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Abstract. Five absorption bands with peaks at6210 nm, 246 nm, 284 nm, 296 nm, and 368 nm
were observed at room temperature for Ce-doped CaYAlO4 (CYA) crystals grown in a reducing
atmosphere. Excitation at wavelengths below∼400 nm of Ce:CYA crystals produces a broad
luminescence band with a peak at∼485 nm. The excitation spectrum of the luminescence
detected at a fixed wavelength of 485 nm is very similar to the absorption spectrum. The
ultraviolet absorption and visible luminescence are due to the 4f1 ↔ 5d1 transitions of Ce3+
ions in CYA. The linear dependence of the luminescence peak energy on the excitation energy
shows that the luminescence is inhomogeneously broadened by a random distribution of Ca2+
and Y3+ ions in the disordered CYA lattice.

1. Introduction

Optical transitions between 4fn electronic configurations in most trivalent rare-earth ions
(Nd3+, Er3+, Ho3+ etc) give rise to narrow fluorescence lines in the presence of very weak
electron–phonon coupling. Generally, the 5d energy levels of these ions are above the
ultraviolet (UV) region. In contrast, the optical transitions of Ce3+ ions in some crystals
are observed in the UV or visible regions because the 5d energy levels of Ce3+ ions are
considerably lower in energy than those of other trivalent rare-earth ions. Laser operation
in the UV region near 0.3µm for the use of the 4f1 ↔ 5d1 transition has been reported for
Ce3+-doped LiYF4 and LaF3 [1, 2].

The change in the energy levels of Ce3+ ions from one host to another is expected
because the 5d energy levels are strongly affected by the crystal field. The crystal field
increases with decreasing distance between Ce3+ and ligand ions and with increasing
valency (F− → O2−) and number of ligand ions. Ce3+-doped Y3Al 5O12 crystals show
the absorption and luminescence in the visible region. The 5d1 → 4f1 luminescence band
peaks at 570 nm with a near-unity quantum efficiency at room temperature. Nevertheless,
the lasing efficiency is very poor due to excited-state absorption, in which the pump radiation
produces optical transitions from the lowest 5d excited state to the host conduction band
[3]. Since Ce3+-doped crystals have considerable potential as tunable laser gain media it
is important to further study the effects of different crystal fields on the 5d excited energy
levels.

In earlier papers [4–6], the authors have discussed the properties of Ti3+, V4+ and
Cr3+ in CaYAlO4 (CYA). Such crystals have a distribution of the crystal field caused
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Figure 1. Crystal structure of CaYAlO4

by substitutional disorderof the Ca2+/Y3+ sites in the CYA lattice. We have extended
these studies to CYA crystals doped with Ce3+ ions. The crystal field of Ce3+ in CYA
is intermediate between those of LiYF4 and Y3Al 5O12. This paper describes the crystal
growth of Ce3+-doped CYA, and absorption, luminescence, and excitation spectra in this
disordered host lattice.

2. Crystal structure and growth

Figure 1 shows the structure of CaYAlO4 (CYA) with space groupI4/mmm (D17
4h). The

lattice constants area = b = 3.6451 Å and c = 11.8743 Å [7, 8]. Ca2+ and Y3+

ions are distributed at random keeping the composition ratio of 1:1. The Ca2+/Y3+ ions
are surrounded by nine nearest-neighbour oxygen ligand ions. The symmetry is C4v.
Site occupancy is expected to be determined largely by considerations of ionic size. In
consequence, Ce3+ ions are expected to preferentially occupy Ca2+/Y3+ sites because the
radius (1.11Å) of Ce3+ is closer to those of Ca2+ (0.99 Å) and Y3+ (0.93 Å), and much
larger than that of Al3+ (0.51 Å).

Single crystals were grown by the Czochralski technique from melts prepared in iridium
crucibles with high-purity components CaCO3(5N):Y2O3(5N):Al2O3(5N) = 2:1:1. CYA
crystals doped with CeO2 at a concentration of 0.5 mol% were grown in a reducing
atmosphere (1% H2:99% Ar) in order to convert Ce4+ to Ce3+, or in an inert (Ar gas)
atmosphere. The resulting boules were cut and polished into samples with approximate
dimensions 4×4×1 mm3 for use in the optical measurements. The cut faces were normal to
thea, b andc axes of the crystal. Other samples were annealed in reducing (5% H2:95% Ar)
or oxidizing (air) atmospheres at 1500◦C for 20 hours to examine changes in the valence
state of the Ce impurity.
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3. Experimental results

3.1. Absorption spectra

Optical absorption spectra were measured at room temperature using a dual-beam
spectrophotometer. The polarization was measured by inserting a Glan–Thompson prism in
the sample beam of the spectrophotometer and rotating it. The absorption spectra for the
pure as-grown CYA crystals were reported in the previous paper [4]. The colour of such
crystals is light brown, with an absorption coefficient of less than 0.2 cm−1 above 600 nm.
With decreasing wavelengths from 600 nm, the absorption increases gradually: a broad
band with peak at 420 nm is observed, of which the absorption coefficient is about 1 cm−1

and about 2 cm−1 at 300 nm.

Figure 2. Polarized absorption spectra of the Ce:CYA crystal measured at room temperature.
The E-vectors of the light are parallel to thea andc axes.

The as-grown Ce:CYA crystals absorb fairly strongly in the UV region, the resulting
crystal being light blue–green in colour. Figure 2 shows polarized absorption spectra. The
296 nm and 368 nm absorption bands are polarized along thea (b) axis more strongly
than along thec axis. The polarization in the range below 220 nm suggests a peak at
6210 nm. The 246 nm band is strongly polarized along thea axis and the intensity (E ‖ c)
is negligibly weak. These polarized absorption spectra show clearly five bands including a
weak band at 284 nm due to the Ce impurities in CYA, denoted by arrows in figure 2. The
large absorption coefficient is caused by the 4f and 5d wavefunctions, so optical transitions
are parity allowed and of electric dipole nature. This absorption spectrum is very similar to
those observed in the UV region in other Ce3+-doped oxide and fluoride crystals [9, 10],
which were similarly attributed to the 4f1 → 5d1 transition of Ce3+ ions in CYA.

3.2. Luminescence and excitation spectra

Luminescence and excitation spectra were measured at room temperature using a HITACHI
F-4500 Fluorescence Spectrophotometer. UV excitation in the range 340–420 nm at 300 K
of the as-grown Ce:CYA sample produces the broad luminescence band with a peak at
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Figure 3. Luminescence spectra of Ce3+ in the Ce:CYA crystal excited at different wavelengths
and measured at room temperature.

Figure 4. The relationship between luminescence peak energy and excitation energy for the
Ce:CYA crystal. The straight line was calculated by the method of least squares. The gradient
is 0.09.

around 485 nm shown in figure 3. With increasing excitation wavelengths, the peaks of
the luminescence bands shift to longer wavelength. Figure 4 shows the linear dependence
of the luminescence peak energy on the excitation energy. The slope of the straight line
calculated by the method of least squares is 0.09. This value is slightly smaller than that
(0.25) observed for V4+:CYA [5].

The excitation spectra of the luminescence shown in figure 5 were detected at different
fixed wavelengths in the range 430–550 nm. They comprise an intense band with a peak
at ∼385 nm and two weak bands with peaks at∼250 nm and∼295 nm. Although
the peak wavelengths of the two weak excitation bands are coincident with those of the
absorption bands in figure 2, the intense 385 nm excitation band is shifted to slightly longer
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Figure 5. Excitation spectra of the
luminescence detected at different
fixed wavelengths measured at
room temperature for the Ce:CYA
crystal.

wavelength and is broadened somewhat compared with the 368 nm absorption band. The
excitation spectrum is recorded as monitoring the luminescence intensity as a function of
the wavelength of radiation absorbed by Ce3+ ions in the crystals. The radiation emitted
under the UV excitation below 390 nm comes only from the surface, while that emitted
under the excitation above 390 nm comes from the bulk sample. The strong absorption
below 390 nm may reduce the luminescence intensity somewhat because of the scattering
of the radiations on the surface. Then, the true peak wavelength of the excitation band is
expected to be a little shorter than the observed peak wavelength. In addition, the peak shift
of the excitation spectra to longer wavelength is very small as the detecting wavelengths of
the luminescence increase as shown in figure 5.

The thermal treatment of the Ce:CYA crystals grown in a reducing atmosphere does
not change the shape and the intensity of the luminescence compared with those for the
as-grown samples. Although the Ce:CYA crystals grown in an inert atmosphere show strong
absorption in the UV region, excitation below 400 nm produces no broad luminescence band
similar to that in the Ce:CYA crystal grown in a reducing atmosphere. In consequence, the
crystal growth in a reducing atmosphere is expected to convert Ce4+ to Ce3+ and the broad
luminescence is assigned to be the 5d1 → 4f1 transition of Ce3+ ions in CYA.

4. Discussion

Ce3+ ions preferentially occupy Ca2+/Y3+ sites, which are surrounded by nine nearest-
neighbour oxygen ligand ions. The symmetry of Ce3+ is represented by C4v in the absence
of inversion symmetry. We consider the energy levels of Ce3+ in such a crystal field. The
x, y, andz coordinates of the wavefunctions of Ce3+ are defined in figure 1. The electron
configuration of the Ce3+ ground state is 4f1. Since the 4f electron is not strongly affected
by the crystal field, the total angular momentumJ -value is a good quantum number. The
2FJ state of 4f1 ions is split by spin–orbit interaction into2F5/2 and 2F7/2 levels separated
by some 2000 cm−1 [10]. The excited electron 5d1 configuration is affected much more
strongly by the crystal field than is 4f1. If the spin–orbit interaction is much larger than the
crystal-field splitting of Ce3+, J is also a good quantum number for the excited electron
5d1. The 2DJ excited state is split into the2D3/2 and 2D5/2 levels with the crystal-field
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splitting being treated as a perturbation. However, if the crystal-field splitting is much
larger than the spin–orbit interaction, then the excited 5d state is split into t2g (|xy〉, |yz〉,
|zx〉), and eg (|2z2 − x2 − y2〉, |x2 − y2〉) orbitals with the spin–orbit interaction being
treated as a perturbation [11]. If these two different eigenfunctions include the higher-order
perturbations, they are equivalent to each other. In the case of Ce:CYA, there is no evidence
as to which effect is dominant: indeed, they are expected to be of comparable magnitude.

Figure 6. An energy diagram of Ce3+ in C4v

symmetry including spin–orbit interaction and disorder
as perturbations.

Here we adopt a strong-crystal-field approach, where ligand ions are regarded as point
charges. The lobes of the|xy〉, and|yz〉 (|zx〉) wavefunctions point towards the four ligand
ions in theab plane and toward two ligand ions in thebc (ac) plane, respectively. The lobe
of |2z2−x2−y2〉 extends towards a ligand ion on thec axis. On the other hand, the|x2−y2〉
wavefunction extends between ligand ions. According to a point charge theory, the energy
levels of the 5d excited state are expected to be|x2 − y2〉, |2z2 − x2 − y2〉, |yz〉 (|zx〉), and
|xy〉 in order of increasing energy. When spin–orbit interaction is added to the Hamiltonian
as a perturbation, the wavefunctions are mixed and the energy levels are shifted. Disorder
introduces a distribution of crystal-field interaction, giving rise to the variation of the 5d
energy levels. This energy situation is illustrated in figure 6. The wavefunctions of the
5d excited state will be discussed further in terms of the polarizations of the absorption
and luminescence spectra and the symmetry of the ground state determined by the electron
spin-resonance technique in a subsequent paper.

Assuming that absorption is to each of the five Kramers doublets of the 5d configuration
split by the combined effects of crystal-field and spin–orbit interactions, then the
luminescence occurs from the lowest excited energy level of 5d to the two2F5/2 and 2F7/2

levels of the 4f ground state. Since the 5d1 → 4f1 transitions are parity and spin allowed,
the decay time is tens of nanoseconds. As the 5d wavefunctions are somewhat extended
toward ligands, a medium electron–phonon coupling is expected, resulting in a large Stokes
shift energy 2Sh̄ω, whereS is the Huang–Rhys factor and ¯hω is the phonon energy, and a
large linewidth of the Ce3+ luminescence [9, 10].

The Ce3+ luminescence spectrum in CYA has been decomposed into a sum of Gaussian
bands of the form

I (ε) = I0 exp
(−(ε − ε−)2/(202

obs)
)

(1)
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Figure 7. The decomposition
of the luminescence spectrum into
two Gaussians. The separation is
1750 cm−1. The width is 0 =
1050 cm−1.

whereε− and0obs are the peak energy and width of the luminescence band. The calculated
curve, assuming values ofε− = 19 600 and 21 350 cm−1 with 0obs = 1050 cm−1, fits the
observed spectrum in figure 7. The value (1750 cm−1) of the energy separation is very close
to those observed in Ce3+:Y2Si2O7 (1850 cm−1) and Ce3+:LiYF 4 (1950 cm−1) [10]. The
difference between the observed spectrum and the calculated curve at the lower and higher
energies may be due to the assumption of a Gaussian band-shape. When the Huang–Rhys
factor S is less than 6, the asymmetric line-shape is not a Gaussian, but a Pekarian [12].

The linear dependence of the peak energy of the Ce3+ luminescence on the excitation
energy for the Ce:CYA crystals is the same as has been observed for V4+:CYA crystals
[5]. This observation suggests inhomogeneous broadening of the Ce3+ luminescence as a
consequence of the random distribution of Ca2+/Y3+ sites in different unit cells in CYA,
which produces variations of the 5d excited energy levels as shown in figure 6.

We have extended the convolution method developed for V4+:CYA [5] and Cr3+:glasses
[13, 14] to the Ce3+ luminescence in CYA crystals. The distribution function of the energy
level, E, of the lowest excited state is assumed to be a Gaussian

Pe(E) = 1√
2πγ

exp

(
− (E − E0)

2

2γ 2

)
(2)

where E0 is the value ofE with maximum probabilities, andγ is the width of the
distribution.

The line-shape functions of the intrinsic absorption and luminescence spectra associated
with the lowest excited state and the ground state are assumed to be Gaussians given
by equation (1) with the replacement of0obs by 0. The line-shapes of the absorption
and luminescence spectra of Ce3+ in CYA including the variation of the lowest excited-
state energy level are also calculated as convolutions of the line-shape functions of the
intrinsic spectra with the distribution function. The calculated line-shapes of the absorption
and luminescence spectra are represented by Gaussians with peak energies ofε+ = E0

and ε− = E0 − 2Sh̄ω, and the widths0ab =
√

02 + γ 2 and 0em =
√

02 + γ ′2 where
γ ′2 = 02γ 2/(02 + γ 2), respectively [13]. Here we assume that the variation of the Stokes
shift energy 2Sh̄ω is negligibly small compared with that ofE.

The laser beam having a fixed excitation energyEex in the 4f1 → 5d1 absorption band
excites various populations of Ce3+ ions in the different local crystal fields at the same time.
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The distribution function of Ce3+ ions in the lowest excited state is given by the modified
Gaussian with a parameter ofEex [5, 13, 14]. The peak energy of the Gaussian line-shape
of the luminescence excited withEex is given by

ε− = (E00
2 + Eexγ

2)/(02 + γ 2) − 2Sh̄ω. (3)

The slope ofε− versusEex which is equal toγ 2/(02 + γ 2) is equal to 0.09 from the data
in figure 4. Since the ratio ofγ 2 to 02 is rather small,'0.1, the value ofγ ′ is nearly
equal to that ofγ . The observed width of the luminescence band,0obs , which is defined
as0em (' 0ab), is obtained as 1050 cm−1 from figure 7. Then, the values of0 andγ are
estimated to be 1000 cm−1 and 320 cm−1, respectively.

5. Conclusions

The energy levels of the 5d electronic excited state of Ce3+ in crystals are determined by
the ion environment. The crystal field of Ce3+ in CYA is intermediate between those of
LiYF 4 and Y3Al 5O12. The absorption of Ce3+ in CYA is observed in the UV region and the
luminescence is in the green region. As there is random occupation of the Ca2+/Y3+ sites
in CYA crystals, the luminescence is inhomogeneously broadened. The inhomogeneous
broadening is estimated from the relation of the luminescence peak energy to the excitation
energy. The broadening enables the tuning range of a laser oscillation to broaden, although
the gain will also be distributed over a larger bandwidth.
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