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The structural and optical properties of calcium-neodymium hexaaluminates crystals Ca,-,Nd*Mg, 
Al,2-x0,9 (labeled Cal-,Nd,) with a magnetoplumbite (MP) structure are investigated. The floating 
zone method is used to grow single crystals in the composition range 0.1 5 x 5 0.7, although for 
high calcium content, the melting of the compounds is no longer congruent. The X-ray structural 
determination, optical absorption at 4 K, and ESR investigation agree in the localization of Nd3+ at 
the regular large cations site of the MP structure with axial (D3& symmetry. A set of crystal field and 
free ion parameters which fits the absorption spectrum of Nd 3+ in this site is calculated. When x 
increases, Nd3+ ions tend to occupy also a second site with lower symmetry. Moreover some anomalous 
behavior observed in the absorption and ESR spectra at high neodymium concentration may be related 
to Nd3+-Nd3+ ion pairing. Fluorescence intensity and lifetime measurements as a function of the x 
value are reported. There is evidence of strong cross-relaxation between neighboring neodymium ions 
for high x values. The results obtained for the Ca,-,Ndx compounds can be extended to other series 
in which Nd3+ is replaced by another lanthanide ion. Preliminary investigations have been performed 
with Pr” and are also reported. o 19% Academic PKSS, hc. 

Introduction ing compositions Ca,-,Ln,Mg,Al,,-,O,, 
with Ln = La,-,Nd, ,O 5 (Y 5 1 and 0.3 I 

The calcium (CaAl,,0,9) and lanthanide x I 0.7. Optical absorption, fluorescence, 
(LnMgAl,,0,9 with Ln = La,-.Nd,) hexaa- and ESR spectra of Nd3+ in these mixed 
luminates form a full series of solid solutions crystals have been investigated and com- 
(labeled CLnA) of the magnetoplumbite pared with those of La,-,Nd,MgAl,,O,, 
(MP) type (I). Single crystals have already (LNA) which is a promising laser material 
been grown by the zone melting technique, (2,3). In LNA, Nd3+ ions are distributed on 
using an arc image furnace, for various start- three sites, whereas in CLnA only two of 

these sites were shown to be occupied (1). 
$ To whom correspondence should be addressed. Furthermore, one of the two sites, with 
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nearly axial symmetry, is much more popu- 
lated than the other. The higher the calcium 
content of CLnA, the higher the neodym- 
ium occupancy ratio in this axial site (I). 
Therefore, a comprehensive study of 
CLnA compounds for Ln = Nd3+ (referred 
to as Ca,-,Nd,) is reported here, particu- 
larly in the calcium-rich composition range 
0.1 5 x 5 0.7. We have also been inter- 
ested in the effect of neodymium dilution 
which is thought necessary to prevent con- 
centration quenching of the fluorescence. 
It could be achieved either by varying 
the calcium content of the material or by 
introducing another lanthanide ion such as 
lanthanum. 

Crystals of every chosen composition are 
elaborated by floating zone method. Charac- 
terization of the magnetoplumbite structure 
is made by X-ray powder diffraction. Two 
crystalline compositions were selected for 
intensity measurements and structure re- 
finement. The more specific study of the 
Nd3+ ion (site number and symmetry) is re- 
alized by ESR and optical absorption spec- 
troscopies, and calculation of the crystal 
field parameters. The optical behavior of 
these compounds is tested with regard to 
their possible laser application (fluores- 
cence intensity and lifetime). 

Experimental 

At first for every composition Ca,-,Nd, 
or Ca,_,(La,-,Nd,) with 0 < y < 1 and 0.1 
5 x 5 0.7, sintered rungs are prepared in 
the following way: CaCO, , La,O, , Nd,O, , 
Al,O,, and MgO powders are mixed in the 
appropriate amounts. The intimate mixture 
is cold pressed and the pellets are prereacted 
by heating at 1100°C in air for 15 hr in order 
to decompose the carbonates. The samples 
are crushed, pressed again to obtain paral- 
lelepipedic rungs (5 cm in length, 1 cm in 
width), and then annealed for 50 hr at 
1560°C. X-ray powder diffraction is used to 
check that the reaction is completed. Rungs 

are shaped into rods to be used in the crystal 
growth by the floating zone method in air. 
The heat source is a focused 6.5kW xenon 
arc lamp. Every composition is processed 
with a 1 cm/hr translation speed. The crys- 
talline quality is related to the calcium con- 
centration and decreases when this concen- 
tration increases. 

The growth of the C&,,Nd,,, (or 
Ca,,,L~.,Nd,J and Ch,sNd,,, compounds 
provide transparent crystals (5 mm in diam- 
eter, 5 cm in length) with the MP structure. 
They exhibit a few cracks, probably due to 
thermal shock under cooling. The com- 
pounds with higher calcium concentration 
show not only cracks but also extra phases. 
The Cq,.8Nd0.2 (and Ca.&~.,Ndo.J crystal 
is of quite a good quality but uniformly cov- 
ered with a thin white polycrystalline layer 
of a aAl,O,-CaAl,O, mixture. In the case 
of Ca.Wo.~ T under the polycrystalline 
layer, we only find a few monocrystalline 
platelets of the MP phase mixed with alu- 
mina. The occurrence of parasitic phases 
may arise from the noncongruent melting 
for these compositions, as it occurs for the 
parent compound CaAl,,O,, . 

The crystal growth always occurs along 
the a axis. By mechanical shock, the crystal 
can be cleaved along the (a, b) plane leading 
to monocrystalline slabs suitable for spec- 
troscopic or structural investigations. The 
exact compositions in Ca*+, Nd3+, Mg*+, 
and A13+ are determined by electron probe 
microanalysis. Experimental compositions 
and lattice parameters are given in Table I. 
After the crystal growth process, we ob- 
serve a lack of calcium with regard to the 
starting compositions. The microprobe 
analysis along the crystal length indicates 
that there is no segregation of the elements. 

The effect of magnesium is also pointed 
out. An excess or a deficiency of MgO in 
the starting mixture, balanced or not by the 
Al,O, content, always leads to platelets of 
MP crystals and simultaneous formation of 
other phases. 
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TABLE I 

CHEMICAL COMPOSITIONS AND LATTICE PARAMETERS OF CLnA SINGLE CRYSTALS 
AND THE LNA COMPOUND 
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Lattice parameters 
(powder patterns) 

Starting Formulas deduced from 
compositions electron probe microanalysis a (kO.002) (A) c (k0.005) (A) 

Cao.9Ndo.l C~.x47Ndo.l,sM~.,z~li~.8a20~9 5.562 21.89 

C%.&%N“o.~ C~.~,,L~.,53Ndo.l42Mgo.257A~~l.757019 5.565 21.91 

(hddo.2 C~.743Ndo.zszM~.,,,A111.765019 5.565 21.89 

Cao.7Ndo.3 C~i6~oNdo.32oM~.,,A111.7~019 5.570 21.89 

%,Ndo.4 Cao.474Ndo.490M~.41,A111.558019 5.568 21.89 

C%.sLao,Wo.i C~.~,Lao.479Ndo.o63Mp0.463Alll.s19019 5.574 21.94 

Cao.sNdo.5 Cao.4o4N~.s7sM~.,,3All,.s~0,9 5.577 21.90 

h.4Ndo.6 C~b.33zNdo.ss1M~.,,,Al11.536019 5.571 21.88 

LNA” 5.579 21.97 

’ Data from Ref. (4). 

X-Ray Structural Investigation 

Compounds belonging to the magneto- 
plumbite structure type have a hexagonal 
symmetry with space group P6,lmmc. The 
corresponding unit cell contains two unit 
formulas and consists in two spinel-like 
blocks “Al,,O,, ,” separated by mirror 
planes containing the heavy ions, three oxy- 
gen ions, and one more Al ion (Fig. l), (4). 
This ideal structure has been found to ac- 
commodate a wide range of disorder and 
nonstoichiometry. In CaAl,,O,, for in- 
stance, substitution of Ln3+ to some Ca2+ 
requires some electric compensation, such 

FIG. 1. Mirror plane structure in magnetoplumbite. 

as Mg2+ substitution for A13+, in the spine1 
blocks. In materials exhibiting different 
Ca2+/Nd3+ ratios, the main need is to deter- 
mine the exact location of these ions with 
respect to the possible positions of P6,lmmc 
on which they are expected to lie. 

Two crystals were selected for intensity 
measurements and structure refinement, re- 
spectively, with C%,,Nd,-,, and CaO,,Nd,., 
starting compositions, in order to determine 
the exact location and environment of the 
Nd3+ active ion in these materials. Refine- 
ment of both structures was performed (5, 
6) on two sets of intensities collected on a 
CAD4 Nonius diffractometer. The specific 
parameters of the crystals and conditions of 
data collection are gathered in Table II. The 
resulting atomic parameters for each com- 
pound and corresponding interatomic dis- 
tances are given in Tables III, IV, and V. 

In both refined structures, Ca and Nd are 
undiscernable. Attempts were made to lo- 
calize them independently, but with both 
compositions they have to be handled as 
an average weighted ion such as 0.8Ca + 
0.2Nd and OSCa + 0.5Nd. Their exact loca- 
tion as deduced from refined atomic posi- 
tions and occupancy is on the ideal 2d 
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TABLE II 

CRYSTALLOGRAPHIC DATA ANDPROCEDURE 

Cao,sNdo,2(A1,Mg),,0,~ magnetoplumbite C~,,Ndo,5(AI,Mg),,O,, 

Crystal symmetry Hexagonal Crystal symmetry Hexagonal 
Space group P63/mmc 2 = 2 Space group 

a = b = 5.558 (kO.001) A 
P6,immc Z = 2 

Unit cell Unit cell a = b = 5.568 (kO.001) A 
c = 21.872 (kO.002) A y  = 120” c = 21.883 (~0.004) A y  = 120 
eta = 3.935 v  = 585 A’ cla = 3.93 V = 588 ii3 

Density pth = 3.98 Density pth = 4.10 
Crystal size 0.3 X 0.4 x 0.17 mm Crystal size 0.2 X 0.3 X 0.05 mm 
Linear absorption coefficient p = 81 cm-’ Linear absorption coefficient p = 90 cm-’ 

Data collection Nonius CAD4 diffractometer 

AMoKa, 0.7107 A; graphite monochromator; B/w scan, scanning speed: 1.5” to 6.7”imin 

0 < h < 8,0 < k < 8,0 < I < 40 0 < h < 10, 0 < k < 10, 0 < I < 40 
sin 0/h,,, = 0.95 sin Bib,,, = 0.95 
Total of measured reflections: 1265 independent of Total of measured reflections: 1241 independent, of 
which 192 unobserved with Z < 3a which 359 unobserved with Z < 3 o 

Ion scattering factors from International Tables for X-Ray Crystallography, Vol. IV 

R factor on IF(hkl)j 0.029 R factor on IF(hkl)l 0.032 
Weighted R: 0.032 Weighted R: 0.037 
544 reflections (F > F,,,/20) 501 independent reflections (F > F,,,,,/20) 

One average Ca/Nd site Two partially occupied Ca/Nd sites 
Residual electron density: 0.9 e/A3 Residual electron density: 1.2 e/A3 
Extinction correction factor: 0.32 x 10m5 Extinction correction factor: 0.22 x 10m5 

Wyckoff position ($, 5, f) or quite close to it 
(6h position). Of course, this is an average 
description, meaning that in any considered 
unit cell, the (Ca/Nd) ion is found on only 
one of the four possible sites shown in Fig. 
1. The environment around the 2d position 
is more symmetrical (D,,) than the 6h shifted 
one (C,,). For the C%,,Nd,,, composition, 
the mean ion can be taken in the 2d site 
with a corresponding thermal factor B of 0.4; 
however, anisotropic refinement of temper- 
ature factors shows that this ion exhibits a 
large amplitude of vibration within the mir- 
ror plane. Handling the average weighted 
ion of the Cq,,Nd,,, composition in the same 
way leads to a bad R factor and too large 
amplitudes of vibration. Therefore, this ion 
is also introduced on a second slightly 
shifted position; then the thermal factors 
have more reasonable values for both partly 

occupied sites. It comes out that the higher 
the Nd3+ content, the more disordered the 
distribution of heavy ions in the mirror 
planes of the structure. As previously men- 
tioned in similar compounds (7), the A12 
ion, theoretically located at the 2b position, 
is shifted out of the mirror plane, locally 
disturbing its fivefold oxygen environment 
to get into a tetrahedral site. 

ESR Investigations of Nd3+ in Cal-,Nd, 

The ESR spectra of single crystals of the 
Ca,_,Nd, compounds were obtained at 20 
K on a Bruker ER 220 D spectrometer op- 
erating at the X band, fitted with an Oxford 
Instrument ESR 9 helium flow cryostat. The 
crystalline slabs are parallel to the (a, b) 
plane of the structure. The spectra were per- 
formed for different orientations of the static 
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TABLE III 

FINAL SETOFATOMIC PARAMETERS IN C%,sNdO,z HEXAALUMINATE (R = 0.029) 

Atom type 

Coordinates 
Wyckoff No. of Isotropic thermal 
position neighbors X y  = 2x Z B coefficient 

All 2a 6 0. 0. 0. 0.10(3) 
A12 2b 4+1 0. 0. 0.2411(l) 0.16(5) 
A13 (AI + Mg) 4f 4 0.3334 0.6667 0.0277(l) 0.23(2) 
Al4 4f 6 0.3334 0.6667 0.1906(l) 0.18(2) 
AI5 12k 6 -0.1682(l) -0.3365 0.1089(O) 0.19(l) 
01 4e 0. 0. 0.1497(l) 0.27(5) 
02 4f 0.6667 0.3334 0.0557(l) 0.31(5) 
03 6h 0.1812(3) 0.3623 0.250 0.51(4) 
04 12k 0.1543(2) 0.3086 0.0526( 1) 0.33(3) 
05 12k 0.5040(3) 0.0079 0.1499(l) 0.29(3) 
Ca/Nd 6h 12 0.6736(6) 0.3472 0.250 0.40(5) 

Note. Estimated standard deviations are given in parentheses. Coordinates without e.s.d. are unvariable. 

magnetic field B, with respect to the c axis 
of the crystals. 

B, 11 c. For this orientation, the lines are 
the narrowest, the intensities are maxima, 
and the field positions are minima. This 
indicates that c is one of the principal axes 
of the g tensor of Nd3+ ions. As seen in 
Fig. 2, the spectra are always constituted 

of a narrow central line (associated with 
Nd3+ ions of zero nuclear spin) which 
corresponds to a single type of site occu- 
pied by neodymium. On the contrary, in 
the LNA case, there are two central lines 
(8) which reveal the multisite character of 
the neodymium ions. This central line is 
flanked by weak hyperfine satellites due to 

TABLE IV 

FINAL SETOF ATOMIC PARAMETERS IN Ca,,sNd,,s HEXAALUMINATE (R = 0.032) 

Atom type 

Coordinates 
Wyckoff No. of Isotropic thermal 
position neighbors X y  = 2x z B coefficient 

All 2a 6 0. 0. 0. 0.24(4) 
A12 2b 4+1 0. 0. 0.2416(l) 0.35(6) 
Al3 (Al + Mg) 4f 4 0.3334 0.6667 0.0276(l) 0.30(3) 
Al4 4f 6 0.3334 0.6667 0.1903(l) 0.20(2) 
A15 12k 6 -0.1680(l) -0.3361 0.1087(O) 0.23(l) 
01 4e 0. 0. 0.1499(4) 0.43(6) 
02 4f 0.6667 0.3334 0.0566(4) 0.38(5) 
03 6h 0.1810(3) 0.3621 0.250 0.54(5) 
04 12k 0.1533(2) 0.3067 0.0529(l) 0.40(3) 
05 12k 0.5048(3) 0.0096 0.1508(l) 0.30(3) 
Ca/Nd (0.6/plane) 2d 12 0.6667 0.3334 0.250 0.30(5) 
Ca/Nd (0.4/plane) 6h 12 0.6855(4) 0.3708 0.250 0.40(5) 

Note. Estimated standard deviations are given in parentheses. Coordinates without e.s.d. are unvariable. 
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TABLE V 

INTERATOMIC BOND LENGTHS IN Ca,_,Nd, 
HEXAALUMINATES (IN A) 

Hexaaluminate C%,sNdo,s Hexaaluminate C%,,Ndo,z 
(R = 0.032) (R = 0.028) 

NdCal- 05 x 6 2.673(2) 
(24 03 x6 2.787(3) 

NdCa2-05 x4 2.626(2) NdCa- 05 x 4 2.673(3) 
(6h) 03 x2 2.636(4) (6h) 03 x2 2.726(3) 

05 x2 2.783(2) 05 x2 2.731(2) 
03 x2 2.784(4) 03 x2 2.780(4) 
03 x2 2.950(4) 03 x2 2.842(4) 

All-04 x6 1.878(2) All-04 x6 1.879(l) 
(2a) 
A12-03 x 3 1.756(2) A12-03 x 3 1.755(l) 
(2b) 01 2.006(9) 01 1.997(3) 

01 2.374(9) 01 2.391(3) 
A13-04 x 3 1.822(2) A13-04 x3 1.808(l) 
t4jI 02 1.842(9) 02 1.824(3) 
A14-05 x 3 1.866(2) A14-05 x 3 1.869(2) 
(4fl 03 x 3 1.966(2) 03 x 3 1.958(2) 
A15-05 x 2 1.826(2) A15-05 x2 1.814(2) 

(12k) 01 1.856(4) 01 1.849(l) 
02 x 2 1.958(5) 02 x2 1.970(2) 
04 1.978(2) 04 1.985(2) 

Note. The e.s.d. is in parentheses. 

the two neodymium isotopes, both with 
712 nuclear spin, and by two lines whose 
intensity greatly increases with the Nd3+ 
concentration (Fig. 2). Similar phenomena 
have been observed in other compounds 
and attributed to Nd3+ pairs (9). Here too, 
these lines may reveal the existence of 
magnetic interactions between the Nd3+ 
ions. 

When the magnetic field rotates from the 
c axis to the direction of the (a, b) plane, 
the lines move towards higher fields and 
broaden. For B, perpendicular to the c 
axis the lines reach their higher field posi- 
tions. 

B, I c. When B, rotates into the (a, b) 
plane, the ESR spectrum is mainly consti- 
tuted of a broad line, nearly isotropic. How- 
ever, its position exhibits a very small fluc- 
tuation with a 60” periodicity. This indicates 

that the main site for the Nd3+ ion in the 
Ca, -,Nd, compounds is not perfectly axial, 
even for very low x values, but is very close 
to the theoretical (2d) large cation site of the 
magnetoplumbite structure with D,, sym- 
metry. 

Optical Absorption of Nd3+ 

The spectra were recorded at 4 K on a 
Beckmann UV 5270 spectrometer fitted 
with an Oxford Instrument helium flow 
cryostat, in the wavelength range 200 to 
2600 nm. The light beam was directed 
along the crystal c axis. The number of 
absorption lines detected in the 4&,,2 + 
2h2 region (420-440 nm) at liquid helium 
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FIG. 2. Comparison of the single-crystal ESR spectra 
with B0 / c of Nd’+ for three CLnA compounds with 
starting compositions: (a) C%.sN&.l ; (b) C%.sNdO.z ; and 
Cc) %.,Ndo 3. 
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FIG. 3. Influence of the CalLn ratio on the optical 
absorption spectrum of the Nd3+ “&,? + zP,12 transition 
at 4 K. Starting compositions: (a) C%,8Nd0,2; (b) 
Crq,,Nd0,3 ; and (c) LNA. 

temperature can be used to determine the 
number of Nd3+ sites in a given structure. 
The terminating level 2P112 is not split by 
the crystal field (J + t = 1). At sufficiently 
low temperature, the first Stark level of 
the 4Z,,, ground state is the only one to be 
populated. Therefore, this transition gives 
a single line for each Nd3+ site. For LNA, 
the neodymium is distributed on three sites 
(8). As shown on Fig. 3c, two of them 
(giving a doublet at 426.2 and 426.6 nm) 
are very similar and the third one is respon- 
sible for the line peaking at 429.7 nm. In 
a parallel study by Agladze et al. (10) only 
two sites (2P1,2 = 426.7 and 429.9 nm at 

77 K), but with broad absorption lines, 
were identified. In the CLnA case, it has 
been shown that neodymium ions tend to 
become localized on a single site when the 
calcium concentration increases (1). The 
428.7 nm line of the second site, corre- 
sponding to the 429.7 nm line in LNA, 
disappears (Fig. 3b). 

The present work extends these results to 
compositions with higher calcium content: 
Cq,,Nd,,2 and Ch,,Nd,,, . In both cases, 
there is only one narrow line around 426.6 
nm for the 4ZY,2 + 2P,,2 transition at 4 K and 
therefore a single neodymium site. (Fig. 3a). 
Compared to LNA, the lines at higher wave- 
lengths in a given transition tend to disap- 
pear: for instance the lines up to 581 nm in 
the hypersensitive transition 4ZV,2 + 4G,,2, 
4G7,2 , and 2G,,2. 

The optical absorption measurements at 
low temperature also indicate that the crys- 
tal field splitting of the energy levels is re- 
lated to the calcium content in the matrix. 
The splitting usually decreases when the cal- 
cium concentration increases. The splitting 
of the 4F3,2 level also follows this general 
rule (Fig. 4). But its precise value is difficult 
to estimate because of the occurrence of 
more than the two expected bands at 4 K, 
even at very high calcium concentration 
(Fig. 4a). This observation is also in dis- 
agreement with the single site character al- 
ready established for these compositions by 
the X-ray diffraction and ESR investiga- 
tions, and confirmed by the study of the %, 
2 -+ ‘Pin transition. 

The key role of magnesium in CLnA is 
confirmed by optical absorption spectros- 
copy. Investigation indicates that the sec- 
ond site occupancy (line around 428.7 nm) 
increases when the magnesium concentra- 
tion decreases. 

Analysis and Simulation of 
the Absorption Spectra 

Well-isolated transitions observed in the 
absorption spectra at 4 K are easily attrib- 
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to or lower than the theoretical one, with 
the unique exception of 4Z9,2 --f 4F3,2. In the 
UV region (above 29,000 cm-‘) only a few 
lines could be detected. Three lines are ob- 
served in the 4Z9,2 * 4F312 region, a very in- 
tense one is observed at 11,596 cm-‘, and a 
doublet is observed at 11,662 and 11,685 
cm-’ (Fig. 4a). Up to now, we have no ex- 
planation for the occurrence of a supple- 
mentary line. We selected the couple 
(11,596-l 1,662 cm-‘) as discussed below. 

FIG. 4. Comparison of the optical absorption spectra 
of the Nd3’ 4Z912 + 4F3,, transition at 4 K. Starting 
compositions: (a) Ca,,,Ndo,z; (b) C%,5Nd,,,; and (c) 
LNA. 

uted by reference to previous investigations 
on Nd3+ in other matrixes (8, 11-23). The 
upper components of the ground state level 
are deduced by comparing the 4F312 * ‘Ig12 
emission spectra and the ‘ZYiz + 2P,,2 absorp- 
tion lines at room temperature. Ninety-five 
levels are identified for Ca,*Nd,., (Table 
VI). Most of the observed transitions up to 
29,000 cm-’ present a number of lines equal 

The parametric fit of the experimental lev- 
els was performed by means of the program 
Reel (14) on the complete 364 * 364 basis of 
the f3 configuration. The crystal field inter- 
action has been modified by dividing the 
(2H(2) / U4 / 2H(2)) matrix element by 4 
in order to improve the calculated/experi- 
mental agreement for the 2H(2),1,2 level as is 
discussed in reference (15). The refinement 
was carried out by adjusting 14 free ion and 
4 crystal field parameters. The process was 
started with the free ion values adjusted for 
NdF, (13). Starting values of the neodym- 
ium 4felectron crystal field parameters were 
obtained by application of a covalent model 
and utilizing recent observations concerning 
the influence of second neighbors (16). The 
crystal field at the rare earth site is produced 
by its ligands but the field strength and its 
decrease when the ligand distance increases 
are tuned by the next nearest neighbors. To 
that respect, aluminum is the element which 
has the most drastic influence on the order 
6 parameters. We therefore utilized the 
method which proved efficient for NdAlO, , 
and more generally for all mixed oxides con- 
taining neodymium and aluminium. The pre- 
dicted parameters resulting from the calcu- 
lation are listed in Table VII, second 
column. The a priori calculation takes into 
account the 12 oxygen first neighbors of the 
regular 2d site in the MP structure. The point 
symmetry around Nd therefore is D,, and 
the Nd-0 distances are deduced from the 
crystallographic data in Table II. 

The first refinements were made on 92 
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experimental levels without 4Fji2. The cal- 
culated splitting for this last transition, 70 
cm-‘, was in good agreement with the ob- 
served difference between 11,596 and 
11,662 cm-‘. These two lines were then 
taken into account. The best fit parameters 
on the 94 experimental values are gathered 
in Table VII, the root mean square deviation 
being 12.5 cm-‘. The calculated levels are 
reported in Table VI. For levels higher than 
the 4D,,2, not all the calculated sublevels are 
listed, but only the nearest to the observed 
lines. Therefore the Nd3+ optical spectrum 
in Ca, sNd,., is well reproduced, assuming a 
DXh pdint symmetry; this confirms that neo- 
dymium ions are localized on a single site 
very close to the regular large cation site of 
the MP structure. Moreover the fitted Z3: are 
actually very close to the a priori calculated 
values, the only marked difference being 
B&, = 2.1 Bicalc (Table VII). 

A similar analysis was realized on 
Cao.5N4.5 9 taking into account only the ab- 
sorption lines corresponding to the main 
site. The positions of most of the energy 
levels remain very close to those observed 
for Cq,8Nd,,, and should not lead to a great 
variation of the parameters set. The 4Z9,2 + 
4F3,2 transition is once more difficult to re- 
produce. It presents two broad bands cen- 
tered at 11,574 and 11,696 cm-’ (Fig. 4b). 
This 122 cm-’ splitting would be correctly 
reproduced with a Bi value of about 800 
cm-’ but this value is too high to fit the other 
levels. From the broadness of the two lines 
we deduce that they are the envelopes of 
several narrower components and estimate 
the smallest possible separation between 
two individual lines (one of each band) to 
100 cm-‘. The mean deviation is 14.2 cm-’ 
and the corresponding parameters are gath- 
ered in Table VII. It must also be pointed 
out that other terms, such as spin-correlated 
crystal field interactions (17), lead to a selec- 
tive shift of some energy levels when they 
are included in the Hamiltonian of the sys- 
tem. One may infer that the 4F3,2 Stark levels 

are not well fitted here because such interac- 
tions are not taken into account. 

The increase of the mean deviation value 
with the neodymium concentration seems 
to arise from a limitation of the isolated ion 
model at high neodymium concentrations. 
The existence of some satellite lines on the 
ESR spectra at high neodymium concentra- 
tions indicates that some Nd3+ ion pairing 
occurs. In terms of the crystal field effect 
(or in other words of the Nd environment) 
ion pairing will result in differences in the 
second neighbors of a given Nd: either a 
second Nd or a Ca. Indirectly this may also 
cause slight distortions in the oxygen first 
neighbors or differences in the localization 
of the charge-compensating magnesium 
ions. Such second neighbors effects are of- 
ten suggested to explain the appearance of 
satellite lines in the lanthanide optical spec- 
tra (Z8). In the case considered here one 
must admit that the structural changes affect 
the 4F3,2 splitting (which depends only on 
Bi parameters) more than the decomposi- 
tion of the other levels. So besides the appa- 
rition of a second site (characterized by a 
lower 2P,,2, around 23,326 cm-‘, and sets of 
lines shifted toward lower energies in the 
other transitions), one must also consider 
the broadening or the decomposition of the 
lines corresponding to the main site. In these 
conditions fitting the observed spectra for a 
more heavily doped sample has not been 
considered. 

A further check of the accuracy of the 
crystal field parameters can be obtained 
from a comparison with the ESR results. 
The g values for the ground state Kramers 
doublet of Nd3+ have been calculated utiliz- 
ing the wave vectors computed from the 
crystal field parameters listed in Table VII. 
The calculated values are in fairly good 
agreement with the experimental ones (for 
example, for x = 0.5 gicalc = 1 SO and glexp 
= 1.60, g//talc = 4.09 and g/,,, = 3.91). 

For a given temperature, the theoretical 
values of the magnetic susceptibility can 
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TABLE VI 

OBSERVEDANDCOMPUTED Nd3+ ENERGYLEVELS FOR Cq,sNdo,j 

Levels Eexp (cm-7 Levels Eexp (cm-9 Ed (cm-9 

41, 30 4,003 4,001 
4,118 4,125 
4,161 4,162 
4,220 4,214 
4,278 4,267 
4,391 4.390 

4z1s,* 5,819 
5,995 
6,107 
6,276 
6,277 
6,339 
6,596 

%12 0 
150 
180 
480 
540 

44 112 2,081 
2,082 
2,182 

2,262 
2,291 

0 
134 
187 
484 
545 

2,071 
2,076 
2,175 
2,218 
2,251 
2.286 

5,834 
6,015 
6,117 
6,276 
6,303 
6,353 
6,609 
6,731 

4F312 11,596 
11,662 
11,685 

11,582 
11,652 

4F5i22~(2h2 12,610 
12,633 
12,634 
12,664 
12,714 

12,856 
12,980 
13,535 
13,568 
13,717 
13,744 
13,745 
13,774 

12,627 
12,631 
12,646 
12,675 
12,711 
12,861 
12,870 
13,007 
13,546 
13,572 
13,731 
13,744 
13,752 
13,779 

4F,/2 14,863 14,876 
14,901 14,908 
14,932 14,947 

19,131 
19,190 
19,271 
19,335 
19,512 
19,629 
19,666 
19,686 

19,774 
19,801 
19,802 

19,891 

2G(l),,,2D(1)3,2 21,163 
21,164 
21,186 

21,272 
21,306 
21,383 

4G,,~22K~~~z 21,617 
21,668 
21,682 

21,779 
21,834 
21,881 
21,882 

21,954 

21,990 
23,447 

23,941 
24,015 

2p3,2 26,340 

4D312 28,217 28,227 

17,558 
19,116 
19,186 
19,279 
19,331 
19,520 
19,654 
19,660 
19,691 
19,737 
19,752 
19,804 
19,805 
19,863 
19,918 
19,919 
19,939 

21,168 
21,171 
21,194 
21,353 
21,259 
21,330 
21,377 

21,631 
21,655 
21,673 
21,714 
21,738 
21,768 
21,818 
21,878 
21,882 
21,920 
21,924 
21,955 
21,989 
22,013 
23,443 

23,950 
23,999 
24,105 

26,342 
26,430 
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TABLE VI-Continued 

Levels Eexp (cm-‘) Ecal (cm-9 Levels Eexp (cm- 9 EmI (cm-9 

14,959 14,964 28,292 
15,015 14,984 

4Dsi2 28,369 28,359 
2fm11/2 16,045 16,031 28,450 28,441 

16,084 16,067 28,541 
16,085 16,091 
16,103 16,101 4Q,2 28,868 28,879 
16,118 16,113 

16,185 21 lll2 29,455 29,437 
4G,24G,z2W)7/2 17,271 17,292 ?L ISi2 30,414 30,412 

17,310 17,332 
17,340 17,351 4D7/2 30,628 30,637 
17,490 17,484 
17,559 17,550 2D(%2 33,501 33,501 
17,560 17,557 33,593 

also be calculated utilizing the same wave 
vectors. For the two compounds Ca,-,Nd, 
studied, 1/x1 is always higher than l/x/. At 
300 K, the values for x = 0.2 and x = 0.5 
are, respectively (in emucgss’), l/x// = 
182.93, 1/x1 = 218.03 and l/x// = 177.78; 
I/xi = 221.66. 

Fluorescence of Nd3’ in the CLnA 

Fluorescence Spectra 

The fluorescence of the CLnA crystals in 
the near infrared range was performed using 
a Jobin-Yvon HR 1000 monochromator and 
a PbS cell detector associated with a lock- 
in amplifier. The excitation wavelength at 
577 nm, in the hypersensitive absorption 
band, was obtained using a filtered mercury 
arc lamp. The only fluorescent level is 
4F3,2. The terminating level of the main emis- 
sion, at about 1.06 pm, is 4Z11,2. Other transi- 
tions toward 4Z9/2 and 4Z,w2 occur at about 0.9 
and 1.35 km, respectively. They are weaker 
than the previous one and will not be further 
considered in this study. At liquid nitrogen 
temperature, the lowest Stark level of 
4F3/2 is the most populated. The 4F3,2 + 
4Z 1,,2 transition therefore consists of six 

strong lines. Experimentally, one observes 
only three bands. The emission spectra can 
be compared to that of LNA (Fig. 5). The 
maxima of the three bands are shifted to- 
ward higher energies when the calcium con- 

TABLE VII 

FREE ION ANDCRYSTAL FIELD PARAMETERS FOR 
Nd3+ AT 4 K IN Ca,,,8Nd0,2 AND C%,SNd,, 

Parameters 
A priori 

determination 

Mean deviation 
(cm-‘) 

12,340 12,355 
4,828 4,818 

23.8 23.8 
486 487 
881 880 

20.8 20.8 
-582 -582 
1,443 1.443 

311 309 
43 42 
94 103 

-264 -260 
321 309 
265 261 

474 472 
206 433 

-1687 - 1,754 
992 980 

12.5 (for 
94 levels) 

609 
454 

-1,752 
969 

14.2 (for 
72 levels) 
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FIG. 5. Comparison of the fluorescence spectra of 
the Nd3+ 4F3,2 + 411112 transition at 100 K. Starting 
compositions: (a) Cqb.9Ndo., ; (b) Ca0,8Nd0,2; (c) 
Ch,5Nd0,5 ; and (d) LNA. 

centration increases (Table VIII). One can 
notice also that, for the Ca,-,Nd, samples 
with x % 0.5, the third band is split into 
two broad ones. The LNA values (3) (also 
reported in Table VIII) are close to those of 
the samples with the lowest calcium concen- 
tration. Table VIII indicates also that the 
crystal field variation which produces the 

bandshifts is mainly due to the variation of 
the calcium content rather than to that of 
neodymium. Two examples which support 
this assertion are given. For example, 
Ca.8LaoWo.l can be better compared to 
Ca,,NdO,, than to Ca,gNd,,, . 

Fluorescence Intensities and Lifetimes 

The fluorescence lifetimes and intensity 
measurements were performed using a Mo- 
lectron DL-12 multicell tunable dye laser 
pumped with a Molectron UV-14 nitrogen 
laser. A S 1 photomultiplier detector coupled 
with a Tektronix 2430 A digital oscilloscope 
is used to collect and analyze the fluores- 
cence . 

It is interesting to estimate the concentra- 
tion dependence of the Nd3+ fluorescence 
intensity. On geometrically identical 
Ca, -,Nd, samples, the variation of the fluo- 
rescence maximum intensity Z,, just at the 
beginning of the fluorescence decay, shows 
a maximum around x = 0.35. This value is 
higher than for LNA (La,-,Nd,MgAl,,O,g). 
A previous study performed on polycrystal- 
line LNA samples with various Nd3+ con- 
centrations has shown a maximum value of 
the fluorescence intensity for approximately 
x = 0.15 (19). 

TABLE VIII 

MAXIMA OBSERVED FOR THE 4F3,, -+ 4i,,,2 FLUORES- 
CENCEOF Nd3+ ~~100 K FORDIFFERENT CLnA COM- 
POUNDSAND LNA 

Initial First band Second band Third band 
compositions (nm) (nm) (nm) 

LNA' 1055.6 

C%G’% 7 1054.8 
%.,W 6 !054.2 

%Wo 5 1053.6 
%.+~.Wo i 1054.0 
Ca, 8% 4 1053.4 

Ca, ,Ndo 1 1053.2 
% sNdo.z 1051.2 

‘%sL% Wo I 1052.0 
Ca, Wo., 1050 

1065.8 

1065 
1064.8 
1063.4 
1063.6 
1062.8 
1062.6 
1062.4 
1063.4 
1061 

- 1082.8 

1080.2 
1079.3 

- 1078.6 
- 1078.4 

1074.4 1077.2 

1073.2 1077 
1071.6 1075 
1071.2 1075.2 
1068.8 1073.2 

a Values measured for the composition La,gNdo ,MgAI,,O,, 
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TABLE IX 

FLUORESCENCE LIFETIMES FOR VARIOUS Nd’+ 
RATES IN THE Cal-,Nd, COMPOUNDS 

Lifetimes 
X (Nd3+ rate) NNd+ (102” atoms/cm’) (wed 

0.139 4.74 170 
0.254 8.65 54 
0.491 16.71 22 
0.581 19.76 11 
0.608 20.61 17 

Table IX reports the values of the fluo- 
rescence lifetimes for Nd3+ compositions 
between 5 x 10” and 2 x 102’ Nd3+ ions/ 
cm3. For identical neodymium concentra- 
tions, LNA presents approximately the 
same lifetime values. Since the decay curves 
are nonexponential, a mean lifetime value 
r,,, is defined by the equation T, = l/Z, 
J:Z(r)dt, where IO is the fluorescence inten- 
sity at t = 0 and 0 the time at which the 
fluorescence intensity drops below the dark 
current value of the detector. It is important 
to notice that a strong decrease of the fluo- 
rescence lifetime occurs when the concen- 
tration increases. This behavior is charac- 
teristic of a strong concentration quenching 
by the cross-relaxation process (20), well 
known in Nd3+ activated hosts. 

At last, one can notice that the Nd3+ de- 
cay rate is very short when the maximum of 
the fluorescence intensity is reached. Con- 
cerning a potential interest in these materi- 
als as lasers, a compromise between the 
fluorescence intensity and the decay rate 
would have to be chosen. 

Discussion and Conclusion 

Our study establishes that Ca, -,Nd, crys- 
tals can be synthesized by the floating zone 
method in the range 0.1 I x 5 0.7. For the 
compositions with a very high calcium rate, 
the melting becomes noncongruent. 

In order to maintain a low rate of neodym- 

ium and to avoid quenching of fluorescence, 
while preventing the formation of parasitic 
phases, one can introduce lanthanum ions to 
decrease the calcium content. On the other 
hand, it has been shown that the structural 
and crystal-field-dependent optical proper- 
ties are determined by the calcium rate of 
the compounds. For x I 0.2, the Nd3+ ions 
seem to be localized only in the regular large 
cation site of the MP structure with D,, sym- 
metry. The structural and optical absorption 
investigations corroborate the fact that the 
presence of calcium decreases most of the 
distortions of the MP structure, which are 
usually observed for lanthanide hexaalumi- 
nates (21). 

Let us compare these results with those 
obtained in a previous study of LNA (8). In 
this compound, it has been shown that the 
energy levels found experimentally cannot 
be fitted with a single set of free ion and 
crystal field parameters. At least two sets, 
differing mainly in the free ions values, were 
necessary: one to fit the low energy lines of 
the 4 K absorption spectrum and the other 
for the high energy ones. This conclusion is 
in good accordance in particular with the 
detection at 4 K of essentially two 4Z9,2 -+ 

2p,,2 absorption lines (if one neglects the 
splitting of the high energy doublet). These 
two lines appear at 426.4 and 429.7 nm, re- 
spectively, in LNA (Fig. 3~). For C%,,Nd,,, 
only one line at 426.6 nm is seen and the 
crystallographic analysis concludes at one 
single site for Nd3+ at 6h with x = 0.6736 
very near from the 2d (x = 0.6667) position. 
Actually the absorption spectrum is well fit- 
ted with the D,, symmetry (Nd in the MP 
regular 2d site) and there is a good correla- 
tion between the a priori calculation of the 
Bt’s for this site and those experimentally 
determined. 

We will now discuss the “low energy” 
site in C~,,Nd,,, which is responsible for the 
apparition of a428.7-nm (23,326 cm-‘) weak 
line beside the 426.6-nm (23,447 cm-‘) main 
component (Fig. 3b) in the 4Z,,2 ---, 2P,,2 tran- 
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sition. May this line be attributed to the sec- 
ond site deduced from the structure refine- 
ment (6h localization with x = 0.6855)? The 
prediction of the crystal field parameters has 
been made following the same principles as 
those above (cf. the preceding paragraph) 
for three situations: Nd3+ in 6h, x = 0.6736 
(the case of CG,sNdo.z, Table III), in 2d, 
x = 0.6667, and in 6h, x = 0.6855, the two 
sites deduced from diffraction data in 
Ca,,,Nd,., (Table IV). The level energies cal- 
culated a priori for these three cases may 
then be compared, assuming that the free 
ion parameters do not change. The true D,, 
point site and that of the slightly distorted 
CzU (x = 0.6736) actually give very similar 
calculated spectra. The mean deviation of 
this slightly distorted C,, site calculated with 
respect to D,, on 98 levels up to 2P,,2 is 12 
cm-‘, whereas it is 25 cm-’ for the strongly 
distorted C,, site (x = 0.6855) compared to 
Djh. In other words, the calculated energy 
scheme for x = 0.6855 is too different from 
Djh to suppose that the two spectra overlap 
in the observed linewidths. It is then very 
probable that the two point sites deduced 
from X-ray diffraction data in C%,,Nd,., ac- 
tually give rise to the two absorption spectra 
observed. The first one is very preponderant 
for neodymium and very near the D,, sym- 
metry, and gives almost the same spectrum 
as C%.&b . The second site, very dis- 
torted with respect to the ideal MP one, 
is very poorly occupied by neodymium in 
C%,sNd,,, but its occupation becomes more 
important as the calcium content is lowered 
to LNA. 

The position of the weak 4Z,,2 + ‘P,,, line 
at a wavelength higher than the strongest 
component is in agreement with the preced- 
ing description. Studies by Caro and De- 
rouet (22) have shown that there is a correla- 
tion between the 4 K 4Z912 + ‘Pllz line and 
the coordination of Nd3+ in ionic matrices. 
Indeed the line around 426.6 nm is at the 
wavelength expected for 12-fold coordina- 
tion (as in LaAlO, : Nd3+ (22)), while Nd3+ 

in YAG (22) or in Ca,Ga,SiO, (23), both 
exhibiting height-fold coordination, has 2P,,2 
lines near 430 nm. This is exactly the domain 
where the “high wavelength” line of LNA 
and the second line of Ca,,,Nd,., occur. Ac- 
tually the coordination around Nd3+ (6h) 
diminishes when the distortion increases 
(see Table V). At stronger shifts from the 
regular (2d) site, the coordination may even 
be 8 as has been detected in several lanthan- 
ide magnetoplumbites (7). We must also pay 
attention to the influence of the magnesium 
which balances the introduction of Ln3+ 
ions, prevents the creation of vacancies in 
the unit cell, and then stabilizes the 
structure. 

The ESR study shows the occurrence of 
interactions between Nd3+ ions for high 
neodymium content. This ion pairing could 
be related to the problem of the supplemen- 
tary lines and high splitting of the 4Z9/2 + 
4F3,2 transition and to the strong decrease of 
the fluorescence lifetime when the neodym- 
ium concentration increases. However, the 
question of the increase of the fluorescence 
intensity, while strong cross-relaxation be- 
tween Nd3+ ions occurs, remains to be an- 
swered. These results prompt us to under- 
take a detailed ESR investigation in order to 
understand the origin and behavior of these 
ion-ion interactions. 

The aim of our work is to consider whether 
the CLnA could be a laser material. Obvi- 
ously, the fast decrease of the Nd3+ decay 
rate and its low value at the fluorescence in- 
tensity of a practical usefulness maximum 
should limit the range of the x values for laser 
applications. However, we note the potential 
tunability of the laser emission associated 
with the broadness of the lines. If one consid- 
ers the high wavelength group of lines of the 
fluorescence spectra depicted in Fig. 5, one 
can expect tunability from 1062 to 1074 nm 
for the compounds with high calcium content 
which give the broadest lines, assuming that 
it would extend over the linewidth at half 
height. 
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One of the interests of the CLnA com- 
pounds as a laser matrix is also in the possi- 
bility offered by their structure to accommo- 
date different ions as coactivators. The 
potential of LMA : Nd3+ containing Cr3+ 
ions is now well established (24,25). Energy 
transfer occurs between Cr3+ and Nd3’. It 
allows an increase in the laser slope effi- 
ciency while decreasing the thermal lensing 
problem. Such energy transfers are under 
study with the Ca,-,Nd, compounds. 

The LnMgA1,,0,9 compounds exist for all 
the large Ln3+ ions (from La to Gd); a few 
experiments have been made in order to de- 
termine whether the CLnA phase also forms 
for other Ln3+ ions besides Nd3+. A few 
attempts were made to incorporate Pr3+. 
Single crystals of Ca, -,Pr, compounds can 
be grown by the floating zone method with 
results very similar to those already re- 
ported for Nd 3+. It has been shown pre- 
viously (8) that in PrMgAl,,O,g, Pr3+ ions 
are distributed among at least two different 
sites. This was demonstrated by the number 
of lines for the 3H4 -+ 3P0 absorption transi- 
tion of Pr3+ at 4 K. Preliminary studies made 
with the Ca,-,Pr, phases in a similar way 
indicate that the Pr3+ ions tend to occupy a 
single site when the calcium content of the 
compound increases. 

Further studies on these materials and at- 
tempts to grow single crystals by the Czoch- 
ralski method in order to obtain large sam- 
ples, on which laser tests could be made, 
will be performed in the near future. 
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