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Luminescence properties of ZrQ-CaO eutectic crystals
with ordered lamellar microstructure activated with Er 3* ions
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Erf*-doped ZrG-CaO eutectic crystals with ordered microstructure have been grown by the laser floating
zone method. The microstructure consists of alternatingn® thick lamellae of calcia-stabilized zirconia
(CaSZ and CazrQ crystals. E¥' 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 properti€s afdped eutectic,
as well as its components, CaSZ and CaZdbystals, are analyzed. Absorption and emission spectra of
CaZrQ, consist of narrow bands. For this crystal most of th&"Btark 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 & Er CaZrQ; than in CaSz, while
multiphonon deexcitation probabilities are one order of magnitude smaller, with the exception of the lowest
energy®l 13—l 15/, @mission, which presents the maximum quantum efficiency in both phases.
[S0163-18297)02342-4

. INTRODUCTION conate(CaZrQ,) single crystal§. The LFZ growth procedure
allows the production of cylinder or fiber shaped crystals of
There is a growing interest in passive as well as activaliameters smaller than 2 mm, down to about 200 or less,
planar waveguides for the production of components for inwith the possibility of arriving at flexible fiber production.
tegrated optoelectronic systems for communications, sensorghe width of the lamellae can also be controlled since it is
display screens, etc. The search for active media for dioddependent on the growth parameters.
laser pumping, suitable for compact integration and with a CaSZ and CaZr@are transparent from 300 nm in the UV
high optical efficiency is an active field in materials science.range up to about 1am in the IR, where first-order phonon
Planar waveguides are usually produced by chemical rea@bsorption appears. The refractive index contrast is small
tions or by deposition onto a substrate. The active ions antgPout 2.5%, but enough to allow guiding of the visible light

the required refractive index profile are introduced into thedlong the lamellae that grow parallel to the sample axis. In
material using sophisticated methods such as iorihis way we obtain a stack of planar waveguides where rare-

implantation* molecular beam epitaxd/or diffusion of dop- ez_irr:h ri]ons are in(;roduced just byt()jofping the stlarting rrr]laterials
ants(ion exchange®* with the required concentration before crystal growth.

; A : .
We have recently started with a different approach to pro-i nln'lfrr:ils i‘e’tﬁdy’ EF* has E)/et;zn i(r::Or?en ars thne Orf)ctilcialcljyl aﬁ:;xe
duce microstructured optical materials and succeeded jjpn- '1IS lon POSSESSES Very Itense green and red umines

. . : . cence bands, as well as the maximum quantum efficiency at
growing eutectic crystals of wide band-gap materials. Whe

IS e oo 5 um (*1132—% 15, inside the window used for optical
these are grown via directional solidification procedures, O ommunications with silica waveguides. Its spectroscopic
dered arrays of hundreds of alternate lamellemne-

. . : . X .. Characterization in yttria-stabilized zirconia crystals has been
dimensional systemsr fibers embedded in a matrix of dif- e rformed previously.Lasing of the system with relatively
ferent composition (two-dimensional systemscan be oy power threshold was also reported at different
prodgced‘_’. There is a perfect match between the phases at afjayelengthd. in the present work, the concentration of Er
atomic scale, as no dislocations or inclusions are detected g poth of the phases has been determined. Since no previous
the interface, or at most they are restricted to the first atomigy,gies of E¥"-doped CaZrQ or CaSZ were reported, we
Igyer. Eupectic crystals also show a much higher thermal stgy5,/e grown E¥'-doped single crystals of both phases found
bility, resistance to thermal shock, and fracture strength thag, the eutectic material and characterized them spectroscopi-

single crystals or glassés. _ , L cally. We discuss the optical properties of thé’'Edoped
In the present work we investigate the likelihood to pro-g tectic crystals on this basis.

duce an active optical system based on these kinds of mate-

rials. Our work focuses on the optical properties of

ZrO,-CaO eutectics doped with E*r_ions. The materials Il EXPERIMENTAL DETAILS

have been grown by the laser floating zaim€&Z) method

and are shaped in the form of long cylinders 2 mm in diam- Crystals of the eutectic compositigd0 mol % CaCGr-60

eter. They consist of regularly aligned lamellae, abowin2  mol % ZrO, nomina), calcia-stabilized zirconi&25 mol %

thick, of calcium-stabilized zirconi€CaS2 and calcium zir- CaO+75 mol % ZrQ nomina), and CaZrQ, all three doped
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with 0.5 mol % EpO,; were grown from sintered ceramic
precursors by the laser floating zone method using an annula
focused beam of a CQaser. Details of the crystal-growth
method are given elsewhet€rystals with cylindrical sym-
metry 50 mm long and 2 mm in diameter were obtained.
Electron probe microanalysi€PMA) was performed in it
the three materials to evaluate the Er concentration. The x#
ray energy dispersive spectra were acquired with a Jeol 640
scanning electron microscop8EM) using a Link Analytical
eXL system equipped with a &i) solid-state detectqreso-
lution at 5.9 keV: 137 eY. Calibrated spectra of the ana-
lyzed cations were taken previously to the registration of the
x-ray spectra from the samples to quantify them as precisel
as possible.
Optical absorption measurements in the 300—2600 n
range were carried out with a Hitachi U-3400 spectropho-
tometer. To increase their signal-to-noise ratio, shc_)rt focal 5 1. Optical micrograph of the green®Erluminescence ex-
length glass quartz Iense_s were used to .focus the light ontQiaq with A =514.5 nm laser light.
the small samples. Polarization spectra in the 350—900 nm
region were obtained using unsupported dichroic polarizers. ) . .
The single crystals were oriented using the back-reflectio§ystal, however, macroscopic regiofseveral squared mil-
Laue method with X-rays from a Cu anticathode tube operlimeters) keep theb-axis orientation constant, and not far
ating at 45 kV and 25 mA. from the growth axis, and onlg andc axes are interchanged
Photoluminescence spectra were obtained by exciting thisom twin to twin. This has been observed following the
samples with light, either from a 1000 W tungsten lampmicro-Raman spectra, which is the subject of a forthcoming
passed through a SPEX double monochromafter@.22 m),  publication. This region will present macroscopically the
or from a pulsed tunable dye las@yeScan from EG&G  same optical behavior as an axial crystal. CaSZ has the fluo-
Fluorescence was detected through a 0.5 m Jarrell-Astite structureO;, and is optically isotropic.
monochromator with a Hamamatsu R-928 photomultiplier, The microstructure of the LFZ grown £r-doped eutectic
and Si or Ge diode detectors for a visible and infrared rangesrystals is similar to the undoped orféi$ consists of ordered
of the spectrum. The signal from the detectors was acquiredlternate CaZr@and CaSZ lamellae. In Fig. 1 we present a
with a Tektronix 2430 digital oscilloscope controlled by a microphotograph of a transverse section performed by illu-
personal computer. Lifetimes were measured by modulatingninating a 1 mmthick sample with a 514.5 nm Arlaser
the light either with a mechanical chopper for lamp excita-beam on the bottom surface. The picture shows the image
tion (long lifetimeg or with the pulsed lasdshort lifetimes. observed on the upper surface using an orange filter to pre-
Variable temperatures from room temperat(Rd) down to  vent the laser light from entering the camera. The greéh Er
10 K were achieved using a closed-cycle cryorefrigeratofuminescence is guided by the CaSZ lamellaigher refrac-
with an accuracy of-1 K, and from RT up to 600 K using a tive indeX as it has been recently proven elsewheére.
homemade coaxial heater and sample holder with an accu- EPMA was used to determine the Er concentration and
racy of 3 K. Ca/Zr ratio in the phases of the eutectic crystal. Accordingly,
The luminescence optical bench formed 90° with the exwithin the eutectic sample the Er concentration in CaSZ
citation bench, and the sample was placed with the growtficontaining 24 mol % Capis three times higher than in
axis perpendicular to the plane formed by these two direc€azrQ; (3.3+0.3x 10?° cm ™2 in CaSZ and 1.8:0.3x 107°

tions. cm 2 in CaZrQ,).' This result is not surprising since CaSZ
is a much more defective crystal than CaZréhd forms a

IIl. COMPOSITION AND MICROSTRUCTURE solid solution with E§O5, keeping the fluorite structure. On

OF THE SAMPLES the contrary, and according to the similarity of their ionic

radii, ER* ions replace C4 in CaZrQ,, hence generating

Three Er-doped materials have been used in this study:ation vacancies as charge compensating defects.
CaZrQ,, CaSZ single crystals, and Zy@aO eutectics. The Single crystals with a composition close to that of the
refractive index of 2.15 for CaZrQand 2.20 for CaSZ was phases of the eutectic were also produced and their chemical
estimated by the apparent thickness method using an opticebmposition analyzed by EPMA. In this way we obtain
microscope and white light. Er'-doped CaSZ with an Bf concentration of

Cazr0; has the orthorhombi®cmn perovskite structure  1.8+0.4x107° c¢cm ™2 and CazrQ with 1.0+0.3x 107
(space groupD3d),° and thus it is a biaxial crystal. The cm3.*
orthorhombic lattice parameters aae=5.5912,b=8.0171, These numbers indicate that the distribution coefficient of
and c=5.7616A. It presents a phase transition to the cubiEr®* in both CaZrQ and CaSZ single crystals produced by
structure at about 1600 °GRef. 10 or even higher LFZ is compatible with unity. However, the different kinet-
temperatures! which causes the orthorhombic crystal to beics of EF*incorporation into the two crystals produces a re-
twinned?? This has in fact been observed in our CaZrO distribution of the impurity into the eutectic between CaSZ
samples, both in the eutectic and single crystal. In the singland CaZrQ phases.



56 LUMINESCENCE PROPERTIES OF Zt&CaO . . .

14 - : 3 3
4 “

":'\ Fg/z 13/2 (a)

5 (a)

‘q&; 2] 2

S 8|

o g/ (b)

=

2 1] 1

s 4.

]

T 2{@ (©) ©)
0 . : 0 0

500 520 540

Wavelength (nm)

560 620 640 660 680 700 1400

1525

1650

10909

FIG. 2. Optical absorption bands of ¥rfrom the ground state to the levefd ;1 (*Ss), *Fop, and 413, measured at room

temperature(a) in CaZrQ;, (b) in CaSZ, andc) in the eutectic crystal.

IV. EXPERIMENTAL RESULTS AND INTERPRETATION

The f— f spectra of trivalent lanthanide ions are mainly a

considering their BY" concentration and volume fractions in
the eutectic samplevtasz= 0.4, v cazio,= 0.6) as determined

consequence of forced electric dipole transitions duefth 4 by EPMA and SEM micrographs, respectively. Let us focus
configuration mixing with other excited configurations of op- Now on the absorption spectra of*Erions in CazrQ and
posite parity. Such a mixing, and hence the oscillatorCaSZ single crystals. The absorption wavelen@éken as
strengths of the transitions, depends on the existence of od¢éhe band centroidand labeling of the excited levels are

parity crystal-field potential terméstatic contributioh and
on the non totally symmetric lattice vibratioridynamical

given in Tables | and I, respectively.
Er* enters the CazZrQlattice in the C&'sites (C, point

contribution. Dynamic contribution is generally dominant Symmetry. Hence each of thé levels or the 4™ EF* con-

for sites with inversion symmetry.

figuration splits into (24+1)/2 Kramers doublets and no

Intraconfigurationalf —f transition probabilities can be strict selection rule exist for the optical transitions. Polarized

calculated by the Judd-OfelfO) theory*>!®as a function of
three parameteréintensity parametejs(), (k=2,4,6 that

spectra are presented in Fig. 3 for thd;,(*S,,) absorp-
tion, with the electric field either parallel or perpendicular to

account for both static and dynamic configuration mixing.the b axis. Although some polarization of the bands is
Usually, the intensity parameters describing a particular 4 present, their integrated intensity remains constant within the
system are found by fitting the theoretical values of the tranexperimental error of about 10%.
sition oscillator strengths predicted by JO theory to the ex- The oscillator strengths of th&— J'transitionsf ., have
perimental ones derived from optical absorption spectra. Theeen obtained from the room-temperature area of the absorp-
maximum possible number of transitions are used to obtain #on bands using the expression

good fitting. Once the intensity parameters are found, it is
easy to calculate radiative-transition probabilities, radiative
lifetimes, and emission branching ratios, to be compared
with experiments.

The JO theory is so commonly utilized that the reader
may find information in many sources. As a reminder, this

equally populated. That is the reason why JO theory is gen-

£(3,")=

OD(\)2.303
dx

:(;ZzN j

TABLE |. Room-temperature absorption band positidgisin

LA

@

) nm), experimental , and calculated f oscillator strengths
theory assumes that all the crystal-field Stark levels ar%n)lofapunits) of Er(ixp)in CazrO, cad g

erally used to analyze rare-earth ions room-temperature spegae|

A (nm) fexp f(:alc
tra.
13 1527 97.6-68.4 144.8+68.4

_ _ . 11 977 52.7 71.7
A. Room temperature optical absorption of EF o 804 315
Figure 2 shows some optical absorption bands of‘Fg, 660 224.7 2215
Er**-doped eutectifFig. 2(c)], CaSZ:Er[Fig. 2b)], and 4s,, 547 61.2 54.2
CazrG; [Fig. 2a)] measured at room temperature. The ab-2y, 525 1079.4 1011.1
sorption bands correspond fef transitions from the*l 15/, = 492 181.1 215.5

Er* ground multiplet. No attention was given to the polar- e, Fan 448 103
ization of the incident light or the orientation of the Ca4rO 2Hyp 409 251.2 79.0

crystal on these measurements. It can be seen that the optio@m2 380 1746 1784

absorption spectrum of Er-doped ZrQ-CaO consists of a

weighted addition of CaSZ:Ef and CazrQ:Er** spectra,

Magnetic dipole contribution.
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TABLE Il. Room-temperature absorption band positigisin TABLE lIl. Judd-Ofelt parameters of B (in 1072° cn?) in
nm), experimental {c), and calculatedf(, oscillator strengths several matrices, and root-mean-square deviatioms) of f .y
(in 108 units) of EF" in CaSZ. given in Tables | and Il
Level \ (nm) fexp fcalc Host Q, Oy Qg rms (X10")  Reference
R PP 1507 61.1+ 70 93.8+ 707 CazrQ, 413 1.00 0.87 8.9 This work
N 970 34.8 47.7 Casz 307 068 052 5.9 This work
o 792 22.6 50/50YSZ 292 0.78 0.57 Ref. 19
“Fop 651 154.3 151.2
4SS0 545 428 33.9
2H,1 521 743 777.0 fitting because of high uncertainty in the evaluation of their
A, 488 114.8 139.3 intensity. For the*l;5,—*l 13, absorption around 1550 nm
*Fepy “Fap 446 64.7 the nonzero magnetic dipole contribution to the oscillator
2Hyp 408 167.6 50.2 strer}gth has been taken from Ref. 18. .
Gy 380 1382 1362.3 _ Higher (), values are _obtam_ed for Er in the orthorhom-

bic CazrQ, crystal than in cubic CaSZ by a factor of about

aMagnetic dipole contribution. 1.5. This is a consequence of the absence of center of sym-

metry at the Et' site in this material, which allows for elec-

wherem and q are the electron mass and charge respectric dipole f—f transitions. The cubic CaSZ matrix has a
tively, ¢ is the light velocity in vacuum@D(\) the optical  highly disordered fluorite-type lattice where12% of the
density as a function of wavelengkh andL the thickness of anionic sites are vacant. The distortion at the cation sites may
the sampleN is the number of absorbing ions per unit vol- also be responsible for the electric dipole allowed transitions.
ume. All the magnitudes are to be evaluated in cgs units. Here the(), values are in close agreement with those ob-

Owing to the absence of polarization in the band inte-tained for EF* in yttria-stabilized zirconia containing 50
grated intensity and since nonpolarized spectra allow bettemol % Y,05,° also given in Table Ill. Since this material
signal-to-noise ratio to be reached by focusing the light beanpresents 13% of oxygen vacancies, this similarity indicate
on the sample, the oscillator strengths have been determindbat transition probabilities of optically active ions in zirco-
from nonpolarized spectra. In Tables | and Il we give thenia matrices depend strongly on the oxygen sublattice disor-
oscillator strengths. der, whereas the stabilizing cation produces a negligible ef-

From the experimental absorption oscillator strength valfect in those probabilities.
ues and the reduced matrix elements of the unit tensor op-

eratorsU® (t=2,4,8 taken from Ref. 17, we have calcu- B. Luminescence at room temperature
lated the radiative-transition probabilities making use of the . N . _ )
JO theory. The intensity parameteis (k=2,4,8 obtained Exciting the EF* absorption bands in the eutectic sample,

from the fitting of the oscillator strengths by the standard®" Intense luminescence is observed. It corresponds to the
procedure described elsewheage reported in Table IIl. The 9réen EF" luminescencéat 550 nm approximatelyand red
oscillator strengths, calculated using these values and the Jgminescencearound 660 nmin the visible range. In addi-
theory, and the root-mean-square deviation of the fittings ardo"; two luminescence bands are observed in the infrared
given in Tables I, II, and II, respectively. The latter are (980 and 1530 nin . _ .

within the usual range for this kind of analysis. As indicated !N Fig- 4 we give the RT emission bands in the infrared,

. : , ; 4 4 4 -
in the tables, some of the bands have not been included in tHgorresponding to thél 13— 115/2 and "l 135~ 15 transi-
tions, excited in the?H,, or *Fg, levels with broadband at

3.5 wavelengths which give the maximum emission output. The
luminescence bands corresponding t¢"Em CaSZ and
CaZrQ; are also given in Fig. 4. Note that the CaSZ emission
bands are broader than in CaZr@s a consequence of the

3_

2.5 _ : : .
higher disorder in the lattice of the former. Note also that the
24 eutectic *l 13—l 15, emission is dominated by the CaSZ
. contribution whereas in thél ;;,—*l 15, the main contribu-

tion comes from CaZr@ This interesting phenomenon has
to do with the different excitation wavelengths, emission ef-
ficiencies, and branching ratios of the two components of the
eutectic samples.
: . . oty 2 . To elucidate that point we have measured the RT life-

500 510 520 530 540 550 560 times of the four most intense emission bands in both CaSz
and CaZrQ single crystals to be compared with the ones
calculated from JO theory. In Table IV we summarize these

FIG. 3. Polarized absorption spectrum ofEin CazrO;to the ~ results. The observed decays are single exponential in
level 2H,1,{*Ss,), measured at room temperature. The solid line CaZrQ; where there is no evidence for more than one site for
indicates the electric field parallel to theaxis and the dotted line  Er** in the matrix, that is the G4 site. The decays in CaSZ
indicates the electric field perpendicular to thexis. have been measured with broadband excitation. They are not

Absorption coefficient (cm™')

Wavelength (nm)
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~ 1.5 TABLE IV. Room-temperature lifetimes, quantum efficiencies
’§' (7= Texp/ Tiad» @nd branching ratiogB;, =A(J,J")/Z5A(J,J)]
g for the observed luminescence bands.
©
> 17 (a1) CazrO;:Er
(7]
s Branching ratio Trad Texp 7
= (a2) =M —%lisp
9 0.57
] 4S5 0(PH 1) — 0.20 0.75  242us 195us 0.81
§ (a3) AFgp— 0.05 0.90 36Qus 39us 0.11
2 11— 0.18 082 27ms 24ms 0.89
E o . ; . ; ; 4 13— 1 31ms 45ms
3 1400 1450 1500 1550 1600 1650 1700
CaSZ:Er

(a) Wavelength (nm)

12 Branching ratio Trad Texp 7
2 =gz =5
c
;_- 14 4Sy(2H 110 — 0.21 074  29Qus 47us 0.16
K (b1) AF g 0.05 090 49Qus 5.2us 0.01
z o¥ Y 1y 0.21 079 36ms 09ms 025
g 0.6 13— 1 3.7ms 6.3ms
E (b2)
§ 0.4 (2) predicts 4.0 and 4.8 ms for the radiative lifetimes in
3 CazrQ; and CaSz, respectively. These values are still too
§ 0.2+ (b3) low for CaSZ, even allowing for some uncertainty in the
€ Er**concentration according to the chemical analysis data.
I 0 The difference may arise from the different population of the

940 960 980 1000 1020 1040 1 . . .
020 040 060 Stark levels either for the ground-state multiplet, which has

Wavelength (nm) an effect in the absorption experiment, or for tHgz, mul-
tiplet, which perturbs the emission measurements, or both.
FIG. 4. Luminescence Spectra_orsErin the three samples mea-  On heating the sample, the radiative lifetimes decrease as it
sured at room temperature) Luminescence corresponding to the has been observed from 10 K to room temperature, where we
transition “1 13— %115, with excitation bandpass of 14.4 nm into can assume that no multiphonon relaxation is taking place
the green absorption band @): 525.5 nm,(@2: 522.3 nm, and  phecause of the high-energy difference betwéép, and
(ald: 522.3 nm.(_b) Lumlngscence corresponding to the transition 4| 15/, multiplets (more than 10 phonons are required to span
4 11,2—>‘.‘I 1572, With excitation bandpass of 14.4 nm into the red the gap. The measured lifetimes of ths 13/2_>4|15/2 emis-
absorption band db1): 657.5 nm,(b2): 652.5 nm, andb3): 657.5 sion at 10 K are 5.1 and 7.3 ms in CaZr@nd CaSZ, re-
nm. 1, 2, and 3 refer to the CazgOCaSZ, and eutectic samples, spectivelv. It thus seems that there exist high-en ﬂll
respectively. Excitation wavelengths have been chosen to giv P y- . - s . 9  AB/2
maxi : ; . Stark levels with higher radiative-transition probabilities to
ximum luminescence intensity. 4 .
the ground state®(;5,), which are not equally populated

single exponential as it corresponds to a highly defectivé®Ven at RT. Note also that the quantum efficiencies (
solid, and the lifetimes reported in Table IV correspond to= 7exp/ad @re higher for CaZr@ than for CaSZ, while

half the time required to diminish the normalized intensity toPranching ratios remain practically the same. o
1/e? (r, in the following). To end this section, we want to report on the emission

Several features are worth noting in Table IV. First of all, lifetime measured in the eutectic sample. As it s clearly seen
the radiative lifetimes of the'l 15, level predicted by the in Fig. 4, the Iummescer_me bands contain awelghted m_lxture
Judd-Ofelt theory are shorter than the values found experf CaSZ and CaZr@luminescence bands, being the weights
mentally. As it can be seen in Tables | and II, the fitting fails d€Pendent on the pumping wavelength and the monitored
to reproduce thetl o, %l 14, Oscillator strength appropri- Uminescence. Decays are thus nor_lex_ponentlal unless the
ately, the calculated transition probabilities being higher tharEaer contribution dominates. The lifetimes for the levels
the experimental oneghence shorter calculated lifetimes ,'132N the CaSZ phase of the eutect2 m9 and that of
We have thus calculated directly the radiative lifetimes from | 112in the CaZrQ phase(2.4 ms, are the same values as in
the measured oscillator strengths, using the following relathe respectlve single crystal;. Note especially that no lifetime
tionship between oscillator strength for absorption and théhortening has been found in the CaSZ phaes leve)

5

radiative transition probability: that could have occurred if concentration quenching effects
had started to contribute. Consequently, we can be sure that
8(ngmo)? 23 +1 no concentration quenching effects take place in the
A(J—J")= me 2371 f(J'—J), (20 43,15, luminescence at this Bt concentration (3.3

X 10?° cm™3). Due to the phase siz@ um), no electronic
wherea is the inverse of the wavelength of the transition in energy transfer between ¥rions from phase to phase is
vacuum anch the refractive index of the material. Equation expected.
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FIG. 5. Excitation spectra measured at 10 K on the three FIG. 6. Luminescence corresponding to the transition
samples, monitoring the luminescence intensity&@t550.3 nm for ~ *Sz,— 115, measured at 10 K. Lamp excitation was made with
CazrQ, (b) 659.8 nm for CaSZz, antt) 548.8 nm for the eutectic Wwide bandpass at wavelengttia) 520 nm in Cazr@, (b) 377 nm
crystal. The low-intensity features observed at the high-energy sidi#n CaSZ, andc) 519.3 nm in the eutectic sample.
of the 2H,;,, band correspond to vibronic sidebands.

found in the *l,5,—*Sy, absorption at wavelengths 542,
C. Site resolved spectroscopy 544, and 546 nm. The same three absorption maxima were
To understand the EF luminescence in the eutectic Present in yttria-stabilized zirconia with 5% oxygen vacan-
sample, site selective spectroscopy has to be made, and tfi&S(YSZ16),” and they were assigned to two different sites.
is only feasible at low temperatures to prevent overlapping off '€ Same assignment can be made here, ofiediie coor-
the absorption or emission bands by thermal population ofiinated with 8 oxygensCNg) with maximum at 542 nm
the excited Stark components of the ground or emitting mul{quasicubic symmetjy and the other with one oxygen va-
tiplet, respectively. The smallness of the samples prevents (f&NCY in its first coordination shelCN7) with maxima at
from measuring good absorption spectra, hence the study g4 and 546 nm. As expected, the ratio CN7/CN8 sites is
the different sites will be based on luminescence and excitadigher in the present case. _
tion experiments. From low-temperature emission spectra we Sité selection spectroscopy has also been performed in
can determine the levels of the ground multiplet and fromPrder to confirm this assumption. Site selective luminescence
low-temperature excitation spectra those of the excited levil the “Sg, absorption band has been measured with the
els. following results: Upon pulse excitation at 540.9 and 546.4
In Fig. 5 we give the excitation spectra with resolution "M (Markeda and, respectively, in Fig. § decays are still
better than 0.36 nm, enough to position the Stark levels ofionexponential, the, values being 90 and 50s for « and
the high-energy multiplets, of the*Sy,—%., or /B excitation, re§pect|velya andﬁ excitations correspond to
“F 90— 115, luminescence bands for the three samples deth_e two main sites present in t'he CaSZ structure, which can
tecting at 10 K with wide slit(3.2 or 1.6 nm bandpass _stlll be ch_ara_ctt_arlz_ed b_y their first coordination sh_ell accord-
Bandwidths of CaZr@Er levels are near to the better reso- "9 to their similarity with t_h_e YSZ_16 spectra. Excitation on
lution of the experimentll cm* in the %Sy, levels, while ~ @ dives a ground level splitting with levels at apqut 90, 230,
those of CaSZ:Er are of the order of 50 ciThe eutectic and 590 cmi* over the ground state, the splittings being
excitation spectrum consists of a superposition of both Cas2lightly smaller than in YSZ16, and the site wighexcitation

and CazrQ bands gives ground-state splitting with levels at 30, 75, 260, and
) -1
In Fig. 6 we give the*Sy,—*l 15, emission bands mea- 220 cm = o _
sured at 10 K with narrow-band detectiépetter than 0.16 Site selective excitation has also been performed in the

nm resolution and 14.4 nm excitation bandpass. As in the@Utectic samplf in thél 15/, “Sy, band. Upon excitation in
case of excitation spectra, bandwidths are smaller for & the QaZrQ:EP maX|ma+of Fig. %¢), luminescence spectra
CazrO, than in CaSZ, and the spectrum of the eutectic crysdominated by QangJEP spectra are obtained. They decay
tal consists of a superposition of the individual spectra. ~ €xPonentially with 26Qus lifetime at 10 K, the same as in
Similar emission and excitation spectra have been perCaZrQ single crystgls. Equwalently, upon excitation outside
formed for the different emission bands and the position ot CaZrQ peak, luminescence dominated by the correspond-
most of the multiplets determined. In Table V those positiondnd Selected site of Ef in CaSZ is obtained, similar to the
for CazrO;:Er are summarized. Note that all the multiplets CaSZ single crystal. l_\lo concentration quenching effects are
present a splitting lower than or equalde- &, which is the OPserved for this luminescence.
maximum degeneracy possible inGy symmetry site. Ac-
;cr)égg]rﬁly, no more than one site of ¥rin CazrQ; is V. DISCUSSION AND CONCLUSIONS
This is not the case in stabilized zirconia. Here different The microstructured optical material studied here contains
sites for EF* are expected?®?! which contribute to the a stack of CaZr@ and CaSZ alternate lamellae. The*Er
large broadening of the bands. In fact, three maxima aractive ion enters in the two phases with a different concen-
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TABLE V. Stark levels of E¥*-doped CaZrQ@

Multiplet Number of Stark levels Energy (c‘r}p
15 8 0, 40, 100, 163, 200, 282, 295, 373
*l 132 7 6541, 6573, 6609, 6623, 6681, 6693
112 6
o 5
*For 5 15 216, 15 246, 15 309, 15 340, 15 378
Sy 2 18 352, 18 413
*Hiyp 6 19 069, 19 099, 19 142, 19 179, 19 205, 19 227
Far 4 20 433, 20 492, 20 542, 20 585
Fsi2 3 22139, 22 163, 22 193
Fap 2 22 472, 22 563
Horz 5 24 492 24 522, 24 618, 24 697
*Guir 6 26 261, 26 344, 26 413, 26 455

tration, presumably due to the distinct solubility of the dop- Wy g(T)=Wyr(0){exp% o/kT)/[exp(h w/KT)—1]}P,
ant in the respective crystals. As expected, the highly defec- 3

tive CaSZ crystal accommodates about three times more ) )
EF* from the melt than the nondefective CaZr@ystal for ~Wherefiw is the phonon energy amu=AE/fiw is the num-

the level of doping used in this experiment. ber of phonons r_equired to span the energy dif_fererzkE_)(

The EF* absorption and emission properties are alsgPetween the luminescent level and the electronic level imme-
quite different for the two component crystals. For diately below it. AE can be obtained from absorption spec-
CazrO,:EF*, narrow and well-resolved absorption and tra. WyR is calculated subtracting the radiative deexcitation
emission bands are observed. As it corresponds to the largBFoPability (1frog from the measured one @), (Wnr
oscillator strengths for absorption, the calculated radiative™ Y/7exp~ 1/7rad - Wnr(0) is the low-temperature mul-
lifetimes are shorter than for CaSZ. In contrast with this, andiPhonon emission rate which is dependent on the energy gap
with the exception of the lowest excited level emission@nd the electron-phonon coupling. This model applies to the
4] 121, the measured lifetimes are longer. This indicates thaf2S€ Of low electron-phonon coupling and works satisfacto-
nonradiative-transition probabilities are larger in the defec/ily for rare-earth ions. o N N
tive CaSZ crystal than in CaZeOThis also produces a dif- Fitting of Eq. (©)] to;the qonradlatlve—tran5|t|on probabili-
ferent distribution of the pumping energy among the lumi-{i€S Of levels®S;; and “Fgy; in both CaSZ and CaZr{Xrys-
nescent levels, which explains, for example, the differenf@ls has been performed. The parameters obtained from the
relative intensities of the emission bands of the two compolitS are summarized mﬁ'l;a_ble VI. The phonon energies lie in
nent phases of the eutectic crystal, as shown in Fig. 4. So, w@€ range 500-600 cm in both cases, a%[)_roachmqlthe
observe[see Fig. 4a)] that when exciting in the efficient Nigher phonon energies which are Raman acti{&4}3 cm
4 1517 2H 11, hypersensitive absorption band, the lumines-in CazrQ; anq 580 cm in .CaSZ. Vibronic sidebands are .
cent 41,4, level is better populated in CaSZ¥rby the clearly seen in the excitation spectra measured at 10 K in

) ; . 4 2

dominating nonradiative transitions from the excited levelsS0Me Of the most intense transﬂmﬁte For2, “Hiypp, and

than in the CaZr@Er** where the nonradiative transitions 721N CaSZ 0r“Hyyp, “F72, and*Gyyppin CaZrQ),Osee

are smaller. So, taking into account the main radiative ander €xample, Fig. 5. They contain between 10 and 15% of the
nonradiative deexcitation paths of tRél;;, level to #1514, totqll§XC|tat|on intensity and present a Cu}Off at abou_t 530
via the intermediate levels and using the numbers given i§M - in CaZrO; and between 500 and 600 cfin CaSz, in
Table IV, 70% of the ions excited to th&H,y, level in accordance with the phonon energies of the multiphonon de-
CaSZ'Er will contribute to the radiative transition €Xcitation fitting. Hence, it turns out that the energies of the
4 1a;7—%1 15, While only 21% will contribute in the phonons participating in the nonradiative deexcitation are of
CazrO,:Er" crystal. The emission from thl ,,, excited in ~ Similar magnitude in both matrices, while theyg is still

the *l 15;,— *F o, absorption ban@Fig. 4(b)] presents the op- ©N€ order of magnitude hlgh(_er in CaSZ than in Ca{ZfGJ. _
posite behavior. There, the higher quantum efficiency of théhe same energy gap. The slightly lower phonon energies in
luminescent’l ;;,, level in CaZrQ:Er¥*results in a more in-
tense emissiofof the ions excited to théF g, level, 20% in dM i
CaSZ:EP* and 65% in Cazr@will contribute to the radia- and Voos expression.
tive 41,115, luminescence, also from Table JV

TABLE VI. Parameters obtained from the fitting to a Riseberg

— 1 —1

In order to find an explanation for the higher Host tevel P fwlem)  Ww(0) (57
nonradiative-transition probabilities in CaSZErthan in  Cazro, “Fop 5 530 1.6510*
CazrQ;:Er**, a single-phonon mode model of Riseberg and Sy, 6 525 6.0< 107
Moos has been uséd.According to it, the temperature de- casz “Fon 5 560 1.3%x10°
pendence of the nonradiative deexcitation probabilti k) S, 6 510 9.5¢ 103

is given by the expression
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the Raman spectrum for the latter cannot be the only reason_ 0.7
for this difference inWyr, and differences in the electron- § 0.6-
phonon coupling must also be playing a role. g
According to the neutron-diffraction data for CazrfO £ g¢.5
given by Ref. 9, C& is coordinated to 8 oxygens with a 2
mean distance of 2.57 A whereas the next 4 oxygen ions are% 0-44
at distances in the 3.0-3.6 A range. On the other hand, fromg 4|
site resolved spectroscopy we have proposed thit iBns g
in the CaSZ fluorite structure are coordinated mainly with 8 § 0.2+
or 7 oxygen ions. Assuming no distortions in this structure, § N
the cation-oxygen distance is 2.23(8.15 A lattice param- £ 0. i 1
eter for CaSZ 24 mol % CaOFurthermore, extended x-ray- 3 0 . . : . .
absorption fine structure d&fahave shown that in EO; 500 510 520 530 540 550 560
stabilized ZrQ (5 mol % ErQ g), vacancies tend to be lo- Wavelength (nm)

cated in the vicinity of the host Zf cation, thus producing a
mean relaxation of oxygen ions outwards of thé'Eon and
inwards in the Zt* vicinity. Assuming this also happens in
our crystal in the vicinity of the Bf dopant, it forces a
relaxation outward of the nearest neighboring oxygen ions t
2.32 A, which is still a smaller distance than in CazrO
Thus an increase in the overlapping of*Etigand wave
functions in the former, and consequently a higher electron- The reason for the dips is obviously the absorption of
phonon coupling is expected. incident light by the CaZr@ phase before arriving at the
We turn now to a different effect found when we excite CaSZ phase. But, which is the reason for the peaks? From
the eutectic sample with broad light beams and is a consdhe absorption spectra in the single phase crystals, we have
guence of the multiphase character of the material. Due toalculated the contribution from the two possible processes.
the large inhomogeneous broadening in the CaSZ spectr®adiative transfer from CaZrCEr" to CaSZ:E?* turns out
absorption and luminescence bands of the two phases ovep be too small to compensate for Ca%r9r3+ absorption
lap. Hence, upon excitation on a Cazr&r’” absorption prior to CaSZ:E}* excitation, thus the underlying
peak, some luminescence can be measur8d(Big. 6). This  CazrQ,:Er** luminescence a8 is the reason for the peak at
luminescence has longer lifetimes than that corresponding t944.9 nm(marked 7. Then, the spectrum in Fig. 7 can be
the CaSZ site, suggesting that either luminescence fofingerstood as follows: If the CaZgErP* absorption coef-
CazrQ; is also present at 561.5 nfiB in Fig. 6c)] or that  ficjent is high, dips appear, whereas upon CaZEB™ ab-
some radiative transfer from CaZy@r" luminescence sorption coefficient decreasing, those dips are compensated

contributes to the excitation of CaSZ%r The reverse ef- =3t A ; : _
fect of the latter(reabsorption of luminescence from CaSZ by CazrQ:EF" direct luminescence and finally peaks ap

by CazrQ) has in fact been observed in the Iuminescencé)ear in the excitation spectrum. The relative weight of both_
band of Fig. &) with a dip at 543.1 nm, corresponding to effects depends very strongly on the geometry of the experi-

the CazrQ:Er®* absorption peak position. ment and sample Size. .
To confirm this point, the excitation spectrum of the lu- In conclusion, we have prepared a structured composite

minescence aB has been measured in the eutectic Samplematerial of two optical crystals with different refractive in-
and is shown in Fig. 7. The sharp peak at 544.9(nmmber dex. Three luminescent Er sites have been identified, one

7) clearly corresponds to &ly5, %Sy, excitation of N the (;aZrQ pha_13e and two in the CaSZ_ phz_;tse. The spec-

CaZzrO;:Er** luminescence. A careful examination of the troscopic properties of thes_e sites are quite different: narrow

CaZzrO;:Er** green luminescence spectriiFig. 6(@)] shows and well—resolved absorption and emission bands for the

a low intensity tail at the long-wavelength side, probably dug'ondefective CaZr@phase, and broad structureless bands

to vibronic transitions which overlap the CaSZEdumi-  for the highly defective CaSZ phase. The work opens new

nescence aB. possibilities for light guiding and power amplification that
But much more intense are the dips detected in thé'e currently under study.

4 157—2H 11, CaSZ:EF" excitation band. In the lower part

of Fig. 7 we have marked the positions of the narrow

CaZrQ;:Er*" excitation peaks, numbered from 1to 7. 1, 3, 4, ACKNOWLEDGMENT

and 5 coincide with the dips, while 7 clearly produces a

peak. 2 and 6 might also produce a positive contribution to This work has been supported by the CIC¥3pain un-

the excitation spectra. der Contract No. MAT94-0225.

FIG. 7. Excitation spectrum of Ef into the eutectic crystal
with detection wavelength at 561.5 nfmarkedB in Fig. 6(c),
which is a maximum of the CaSZ:Erluminescenck The position
of the CaZrQ:Er**excitation peaks are indicated with numbers 1 to
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