen the excitation energy is greater than 5.6 eV, the
absorption of the exciting radiation is primarily due to
the host materials. Electrons in the valence band absorb
the incident radiation and make transitions to the
conduction-band states, thus creating the primary
electron-ho1e pair. Recombination of these electron-hole
pairs at the europium center results in the emission of the
optical photons. It is reasonable to assume that the prob-
ability of recombination at the europium center is in-

dependent of the excitation energy in the energy range
dominated by the host absorption process. Absorption in
this region depends both on the density of states in the
valence-band region and in the conduction-band region.
Figure 3 indicates the first density-of-states peak at 6.0
eV relative to the top of the valence band. This coincides
satisfactorily with the observed quantum-efficiency peak
at 6.5 eV.

The two-photon eKciency was calculated using the for-
malism outlined in Ref. 22. However, it is obvious from
the band structures that the primary excitation process
would lead to heavy electrons and holes, thus increasing
the direct electron-hole recombination process. The in-
terband Auger process would not occur until the elec-
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FICx. 4. Experimental and theoretical values of quantum
efficiency have been plotted as a function of energy. Calculation
has been done only for two-photon transitions with an explicit
assumption for quantum efficiency equal to 1 before the onset of
two-photon transitions.
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trons from the valence band can be excited to the conduc-
tion bands due to yttrium 5s- and Sp-like states. These
bands have significant curvature, implying that the elec-
trons would roll down the band faster than the holes,
thus reducing the probability of direct electron-hole
recombination. Once the electron-electron interaction
leads to creation of a secondary-hole pair, quantum
efficiency would increase with increasing excitation ener-

gy. In our calculation we have chosen arbitrarily the
single-photon quantum efficiency to match with observed
quantum efficiency and attempted to determine the two-
photon threshold frequency from the calculated density
of states. The calculated quantum efficiency is plotted
against the observed quantum efficiency (Fig. 4). Our re-

suits not only explain the threshold for two-photon emis-
sion but they also provide a satisfactory explanation of
the variations of quantum efficiency beyond the threshold
energy.

ACKNOWLEDGMENTS

We are grateful to E. A. Dale, Dr. B. G. DeBoer, and
J. Olsen for many valuable discussions. This work was
partially supported by the Office of Building Technolo-
gies, Building Equipment Division of the U.S. Depart-
ment of Energy, under Contract No. DE-AC03-
76F00098 (Lawrence Berkeley Laboratory Subcontract
No. 4553410).

'J. C. Slater, The Self Consisten-t Field for Molecules and Solids:
Quantum Theory of Molecules (McGraw-Hill, New York,
1974), Vol. 4, p. 216.

~K. C. Mishra, P. C. Schmidt, K. H. Johnson, B. G. DeBoer, J.
K. Berkowitz, and E. A. Dale, Phys. Rev. B 42, 1423 (1990).

3K. C. Mishra, K. H. Johnson, P. C. Schmidt, B. G. DeBoer, J.
Olsen, and E. A. Dale, Phys. Rev. B 43, 14188 (1991).

4J. C. Slater and K. H. Johnson, Phys. Rev. B 5, 844 (1972); K.
H. Johnson and F. C. Smith, Jr., ibid. 5, 831 (1972).

5A. R. Williams, J. Kubler, and C. D. Gellat, Jr., Phys. Rev. B
19, 1990 (1979).

R. A. Lefever and G. W. Clark, Rev. Sci. Instrum. 33, 769
(1962); R. A. Lefever, ibid. 33, 1470 (1962).

7K. A. Wickersheim and R. A. Lefever, J. Opt. Soc. Am. 51,
1147 (1961);J. Electrochem. Soc. 111,47 (1964).

J. B. Gruber, R. P. Leavitt, C. A. Morrison, and N. C. Chang,
J. Chem. Phys. 82, 5373 (1985), and references therein.

R. B.Hunt, Jr. and R. G. Pappalardo, J. Luminescence 34, 133
(1985);R. G. Pappalardo and R. B.Hunt, Jr., J. Electrochem.
Soc. 132, 721 (1985).
G. S. Ofelt, J. Chem. Phys. 38, 2171 (1963); B. G. Wybourne,
Phys. Rev. 148, B137 (1966);J. Chem. Phys. 35, 334 (1961).

' K. H. Johnson, D. P. Clougherty, and M. E. McHenry, Mod.
Phys. Lett. B 3, 867 {1989);D. H. Koelling, A. M. Boring, and

J. H. Wood, Solid State Commun. 47, 227 (1983).
K. H. Johnson, M. E. McHenry, C. Counterman, A. Collins,
M. M. Donovan, R. C. O'Handley, and G. Kalonji, in Novel

Suprconductivity, edited by S. A. Wolf and V. Z. Kresin (Ple-

num, New York, 1987), p. 563; K. C. Mishra, J. K. Ber-
kowitz, B. G. DeBoer, E. A. Dale, and K. H. Johnson, Phys.
Rev. B 37, 7230 (1988).

' R. A. Evarestor, Phys. Status Solidi B 72, 569 (1975); P. C.
Schmidt, A. Weiss, S. Cabus, and J. Kiibler, Z. Naturforsch. ,

Teil A 42, 1321 (1987).
' J. Berkowitz and J. A. Olsen, J. Luminescence 50, 111 (1991).

See, for example, C. W. Struck and W. H. Fonger, in Advances

in Nonradiation Processes in Solids, edited by B. DiBartolo
(Plenum, New York, 1989), p. 63; G. Blasse, ibid. , p. 287.
M. G. Paton and E. N. Maslen, Acta Crystollogr. 19, 307
(1965).
Y. Nigara, Jpn. J. Appl. Phys. 7, 404 (1968).
W. Noddack and H. Walch, Z. Electrochem. 63, 269 (1959).
S.J. Cho, Phys. Rev. B 1, 4589 (1970).
E. L. Benitez, D. E. Husk, C. Tarrio, and S. E. Schnatterly,
Bull. Am. Phys. Soc. 34, 1596 (1989).
E. R. Ilmas and T. I. Savikhina, J. Luminescence 142, 702
(1970), and references therein.
D. J. Robbins, Phys. Status. Solidi 97, 9 (1980).


