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Luminescence properties of ZrO2-CaO eutectic crystals
with ordered lamellar microstructure activated with Er 31 ions

R. I. Merino, J. A. Pardo, J. I. Pen˜a, G. F. de la Fuente, A. Larrea, and V. M. Orera
Instituto de Ciencia de Materiales de Arago´n, Consejo Superior de Investigaciones Cientı´ficas-Universidad de Zaragoza,

50009 Zaragoza, Spain
~Received 19 June 1997!

Er31-doped ZrO2-CaO eutectic crystals with ordered microstructure have been grown by the laser floating
zone method. The microstructure consists of alternating 2mm thick lamellae of calcia-stabilized zirconia
~CaSZ! and CaZrO3 crystals. Er31 enters both phases but at a higher concentration in CaSZ. Due to its higher
refractive index, the latter phase acts as a light guiding medium. The optical properties of Er31-doped eutectic,
as well as its components, CaSZ and CaZrO3 crystals, are analyzed. Absorption and emission spectra of
CaZrO3 consist of narrow bands. For this crystal most of the Er31 Stark level positions are given. In contrast,
the bands for CaSZ are broad, as it corresponds to a defective material. Absorption oscillator strengths,
radiative-transition probabilities and emission lifetimes have been measured at different temperatures, between
600 and 4 K. Absorption oscillator strengths are 1.5 times higher for Er31 in CaZrO3 than in CaSZ, while
multiphonon deexcitation probabilities are one order of magnitude smaller, with the exception of the lowest
energy4I 13/2→4I 15/2 emission, which presents the maximum quantum efficiency in both phases.
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I. INTRODUCTION

There is a growing interest in passive as well as ac
planar waveguides for the production of components for
tegrated optoelectronic systems for communications, sen
display screens, etc. The search for active media for di
laser pumping, suitable for compact integration and with
high optical efficiency is an active field in materials scien
Planar waveguides are usually produced by chemical r
tions or by deposition onto a substrate. The active ions
the required refractive index profile are introduced into
material using sophisticated methods such as
implantation,1 molecular beam epitaxy,2 or diffusion of dop-
ants~ion exchange!.3,4

We have recently started with a different approach to p
duce microstructured optical materials and succeeded
growing eutectic crystals of wide band-gap materials. Wh
these are grown via directional solidification procedures,
dered arrays of hundreds of alternate lamellae~one-
dimensional systems! or fibers embedded in a matrix of dif
ferent composition ~two-dimensional systems! can be
produced.5 There is a perfect match between the phases a
atomic scale, as no dislocations or inclusions are detecte
the interface, or at most they are restricted to the first ato
layer. Eutectic crystals also show a much higher thermal
bility, resistance to thermal shock, and fracture strength t
single crystals or glasses.6

In the present work we investigate the likelihood to pr
duce an active optical system based on these kinds of m
rials. Our work focuses on the optical properties
ZrO2-CaO eutectics doped with Er31 ions. The materials
have been grown by the laser floating zone~LFZ! method
and are shaped in the form of long cylinders 2 mm in dia
eter. They consist of regularly aligned lamellae, about 2mm
thick, of calcium-stabilized zirconia~CaSZ! and calcium zir-
560163-1829/97/56~17!/10907~9!/$10.00
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conate~CaZrO3) single crystals.6 The LFZ growth procedure
allows the production of cylinder or fiber shaped crystals
diameters smaller than 2 mm, down to about 200mm or less,
with the possibility of arriving at flexible fiber production
The width of the lamellae can also be controlled since it
dependent on the growth parameters.

CaSZ and CaZrO3 are transparent from 300 nm in the U
range up to about 15mm in the IR, where first-order phono
absorption appears. The refractive index contrast is sm
~about 2.5%!, but enough to allow guiding of the visible ligh
along the lamellae that grow parallel to the sample axis
this way we obtain a stack of planar waveguides where ra
earth ions are introduced just by doping the starting mater
with the required concentration before crystal growth.

In this study, Er31 has been chosen as the optically acti
ion. This ion possesses very intense green and red lumi
cence bands, as well as the maximum quantum efficienc
1.5 mm (4I 13/2→4I 15/2), inside the window used for optica
communications with silica waveguides. Its spectrosco
characterization in yttria-stabilized zirconia crystals has b
performed previously.7 Lasing of the system with relatively
low power threshold was also reported at differe
wavelengths.8 In the present work, the concentration of Er31

in both of the phases has been determined. Since no prev
studies of Er31-doped CaZrO3 or CaSZ were reported, we
have grown Er31-doped single crystals of both phases fou
in the eutectic material and characterized them spectrosc
cally. We discuss the optical properties of the Er31-doped
eutectic crystals on this basis.

II. EXPERIMENTAL DETAILS

Crystals of the eutectic composition~40 mol % CaO160
mol % ZrO2 nominal!, calcia-stabilized zirconia~25 mol %
CaO175 mol % ZrO2 nominal!, and CaZrO3, all three doped
10 907 © 1997 The American Physical Society
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10 908 56R. I. MERINO et al.
with 0.5 mol % Er2O3 were grown from sintered cerami
precursors by the laser floating zone method using an ann
focused beam of a CO2 laser. Details of the crystal-growt
method are given elsewhere.6 Crystals with cylindrical sym-
metry 50 mm long and 2 mm in diameter were obtained.

Electron probe microanalysis~EPMA! was performed in
the three materials to evaluate the Er concentration. Th
ray energy dispersive spectra were acquired with a Jeol 6
scanning electron microscope~SEM! using a Link Analytical
eXL system equipped with a Si~Li ! solid-state detector~reso-
lution at 5.9 keV: 137 eV!. Calibrated spectra of the ana
lyzed cations were taken previously to the registration of
x-ray spectra from the samples to quantify them as preci
as possible.

Optical absorption measurements in the 300–2600
range were carried out with a Hitachi U-3400 spectrop
tometer. To increase their signal-to-noise ratio, short fo
length glass quartz lenses were used to focus the light
the small samples. Polarization spectra in the 350–900
region were obtained using unsupported dichroic polariz
The single crystals were oriented using the back-reflec
Laue method with x-rays from a Cu anticathode tube op
ating at 45 kV and 25 mA.

Photoluminescence spectra were obtained by exciting
samples with light, either from a 1000 W tungsten lam
passed through a SPEX double monochromator (f 50.22 m!,
or from a pulsed tunable dye laser~DyeScan from EG&G!.
Fluorescence was detected through a 0.5 m Jarrell-
monochromator with a Hamamatsu R-928 photomultipli
and Si or Ge diode detectors for a visible and infrared ran
of the spectrum. The signal from the detectors was acqu
with a Tektronix 2430 digital oscilloscope controlled by
personal computer. Lifetimes were measured by modula
the light either with a mechanical chopper for lamp exci
tion ~long lifetimes! or with the pulsed laser~short lifetimes!.
Variable temperatures from room temperature~RT! down to
10 K were achieved using a closed-cycle cryorefrigera
with an accuracy of61 K, and from RT up to 600 K using a
homemade coaxial heater and sample holder with an a
racy of 63 K.

The luminescence optical bench formed 90° with the
citation bench, and the sample was placed with the gro
axis perpendicular to the plane formed by these two dir
tions.

III. COMPOSITION AND MICROSTRUCTURE
OF THE SAMPLES

Three Er-doped materials have been used in this stu
CaZrO3, CaSZ single crystals, and ZrO2-CaO eutectics. The
refractive index of 2.15 for CaZrO3 and 2.20 for CaSZ was
estimated by the apparent thickness method using an op
microscope and white light.

CaZrO3 has the orthorhombicPcmnperovskite structure
~space groupD2h

16),9 and thus it is a biaxial crystal. Th
orthorhombic lattice parameters area55.5912,b58.0171,
and c55.7616Å. It presents a phase transition to the cu
structure at about 1600 °C~Ref. 10! or even higher
temperatures,11 which causes the orthorhombic crystal to
twinned.12 This has in fact been observed in our CaZr3
samples, both in the eutectic and single crystal. In the sin
lar
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crystal, however, macroscopic regions~several squared mil-
limeters! keep theb-axis orientation constant, and not fa
from the growth axis, and onlya andc axes are interchange
from twin to twin. This has been observed following th
micro-Raman spectra, which is the subject of a forthcom
publication. This region will present macroscopically th
same optical behavior as an axial crystal. CaSZ has the fl
rite structureOh

5 and is optically isotropic.
The microstructure of the LFZ grown Er31-doped eutectic

crystals is similar to the undoped ones.6 It consists of ordered
alternate CaZrO3 and CaSZ lamellae. In Fig. 1 we present
microphotograph of a transverse section performed by i
minating a 1 mmthick sample with a 514.5 nm Ar1 laser
beam on the bottom surface. The picture shows the im
observed on the upper surface using an orange filter to
vent the laser light from entering the camera. The green E31

luminescence is guided by the CaSZ lamellae~higher refrac-
tive index! as it has been recently proven elsewhere.13

EPMA was used to determine the Er concentration a
Ca/Zr ratio in the phases of the eutectic crystal. According
within the eutectic sample the Er concentration in Ca
~containing 24 mol % CaO! is three times higher than in
CaZrO3 (3.360.331020 cm23 in CaSZ and 1.060.331020

cm23 in CaZrO3).
14 This result is not surprising since CaS

is a much more defective crystal than CaZrO3 and forms a
solid solution with Er2O3, keeping the fluorite structure. O
the contrary, and according to the similarity of their ion
radii, Er31 ions replace Ca21 in CaZrO3, hence generating
cation vacancies as charge compensating defects.

Single crystals with a composition close to that of t
phases of the eutectic were also produced and their chem
composition analyzed by EPMA. In this way we obta
Er31-doped CaSZ with an Er31 concentration of
1.860.431020 cm23 and CaZrO3 with 1.060.331020

cm23.14

These numbers indicate that the distribution coefficien
Er31 in both CaZrO3 and CaSZ single crystals produced b
LFZ is compatible with unity. However, the different kine
ics of Er31incorporation into the two crystals produces a r
distribution of the impurity into the eutectic between CaS
and CaZrO3 phases.

FIG. 1. Optical micrograph of the green Er31 luminescence ex-
cited with l5514.5 nm laser light.
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FIG. 2. Optical absorption bands of Er31 from the ground state to the levels2H11/2(
4S3/2),

4F9/2, and 4I 13/2 measured at room
temperature.~a! in CaZrO3, ~b! in CaSZ, and~c! in the eutectic crystal.
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IV. EXPERIMENTAL RESULTS AND INTERPRETATION

The f→ f spectra of trivalent lanthanide ions are mainly
consequence of forced electric dipole transitions due tof N

configuration mixing with other excited configurations of o
posite parity. Such a mixing, and hence the oscilla
strengths of the transitions, depends on the existence of
parity crystal-field potential terms~static contribution! and
on the non totally symmetric lattice vibrations~dynamical
contribution!. Dynamic contribution is generally dominan
for sites with inversion symmetry.

Intraconfigurationalf→ f transition probabilities can be
calculated by the Judd-Ofelt~JO! theory15,16 as a function of
three parameters~intensity parameters! Vk (k52,4,6! that
account for both static and dynamic configuration mixin
Usually, the intensity parameters describing a particularf
system are found by fitting the theoretical values of the tr
sition oscillator strengths predicted by JO theory to the
perimental ones derived from optical absorption spectra.
maximum possible number of transitions are used to obta
good fitting. Once the intensity parameters are found, i
easy to calculate radiative-transition probabilities, radiat
lifetimes, and emission branching ratios, to be compa
with experiments.

The JO theory is so commonly utilized that the read
may find information in many sources. As a reminder, t
theory assumes that all the crystal-field Stark levels
equally populated. That is the reason why JO theory is g
erally used to analyze rare-earth ions room-temperature s
tra.

A. Room temperature optical absorption of Er31

Figure 2 shows some optical absorption bands
Er31-doped eutectic@Fig. 2~c!#, CaSZ:Er @Fig. 2~b!#, and
CaZrO3 @Fig. 2~a!# measured at room temperature. The a
sorption bands correspond tof - f transitions from the4I 15/2
Er31 ground multiplet. No attention was given to the pola
ization of the incident light or the orientation of the CaZrO3
crystal on these measurements. It can be seen that the o
absorption spectrum of Er31-doped ZrO2-CaO consists of a
weighted addition of CaSZ:Er31 and CaZrO3:Er31 spectra,
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considering their Er31 concentration and volume fractions i
the eutectic sample (vCaSZ50.4,vCaZrO3

50.6) as determined
by EPMA and SEM micrographs, respectively. Let us foc
now on the absorption spectra of Er31 ions in CaZrO3 and
CaSZ single crystals. The absorption wavelength~taken as
the band centroid! and labeling of the excited levels ar
given in Tables I and II, respectively.

Er31 enters the CaZrO3 lattice in the Ca21sites (Cs point
symmetry!. Hence each of theJ levels or the 4f 11 Er31 con-
figuration splits into (2J11)/2 Kramers doublets and n
strict selection rule exist for the optical transitions. Polariz
spectra are presented in Fig. 3 for the2H11/2(

4S3/2) absorp-
tion, with the electric field either parallel or perpendicular
the b axis. Although some polarization of the bands
present, their integrated intensity remains constant within
experimental error of about 10%.

The oscillator strengths of theJ→J8transitionsf exp have
been obtained from the room-temperature area of the abs
tion bands using the expression

f ~J,J8!5
mc2

pq2N
E OD~l!2.303

Ll2
dl, ~1!

TABLE I. Room-temperature absorption band positions~l in
nm!, experimental (f exp), and calculated (f calc) oscillator strengths
~in 1028 units! of Er31 in CaZrO3.

Level l ~nm! f exp f calc

4I 13/2 1527 97.6168.4a 144.8168.4a

4I 11/2 977 52.7 71.7
4I 9/2 804 31.5
4F9/2 660 224.7 221.5
4S3/2 547 61.2 54.2
2H11/2 525 1079.4 1011.1
4F7/2 492 181.1 215.5
4F5/2, 4F3/2 448 103
2H9/2 409 251.2 79.0
4G11/2 380 1746 1784

aMagnetic dipole contribution.
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10 910 56R. I. MERINO et al.
where m and q are the electron mass and charge resp
tively, c is the light velocity in vacuum,OD(l) the optical
density as a function of wavelengthl, andL the thickness of
the sample.N is the number of absorbing ions per unit vo
ume. All the magnitudes are to be evaluated in cgs units

Owing to the absence of polarization in the band in
grated intensity and since nonpolarized spectra allow be
signal-to-noise ratio to be reached by focusing the light be
on the sample, the oscillator strengths have been determ
from nonpolarized spectra. In Tables I and II we give t
oscillator strengths.

From the experimental absorption oscillator strength v
ues and the reduced matrix elements of the unit tensor
eratorsU (t) (t52,4,6! taken from Ref. 17, we have calcu
lated the radiative-transition probabilities making use of
JO theory. The intensity parametersVk (k52,4,6! obtained
from the fitting of the oscillator strengths by the standa
procedure described elsewhere7 are reported in Table III. The
oscillator strengths, calculated using these values and th
theory, and the root-mean-square deviation of the fittings
given in Tables I, II, and III, respectively. The latter a
within the usual range for this kind of analysis. As indicat
in the tables, some of the bands have not been included in

TABLE II. Room-temperature absorption band positions~l in
nm!, experimental (f exp), and calculated (f calc) oscillator strengths
~in 1028 units! of Er31 in CaSZ.

Level l ~nm! f exp f calc

4I 13/2 1507 61.1170a 93.8170a

4I 11/2 970 34.8 47.7
4I 9/2 792 22.6
4F9/2 651 154.3 151.2
4S3/2 545 42.8 33.9
2H11/2 521 743 777.0
4F7/2 488 114.8 139.3
4F5/2, 4F3/2 446 64.7
2H9/2 408 167.6 50.2
4G11/2 380 1382 1362.3

aMagnetic dipole contribution.

FIG. 3. Polarized absorption spectrum of Er31 in CaZrO3 to the
level 2H11/2(

4S3/2), measured at room temperature. The solid l
indicates the electric field parallel to theb axis and the dotted line
indicates the electric field perpendicular to theb axis.
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fitting because of high uncertainty in the evaluation of th
intensity. For the4I 15/2→4I 13/2 absorption around 1550 nm
the nonzero magnetic dipole contribution to the oscilla
strength has been taken from Ref. 18.

HigherVk values are obtained for Er31 in the orthorhom-
bic CaZrO3 crystal than in cubic CaSZ by a factor of abo
1.5. This is a consequence of the absence of center of s
metry at the Er31 site in this material, which allows for elec
tric dipole f→ f transitions. The cubic CaSZ matrix has
highly disordered fluorite-type lattice where'12% of the
anionic sites are vacant. The distortion at the cation sites m
also be responsible for the electric dipole allowed transitio
Here theVk values are in close agreement with those o
tained for Er31 in yttria-stabilized zirconia containing 50
mol % Y2O3,

19 also given in Table III. Since this materia
presents 13% of oxygen vacancies, this similarity indic
that transition probabilities of optically active ions in zirco
nia matrices depend strongly on the oxygen sublattice di
der, whereas the stabilizing cation produces a negligible
fect in those probabilities.

B. Luminescence at room temperature

Exciting the Er31 absorption bands in the eutectic samp
an intense luminescence is observed. It corresponds to
green Er31 luminescence~at 550 nm approximately! and red
luminescence~around 660 nm! in the visible range. In addi-
tion, two luminescence bands are observed in the infra
~980 and 1530 nm!.

In Fig. 4 we give the RT emission bands in the infrare
corresponding to the4I 13/2→4I 15/2 and 4I 11/2→4I 15/2 transi-
tions, excited in the2H11/2 or 4F9/2 levels with broadband a
wavelengths which give the maximum emission output. T
luminescence bands corresponding to Er31 in CaSZ and
CaZrO3 are also given in Fig. 4. Note that the CaSZ emiss
bands are broader than in CaZrO3 as a consequence of th
higher disorder in the lattice of the former. Note also that
eutectic 4I 13/2→4I 15/2 emission is dominated by the CaS
contribution whereas in the4I 11/2→4I 15/2 the main contribu-
tion comes from CaZrO3. This interesting phenomenon ha
to do with the different excitation wavelengths, emission
ficiencies, and branching ratios of the two components of
eutectic samples.

To elucidate that point we have measured the RT li
times of the four most intense emission bands in both Ca
and CaZrO3 single crystals to be compared with the on
calculated from JO theory. In Table IV we summarize the
results. The observed decays are single exponentia
CaZrO3 where there is no evidence for more than one site
Er31 in the matrix, that is the Ca21 site. The decays in CaSZ
have been measured with broadband excitation. They are

TABLE III. Judd-Ofelt parameters of Er31 ~in 10220 cm2) in
several matrices, and root-mean-square deviations~rms! of f calc

given in Tables I and II.

Host V2 V4 V6 rms (3107) Reference

CaZrO3 4.13 1.00 0.87 8.9 This work
CaSZ 3.07 0.68 0.52 5.9 This work
50/50YSZ 2.92 0.78 0.57 Ref. 19
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56 10 911LUMINESCENCE PROPERTIES OF ZrO2-CaO . . .
single exponential as it corresponds to a highly defec
solid, and the lifetimes reported in Table IV correspond
half the time required to diminish the normalized intensity
1/e2 (t2 in the following!.

Several features are worth noting in Table IV. First of a
the radiative lifetimes of the4I 13/2 level predicted by the
Judd-Ofelt theory are shorter than the values found exp
mentally. As it can be seen in Tables I and II, the fitting fa
to reproduce the4I 15/2→4I 13/2 oscillator strength appropri
ately, the calculated transition probabilities being higher th
the experimental ones~hence shorter calculated lifetimes!.
We have thus calculated directly the radiative lifetimes fro
the measured oscillator strengths, using the following re
tionship between oscillator strength for absorption and
radiative transition probability:

A~J→J8!5
8~nqps!2

mc

2J811

2J11
f ~J8→J!, ~2!

wheres is the inverse of the wavelength of the transition
vacuum andn the refractive index of the material. Equatio

FIG. 4. Luminescence spectra or Er31 in the three samples mea
sured at room temperature.~a! Luminescence corresponding to th
transition 4I 13/2→4I 15/2, with excitation bandpass of 14.4 nm int
the green absorption band at~a1!: 525.5 nm,~a2!: 522.3 nm, and
~a3!: 522.3 nm.~b! Luminescence corresponding to the transiti
4I 11/2→4I 15/2, with excitation bandpass of 14.4 nm into the r
absorption band at~b1!: 657.5 nm,~b2!: 652.5 nm, and~b3!: 657.5
nm. 1, 2, and 3 refer to the CaZrO3, CaSZ, and eutectic sample
respectively. Excitation wavelengths have been chosen to
maximum luminescence intensity.
e

,

ri-

n

-
e

~2! predicts 4.0 and 4.8 ms for the radiative lifetimes
CaZrO3 and CaSZ, respectively. These values are still
low for CaSZ, even allowing for some uncertainty in th
Er31concentration according to the chemical analysis da
The difference may arise from the different population of t
Stark levels either for the ground-state multiplet, which h
an effect in the absorption experiment, or for the4I 13/2 mul-
tiplet, which perturbs the emission measurements, or b
On heating the sample, the radiative lifetimes decrease
has been observed from 10 K to room temperature, where
can assume that no multiphonon relaxation is taking pl
because of the high-energy difference between4I 13/2 and
4I 15/2 multiplets~more than 10 phonons are required to sp
the gap!. The measured lifetimes of the4I 13/2→4I 15/2 emis-
sion at 10 K are 5.1 and 7.3 ms in CaZrO3 and CaSZ, re-
spectively. It thus seems that there exist high-energy4I 13/2
Stark levels with higher radiative-transition probabilities
the ground state (4I 15/2), which are not equally populate
even at RT. Note also that the quantum efficienciesh
5texp/trad) are higher for CaZrO3 than for CaSZ, while
branching ratios remain practically the same.

To end this section, we want to report on the emiss
lifetime measured in the eutectic sample. As it is clearly se
in Fig. 4, the luminescence bands contain a weighted mix
of CaSZ and CaZrO3 luminescence bands, being the weigh
dependent on the pumping wavelength and the monito
luminescence. Decays are thus nonexponential unless
CaZrO3 contribution dominates. The lifetimes for the leve
4I 13/2 in the CaSZ phase of the eutectic~6.2 ms! and that of
4I 11/2 in the CaZrO3 phase~2.4 ms!, are the same values as
the respective single crystals. Note especially that no lifeti
shortening has been found in the CaSZ phase (4I 13/2 level!
that could have occurred if concentration quenching effe
had started to contribute. Consequently, we can be sure
no concentration quenching effects take place in
4I 13/2→4I 15/2 luminescence at this Er31 concentration (3.3
31020 cm23). Due to the phase size~2 mm!, no electronic
energy transfer between Er31 ions from phase to phase i
expected.

e

TABLE IV. Room-temperature lifetimes, quantum efficienci
(h5texp/trad), and branching ratios@bJJ85A(J,J8)/(J8A(J,J8)#
for the observed luminescence bands.

CaZrO3:Er

Branching ratio t rad texp h
→4I 13/2 →4I 15/2

4S3/2(
2H11/2)→ 0.20 0.75 242ms 195ms 0.81

4F9/2→ 0.05 0.90 360ms 39ms 0.11
4I 11/2→ 0.18 0.82 2.7 ms 2.4 ms 0.89
4I 13/2→ 1 3.1 ms 4.5 ms

CaSZ:Er

Branching ratio t rad texp h
→4I 13/2 →4I 15/2

4S3/2(
2H11/2)→ 0.21 0.74 290ms 47ms 0.16

4F9/2→ 0.05 0.90 490ms 5.2ms 0.01
4I 11/2→ 0.21 0.79 3.6 ms 0.9 ms 0.25
4I 13/2→ 1 3.7 ms 6.3 ms
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10 912 56R. I. MERINO et al.
C. Site resolved spectroscopy

To understand the Er31 luminescence in the eutecti
sample, site selective spectroscopy has to be made, and
is only feasible at low temperatures to prevent overlapping
the absorption or emission bands by thermal population
the excited Stark components of the ground or emitting m
tiplet, respectively. The smallness of the samples prevent
from measuring good absorption spectra, hence the stud
the different sites will be based on luminescence and exc
tion experiments. From low-temperature emission spectra
can determine the levels of the ground multiplet and fr
low-temperature excitation spectra those of the excited
els.

In Fig. 5 we give the excitation spectra with resolutio
better than 0.36 nm, enough to position the Stark levels
the high-energy multiplets, of the 4S3/2→4I 15/2 or
4F9/2→4I 15/2 luminescence bands for the three samples
tecting at 10 K with wide slit~3.2 or 1.6 nm bandpass!.
Bandwidths of CaZrO3:Er levels are near to the better res
lution of the experiment~11 cm21 in the 4S3/2 levels!, while
those of CaSZ:Er are of the order of 50 cm21. The eutectic
excitation spectrum consists of a superposition of both Ca
and CaZrO3 bands.

In Fig. 6 we give the4S3/2→4I 15/2 emission bands mea
sured at 10 K with narrow-band detection~better than 0.16
nm resolution! and 14.4 nm excitation bandpass. As in t
case of excitation spectra, bandwidths are smaller for Er31 in
CaZrO3 than in CaSZ, and the spectrum of the eutectic cr
tal consists of a superposition of the individual spectra.

Similar emission and excitation spectra have been p
formed for the different emission bands and the position
most of the multiplets determined. In Table V those positio
for CaZrO3:Er are summarized. Note that all the multiple
present a splitting lower than or equal toJ1 1

2 , which is the
maximum degeneracy possible in aCs symmetry site. Ac-
cordingly, no more than one site of Er31 in CaZrO3 is
present.

This is not the case in stabilized zirconia. Here differe
sites for Er31 are expected,7,20,21 which contribute to the
large broadening of the bands. In fact, three maxima

FIG. 5. Excitation spectra measured at 10 K on the th
samples, monitoring the luminescence intensity at:~a! 550.3 nm for
CaZrO3, ~b! 659.8 nm for CaSZ, and~c! 548.8 nm for the eutectic
crystal. The low-intensity features observed at the high-energy
of the 2H11/2 band correspond to vibronic sidebands.
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found in the 4I 15/2→4S3/2 absorption at wavelengths 542
544, and 546 nm. The same three absorption maxima w
present in yttria-stabilized zirconia with 5% oxygen vaca
cies~YSZ16!,7 and they were assigned to two different site
The same assignment can be made here, one Er31 site coor-
dinated with 8 oxygens~CN8! with maximum at 542 nm
~quasicubic symmetry!, and the other with one oxygen va
cancy in its first coordination shell~CN7! with maxima at
544 and 546 nm. As expected, the ratio CN7/CN8 sites
higher in the present case.

Site selection spectroscopy has also been performe
order to confirm this assumption. Site selective luminesce
in the 4S3/2 absorption band has been measured with
following results: Upon pulse excitation at 540.9 and 546
nm ~markeda andb, respectively, in Fig. 5!, decays are still
nonexponential, thet2 values being 90 and 50ms for a and
b excitation, respectively.a andb excitations correspond to
the two main sites present in the CaSZ structure, which
still be characterized by their first coordination shell acco
ing to their similarity with the YSZ16 spectra. Excitation o
a gives a ground level splitting with levels at about 90, 23
and 590 cm21 over the ground state, the splittings bein
slightly smaller than in YSZ16, and the site withb excitation
gives ground-state splitting with levels at 30, 75, 260, a
520 cm21.

Site selective excitation has also been performed in
eutectic sample in the4I 15/2→4S3/2 band. Upon excitation in
the CaZrO3:Er31 maxima of Fig. 5~c!, luminescence spectr
dominated by CaZrO3:Er31spectra are obtained. They deca
exponentially with 260ms lifetime at 10 K, the same as i
CaZrO3 single crystals. Equivalently, upon excitation outsi
a CaZrO3 peak, luminescence dominated by the correspo
ing selected site of Er31 in CaSZ is obtained, similar to the
CaSZ single crystal. No concentration quenching effects
observed for this luminescence.

V. DISCUSSION AND CONCLUSIONS

The microstructured optical material studied here conta
a stack of CaZrO3 and CaSZ alternate lamellae. The Er31

active ion enters in the two phases with a different conc

e

e

FIG. 6. Luminescence corresponding to the transit
4S3/2→4I 15/2 measured at 10 K. Lamp excitation was made w
wide bandpass at wavelengths:~a! 520 nm in CaZrO3, ~b! 377 nm
in CaSZ, and~c! 519.3 nm in the eutectic sample.



27

56 10 913LUMINESCENCE PROPERTIES OF ZrO2-CaO . . .
TABLE V. Stark levels of Er31-doped CaZrO3.

Multiplet Number of Stark levels Energy (cm21)

4I 15/2 8 0, 40, 100, 163, 200, 282, 295, 373
4I 13/2 7 6541, 6573, 6609, 6623, 6681, 6693
4I 11/2 6
4I 9/2 5
4F9/2 5 15 216, 15 246, 15 309, 15 340, 15 378
4S3/2 2 18 352, 18 413
2H11/2 6 19 069, 19 099, 19 142, 19 179, 19 205, 19 2
4F7/2 4 20 433, 20 492, 20 542, 20 585
4F5/2 3 22 139, 22 163, 22 193
4F3/2 2 22 472, 22 563
2H9/2 5 24 492 24 522, 24 618, 24 697
4G11/2 6 26 261, 26 344, 26 413, 26 455
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tration, presumably due to the distinct solubility of the do
ant in the respective crystals. As expected, the highly de
tive CaSZ crystal accommodates about three times m
Er31 from the melt than the nondefective CaZrO3 crystal for
the level of doping used in this experiment.

The Er31 absorption and emission properties are a
quite different for the two component crystals. F
CaZrO3:Er31, narrow and well-resolved absorption an
emission bands are observed. As it corresponds to the la
oscillator strengths for absorption, the calculated radia
lifetimes are shorter than for CaSZ. In contrast with this, a
with the exception of the lowest excited level emissi
4I 13/2, the measured lifetimes are longer. This indicates t
nonradiative-transition probabilities are larger in the def
tive CaSZ crystal than in CaZrO3.This also produces a dif
ferent distribution of the pumping energy among the lum
nescent levels, which explains, for example, the differ
relative intensities of the emission bands of the two com
nent phases of the eutectic crystal, as shown in Fig. 4. So
observe@see Fig. 4~a!# that when exciting in the efficien
4I 15/2→2H11/2 hypersensitive absorption band, the lumine
cent 4I 13/2 level is better populated in CaSZ:Er31 by the
dominating nonradiative transitions from the excited lev
than in the CaZrO3:Er31 where the nonradiative transition
are smaller. So, taking into account the main radiative
nonradiative deexcitation paths of the2H11/2 level to 4I 13/2
via the intermediate levels and using the numbers given
Table IV, 70% of the ions excited to the2H11/2 level in
CaSZ:Er will contribute to the radiative transitio
4I 13/2→4I 15/2, while only 21% will contribute in the
CaZrO3:Er31 crystal. The emission from the4I 11/2 excited in
the 4I 15/2→4F9/2 absorption band@Fig. 4~b!# presents the op
posite behavior. There, the higher quantum efficiency of
luminescent4I 11/2 level in CaZrO3:Er31results in a more in-
tense emission~of the ions excited to the4F9/2 level, 20% in
CaSZ:Er31 and 65% in CaZrO3 will contribute to the radia-
tive 4I 11/2→4I 15/2 luminescence, also from Table IV!.

In order to find an explanation for the highe
nonradiative-transition probabilities in CaSZ:Er31 than in
CaZrO3:Er31, a single-phonon mode model of Riseberg a
Moos has been used.22 According to it, the temperature de
pendence of the nonradiative deexcitation probability (WNR)
is given by the expression
-
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WNR~T!5WNR~0!$exp~\v/kT!/@exp~\v/kT!21#%p,
~3!

where\v is the phonon energy andp5DE/\v is the num-
ber of phonons required to span the energy difference (DE)
between the luminescent level and the electronic level imm
diately below it.DE can be obtained from absorption spe
tra. WNR is calculated subtracting the radiative deexcitati
probability (1/t rad) from the measured one (1/texp), (WNR
51/texp21/t rad). WNR(0) is the low-temperature mul
tiphonon emission rate which is dependent on the energy
and the electron-phonon coupling. This model applies to
case of low electron-phonon coupling and works satisfac
rily for rare-earth ions.

Fitting of Eq. ~3! to the nonradiative-transition probabil
ties of levels4S3/2 and 4F9/2 in both CaSZ and CaZrO3 crys-
tals has been performed. The parameters obtained from
fits are summarized in Table VI. The phonon energies lie
the range 500–600 cm21 in both cases, approaching th
higher phonon energies which are Raman active,6 ~543 cm21

in CaZrO3 and 580 cm21 in CaSZ!. Vibronic sidebands are
clearly seen in the excitation spectra measured at 10 K
some of the most intense transitions~to 4F9/2, 2H11/2, and
4F7/2 in CaSZ or2H11/2, 4F7/2, and 4G11/2 in CaZrO3), see
for example, Fig. 5. They contain between 10 and 15% of
total excitation intensity and present a cutoff at about 5
cm21 in CaZrO3 and between 500 and 600 cm21 in CaSZ, in
accordance with the phonon energies of the multiphonon
excitation fitting. Hence, it turns out that the energies of
phonons participating in the nonradiative deexcitation are
similar magnitude in both matrices, while theWNR is still
one order of magnitude higher in CaSZ than in CaZrO3 for
the same energy gap. The slightly lower phonon energie

TABLE VI. Parameters obtained from the fitting to a Risebe
and Moos expression.

Host Level p \v (cm21) WNR(0) (s21)

CaZrO3
4F9/2 5 530 1.653104

4S3/2 6 525 6.03102

CaSZ 4F9/2 5 560 1.353105

4S3/2 6 510 9.53103
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the Raman spectrum for the latter cannot be the only rea
for this difference inWNR, and differences in the electron
phonon coupling must also be playing a role.

According to the neutron-diffraction data for CaZrO3
given by Ref. 9, Ca21 is coordinated to 8 oxygens with
mean distance of 2.57 Å whereas the next 4 oxygen ions
at distances in the 3.0–3.6 Å range. On the other hand, f
site resolved spectroscopy we have proposed that Er31 ions
in the CaSZ fluorite structure are coordinated mainly with
or 7 oxygen ions. Assuming no distortions in this structu
the cation-oxygen distance is 2.23 Å~5.15 Å lattice param-
eter for CaSZ 24 mol % CaO!. Furthermore, extended x-ray
absorption fine structure data23 have shown that in Er2O3
stabilized ZrO2 ~5 mol % ErO1.5), vacancies tend to be lo
cated in the vicinity of the host Zr41 cation, thus producing a
mean relaxation of oxygen ions outwards of the Er31 ion and
inwards in the Zr41 vicinity. Assuming this also happens i
our crystal in the vicinity of the Er31 dopant, it forces a
relaxation outward of the nearest neighboring oxygen ion
2.32 Å, which is still a smaller distance than in CaZrO3.
Thus an increase in the overlapping of Er31-ligand wave
functions in the former, and consequently a higher electr
phonon coupling is expected.

We turn now to a different effect found when we exc
the eutectic sample with broad light beams and is a con
quence of the multiphase character of the material. Due
the large inhomogeneous broadening in the CaSZ spe
absorption and luminescence bands of the two phases o
lap. Hence, upon excitation on a CaZrO3:Er31 absorption
peak, some luminescence can be measured atB ~Fig. 6!. This
luminescence has longer lifetimes than that correspondin
the CaSZ site, suggesting that either luminescence
CaZrO3 is also present at 561.5 nm@B in Fig. 6~c!# or that
some radiative transfer from CaZrO3:Er31 luminescence
contributes to the excitation of CaSZ:Er31. The reverse ef-
fect of the latter~reabsorption of luminescence from CaS
by CaZrO3) has in fact been observed in the luminescen
band of Fig. 6~c! with a dip at 543.1 nm, corresponding
the CaZrO3:Er31 absorption peak position.

To confirm this point, the excitation spectrum of the l
minescence atB has been measured in the eutectic sam
and is shown in Fig. 7. The sharp peak at 544.9 nm~number
7! clearly corresponds to a4I 15/2→4S3/2 excitation of
CaZrO3:Er31 luminescence. A careful examination of th
CaZrO3:Er31 green luminescence spectrum@Fig. 6~a!# shows
a low intensity tail at the long-wavelength side, probably d
to vibronic transitions which overlap the CaSZ:Er31 lumi-
nescence atB.

But much more intense are the dips detected in
4I 15/2→2H11/2 CaSZ:Er31 excitation band. In the lower par
of Fig. 7 we have marked the positions of the narro
CaZrO3:Er31 excitation peaks, numbered from 1 to 7. 1, 3,
and 5 coincide with the dips, while 7 clearly produces
peak. 2 and 6 might also produce a positive contribution
the excitation spectra.
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The reason for the dips is obviously the absorption
incident light by the CaZrO3 phase before arriving at th
CaSZ phase. But, which is the reason for the peaks? F
the absorption spectra in the single phase crystals, we h
calculated the contribution from the two possible process
Radiative transfer from CaZrO3:Er31 to CaSZ:Er31 turns out
to be too small to compensate for CaZrO3:Er31 absorption
prior to CaSZ:Er31 excitation, thus the underlying
CaZrO3:Er31 luminescence atB is the reason for the peak a
544.9 nm~marked 7!. Then, the spectrum in Fig. 7 can b
understood as follows: If the CaZrO3:Er31 absorption coef-
ficient is high, dips appear, whereas upon CaZrO3:Er31 ab-
sorption coefficient decreasing, those dips are compens
by CaZrO3:Er31 direct luminescence and finally peaks a
pear in the excitation spectrum. The relative weight of bo
effects depends very strongly on the geometry of the exp
ment and sample size.

In conclusion, we have prepared a structured compo
material of two optical crystals with different refractive in
dex. Three luminescent Er31 sites have been identified, on
in the CaZrO3 phase and two in the CaSZ phase. The sp
troscopic properties of these sites are quite different: nar
and well-resolved absorption and emission bands for
nondefective CaZrO3 phase, and broad structureless ban
for the highly defective CaSZ phase. The work opens n
possibilities for light guiding and power amplification th
are currently under study.
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FIG. 7. Excitation spectrum of Er31 into the eutectic crystal
with detection wavelength at 561.5 nm@marked B in Fig. 6~c!,
which is a maximum of the CaSZ:Er31 luminescence#. The position
of the CaZrO3:Er31excitation peaks are indicated with numbers 1
7.
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