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Crystal characterization and optical spectroscopy of Ti*-doped CaGdAIO, crystals
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CaGdAIQ, crystals doped with Ti ions were grown using the Czochralski technique in a reducing atmo-
sphere in order to convert the valence of Ti to trivalence. The fluorescence &EthéT, transition of TF"
in the crystals shows a broad band with a peak at 535 nm excited with the light of 410 nm in the optical
absorption band at room temperature because of a strong electron-phonon couplingoésuited state. The
Ti®* fluorescence is influenced in intensity by Ovacancies at the ligands of the*Tioctahedra along the
axis, which are easily produced in a reducing atmosphere. The x-ray crystal analyses and the polarization of the
optical absorption and fluorescence spectra deduce the energy levels and wave functions of the ground and
excited states of ¥ in CaGdAIQ,. The peak energy of the fluorescence band shifts to higher energy as
increasing excitation energy in the absorption band. The linear dependence of the fluorescence-peak energy on
the excitation energy shows that the fluorescence is inhomogeneously broadened by a random distribution of
C&* and Gd" ions in the disordered lattic€S0163-18208)01602-6

[. INTRODUCTION ergy levels and wave functions of the ground and excited
34 . . states of " in CGA in terms of the x-ray structure analysis
Ti*"-doped crystals have attracted considerable interest in : o ;
. . . . - and the optical polarization, and the inhomogeneous broad-
view of their potentials as tunable solid-state laser materials. . o
g ening of the fluorescence spectra caused by substitutional
Up to now, both the cw and pulsed laser oscillations have;. . o - .
_ . . ) disorder of the C&'/Gd®* sites in the Ti:CGA crystal lattice.
been performed for i :Al,O; in the near-infrared region of
0.7-1.1um.} and the pulsed laser action of*TiBeAl,O,
(Ref. 2 and TP*:Y3AI:0;, (YAG) (Ref. 3 have been suc-
cessful. However, laser actions using thest Toped crys-
tals cannot be achieved in a visible region. In order t0 The CaGdAIQ (CGA) crystal with the KNiF, structure
achieve a laser action in blue and green regions, new hog tetragonal with the space groug/mmm containing two
crystals doped with Pi" are required to have a strong octa- formula units in a unit cell as shown in Fig. 1. The CGA
hedral crystal field. crystal is isomorphous with CaYAIQ(CYA) and SrLaAIQ
In a previous papet the authors have reported that the (SLA), of which the structures were refined by Shannon
crystal-field splitting of Ti" in CaGdAIQ, (Ti:CGA) is et 417 Impurities T+ substitute for At ions. CGA single
larger than those in AD;, YAG, and FYNO:; (Ref. 5 and  ¢rystals doped with i ions were grown by the Czochralski
trﬁt tge_ ftluorescence w_aveliﬂgth Oh T””tth'z ?ryStil, IS method from stoichiometric or nonstoichiometric melts of
shifted into a green region. ough we tried to achieve aTipZ(Ca,l\/lg)HX(Gd,La)HyAl1+ZO475 [6=—{3(p+y+2)

laser action of Ti:CGA under cw or pulsed laser pumping, it+2x}/2] under a reducing atmosphefe\r+H,(0.4%)].

was not successful because of the weak stimulated emissio? . :
. ) . he crystal growth was made using a pulling apparatus. The
The intensity of the Fi* fluorescence in CGA was strongly chemicals CaC@and MgO with N purity and GO,

dependent on the crystal-growth condition. : s .
P y g La,O5, AlL,Oz and TiG, with 5N purity were used as the

The electronic properties of i in CaYAIO, (CYA) of } . . . .
the same crystal families as CGA were examined using op§tart|ng materials. Mixed powders of appropriate mole ratios

tical and electron spin resonan@®SR measuremenfsThe N @ rubber bag were pressed at 1500 Kdiemder a hydro-
fluorescence could hardly be observed because of the larg#aliC press. The pressed samples were r_nelt:_ad by inductive
nonradiative decay due to local phonons created arodfind O heating at 1953-2093 K in an Ir crucible with diameter of 46
vacancies near to ¥i ions. The G~ vacancies may be pro- mm. After soaking for several hours, the melts were held at
duced by low Q partial pressure in a crystal growth under a @ppropriate seeding temperatures. The Ti:CGA crystals were
reducing atmosphere, which is required to conveft o ~ grown along th¢100] axis at a pulling rate of 0.4 mm/h and
Ti®*. Since the creation of the?0 vacancies causes devia- a crystal rotation rate of 10 rpm.

tion from stoichiometry of the crystals, the fluorescence in- The compositions of the as-grown crystals were deter-
tensity is expected to be related to nonstoichiometry of thenined by the inductively coupled plasm#CP) emission
crystals. In order to examine the relationship betweeranalysis. The relative errors of the analyses are in a few
Ti®*-fluorescence properties and host crystal compositiongercent. The crystal structures were refined by the least-
various crystals with the formula squares method using the single-crystal x-ray-diffraction
Tiy:(Ca,Mg), + x(Gd,La), ; yAl; 1,045 [6=—{3(p+Yy+2) data measured by Sawada and Kod&niEhe resulting
+2x}/2] have been grown. This paper discusses the enbBoules were cut and polished into samples with approximate

Il. EXPERIMENTAL
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FIG. 2. The polarized absorption spectra of Ti:CGA-1 measured
at room temperature. THe vectors of the light are parallel to ttze
andc axes.

izations of the absorption and fluorescence spectra were mea-
sured using a Glan-Taylor prism.

Ill. EXPERIMENTAL RESULTS

A. Crystal compositions

The compositional formulas of the as-grown crystals are
expressed by Fi(Ca,Mg), ;x(Gd,La), ; yAl1,,04_5 Where
the O~ deficiency § is equal to—{3(p+y+2)+2x}/2 on
the basis of crystal neutrality. The crystal compositions are
listed in Table I, together with the starting compositions.
They are not coincident with each other. The values of
Table | increase with decreases of ratios of Cand/or AF*
to GP* in the starting compositions.

FIG. 1. Crystal structure of CaGdAJO Small shaded circle,
large shaded circle, and open circle denot&" AC&", or G#* and ) .
02 ions, respectively. B. Optical absorption spectra
The optical absorption spectra of the five crystals with
dimensions X 5x5 mnt for optical measurements, the cut different chemical compositions in Table | were measured at
faces being normal tp100], [010], and[001] directions. room temperature. Figure 2 shows the polarized absorption

The optical absorption spectra were measured at roorapectra observed for Ti:CGA-1. The absorption spectra con-
temperature using an Hitachi A-4000 double-beam spectrasist of sharp line$308 nm, 314 nmdue to Gd* ions? and
photometer. The fluorescence and excitation spectra weirtwo broad bands with peaks at 410 and 620 nm. The absorp-
measured using an Hitachi F-4500 fluorescence spectrophtion band with its peak at 410 nm is polarized parallel to the
tometer at room temperature and calibrated using axis more strongly than to the axis. Annealing the as-
Rhodamine-B solution in the range 200—600 nm. The polargrown crystals in a reducing atmosphere enhances the 410-

TABLE I. Crystal compositions of Ti: (Ca,Mg), ;. (Gd,La) ,Al,,,0,_;determined by the ICP emission analysis in comparison with
starting composition ratios. The20 deficiencies are calculated on the basis of the restriction of crystal neutsatity {3(p+y+2)
+2x}/2.

Starting composition ratio o
O“~ deficiency

Abbreviation Ca: Mag: Gd: La: Al: Ti Crystal composition 6

Ti:CGA-1 1.10 0.90 0.99 0.02  Jb1:Cay ofSd; gAl0.9803.08 0.02
Ti:CMGA 0.99 0.02 0.99 0.98 0.02  J#1:Ca 9eMgg 05t 9oAl 9.0003.06 0.04
Ti:CGLA 1.00 0.90 0.10 0.98 0.02  J§1:Ca o5y 0d-89. 057l 0.9605.05 0.05
Ti:CGA-2 1.00 1.00 0.98 0.02  h1:Ca oGy oAl 9.9/ 03.04 0.06

Ti:CGA-3 0.80 1.20 098  0.02  Thos:Ca oSt 0Alo 00502 0.08
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FIG. 3. The polarized fluorescence spectra excited at 410 nm for F!G. 4. The fluorescence spectra of Tin Ti:CGA-1 with dif-
Ti:CGA-1 and measured at room temperature. Eheectors of the ferent excitation wavelengths measured at room temperature. The
fluorescence are parallel to theandc axes. The intensities of the SPectra are normalized at the peaks and calibrated in the range
spectra are calibrated in the range 400—600 nm. 400-600 nm.

nm band and produces newly a 550-nm band. The 550-nrtation spectrum shifts to longer wavelengths. Such dips are
absorption band is also strongly polarized parallel toahe observed for all five samples. The excitation spectra decrease
axis and the component polarized parallel to thexis is in intensity and the dips deepen with an increase of the O
negligibly weak. The absorption spectra for the other fourdeficiencydin a series of the crystals in Table I. The dip is
crystals, Ti:CMGA, Ti:CGLA, Ti:CGA-2, and Ti:CGA-3 are attributed to the reabsorption of nonradiative centers, such as
almost the same as that for Ti:CGA-1, the relative intensitiess complex of Tt" and G~ vacancyf, of which the absorp-
of the two bands being somewhat different. tion overlaps in the 410 nm band. The excitation spectrum
The polarizations of these absorption spectra in Ti:CGAwithout the dip is very similar to the absorption spectrum in
are the same as those in Ti:CY¥Ahe origins of the 620-nm Fig. 2. Taking into account that the absorption, fluores-
band in the as-grown crystal and the 550-nm band in theence, and excitation spectra are fairly broad, and that the
annealing sample are not yet clear. Excitation in the 550- anthdiative center is stable up to room temperature, the absorp-
620-nm absorption bands does not produce any fluorescention and fluorescence spectra are assigned to be due to the
in the range 600—-900 nm at room temperature. Here, wéT,« 2E transitions with different electron-phonon coupling

focus on the 410-nm absorption band. of the 2T, ground state andE excited state of Fi" in CGA.
The fluorescence bands with the peak at 535 nm were
C. Fluorescence and excitation spectra observed for the other four crystals Ti:CMGA, Ti:CGLA,

. ) . Ti:CGA-2, and Ti:CGA-3 under the same experimental con-
Excitation at wavelengths in the 410-nm absorption bangjitions. Figure 7 shows the integrated intensity of the
produces a green broadband fluorescence with a peak around

535 nm at room temperature. Figure 3 shows the polarized
fluorescence spectra for Ti:CGA-1 excited at 410 nm. The
intensity of the fluorescence polarized parallel todhexis is
much stronger than that polarized parallel to thaxis. Fig-
ure 4 shows the fluorescence spectra of Ti:CGA-1 excited at
different wavelengths in the 410-nm absorption band. The
spectra are normalized at the peak and calibrated in the range
400-600 nm. As shown in Fig. 4, the peaks in the fluores-
cence spectra shift to longer wavelengths with increasing ex-
citation wavelengths. The dependence of the peak energy
of the fluorescence on the excitation energy for Ti:CGA-1 is
shown in Fig. 5. The peak energy varies linearly with the
excitation energy. The gradient of the straight line calculated
using the method of least squares is about 0.24.

The excitation spectra of the fluorescence detected at vari- 20
ous fixed wavelengths for Ti:CGA-1 are shown in Fig. 6.
The excitation spectra for the fluorescence at the fixed wave-
lengths of less than 480 nm show a single peak, while those
at the wavelengths of more than 500 nm have a dip around FIG. 5. The dependence of the peak energy of the fluorescence
418 nm. The dip appears clearly when the peak of the excien the excitation energy for Ti:CGA-1.

2.0

-
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®
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T T TABLE II. Atomic parameters and interatomic distances for
3r ) Ti:CGA—1 and Ti:CGA-3. CG denotes Ca or Gd. T denotes Al
" or Ti. O(1) and G2) are & ions onc axis and inab plane,
'§ respectively. z is a positional parameteP. stands for the site oc-
S cupancy of the relevant iotJ 1, U,, andU g3 stand for the mean-
s square displacements from the equilibrium positions of the ions.
= Ti:CGA-1 Ti:CGA-3
§ Atomic parameters
= cG z 0.358571) 0.358631)
P 0.971) 0.951)
U(=Uy) 0.005872) 0.005383)
Uas 0.004913) 0.00465%4)
T = 0.991) 0.991)
U(=Uy) 0.00331) 0.00342)
Wavelength (nm) Uss 0.010@3) 0.010@4)
o(1) z 0.167711) 0.16772)

_ FIG. 6_. The excitation spect_ra of the fluorescence detected at p 0.9611) 0.931)
different fixed wavelgngths for Ti:CGA-1 at room temperature. The Usy(=Usy) 0.01554) 0.01525)
spectra are normalized at the peaks and calibrated in the range
300—500 nm. Uss 0.006G3) 0.005%4)

0(2) P 1 1

Ti®*-fluorescence band as a function of th& @eficiencys. Us 0.00332) 0.00323)
The intensity rapidly decreases &s\creases. The Ti:CGA-1 Uzz 0.00643) 0.00714)
crystal shows the maximum intensity and the fluorescence of _ U$3 0.01033) 0.01035)
the Ti:CGA-2 is reduced to about one order of magnitude jnteratomic distancegA)

intensity compared with that of Ti:CGA-1. Further, the fluo- CG-CG 3.391®2) 3.38902)
rescence intensity for Ti:CGA-3 with the largest Odefi- ~ T-O(1) 2.0101) 2.0102)
ciency of =0.08 was negligibly small. These results are in T-O(2) 1.83091) 1.83032)

agreement with those reported in the previous papecal
phonons around the 20 vacancy nearby the i ion in

CYA enhancing the nonradiative decay rate from #e  hation, keeping the composition ratio of 1:13Tiions sub-

excited to the?T, ground state of the 1 ion.

stitute for AP* ions that form TQ (T=Al or Ti) octahedra in

A. Relationship between T#* octahedral structures

IV. DISCUSSION

and optical spectra

Ca* and G&" ions in the CGA crystal are distributed at Positions of 4hmm (0,0,0;3, 3, 1%), and G2) ions occupy
random on their common lattice sites with ninefold coordi-the special positions ahmm (0, 3, 0; 3, 0,0.
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a unit cell. There are two kinds of?0 ligand ions of the
octahedron T@with different symmetries, being denoted by
0O(1) and 32) as shown in Fig. 1. CG&=Ca or Gd and 1)
ions occupy the special positions of the site symmetrnyd
0,0~z 3, 3, 3*+2), T(=Alor Ti) ions occupy the special

The crystal structures of Ti:CGA-1 with the smallest O
deficiency and Ti:CGA-3 with the largest one have been re-
fined using the single-crystal x-ray-diffraction datnd the
least-squares method. The atomic parameters of gheHg
structure are used as starting parameters. The atomic param-
eters are refined by minimizing the sum of the difference
between the observed and calculated structure factors of
crystals assuming crystal neutrality. The refined atomic pa-
rameters, positional parameterspopulation parameten,
and anisotropic thermal parametdds,, U,,, andU3; are
summarized in Table IIP represents site occupancy of ions.
U1, Uy, andUgz are mean-square displacements of ions
from the equilibrium positions along the directions parallel
to the a, b, and c axes, respectively. ThenyU; (i
=1,2,3) represents time mean displacements of ions. The
unity of P means the stoichiometric composition. The result
that the values oP for CG, T, and @1) are less than 1
indicates the deviation from the stoichiometric compositions.

FIG. 7. Relationship between the integrated intensity of té Ti  The interatomic distances calculated using the atomic param-

fluorescence excited at 390 nm and th& @eficiency 6, in the

crystals in Table I.

eters are also summarized in Table [l. The chemical com-
positions of Ti:CGA-1 and Ti:CGA-3 are given as the forms
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FIG. 9. Thermal vibration ellipsoids of T=Al or Ti) and G~
ions in the TQ octahedron for Ti:CGA-1.

Ti:CGA-3 are shorter than those in Ti:CGA-1 in Table Il. In
consequence, the comparison of thelXpopulation, T-@2)
bond length and CG-CG interatomic distance in both crystals
deduces that the®O vacancy concentration on thg D sites

in Ti:CGA-3 is higher than that in Ti:CGA-1.

Taking into account the above results, we consider the
reason why the P -fluorescence intensity decreases as a
series of Ti:CGA-1, Ti:CMGA, Ti:CGLA, Ti:CGA-2, and
Ti:CGA-3. Quenching the fluorescence is ascribed to nonra-
diative decay with multiphonon process. The phonons are
strongly associated with the local phonons arountt Tons

FIG. 8. The crystal structure including an octahedron accompain the crystal. The x-ray structure analyses give the result
nied with an G~ vacancy{ Vo] at the Q1) site along thec axis,  that O~ vacancies on the @) sites increase as the above
and the displacement directiofis) of the CG(=Ca or Gd and  crystal series. Local phonons created arourfd @acancy
O(2) ions. nearby the T" ion enhance nonradiative decay rate from the

2E excited to?T, ground states. Therefore, the decrease of
of  Cayor1CthornAlo.san TioonnO(1)1.0230(2), and  the fluorescence is due to the increase of the nonradiative
Ca.051Gth o507l 0,970 Tio.0x)O(1)1.8540(2); assuming that Ti®" centers accompanied by thé Ovacancies.
the Ca/Gd ratio is equal to 1. They are in agreement with Next, consider thermal parameteds;, Uy, and Uss,
those in Table | obtained by the ICP emission analyses witfpeing associated with lattice vibration modes of the octahe-
relative errors of about 5%. dron. Their values are summarized in Table Il. There is no

The compositions suggest that thé*OjaCanCy is more significant difference between Ti:CGA-1 and Ti:CGA-3.
preferentially created at the(D site than at the @) site, ~ Figure 9 shows the thermal vibration ellipsoids of each ion in
that is, that the T-Q) bond is more easily broken than the the TQ; octahedron in Ti:CGA-1, which represent the rela-
T-O(2) bond in the crystal growth. This is confirmed by the tive magnitude of the time mean displacements of ions from
fact that the interatomic distances of T4D which corre-  the equilibrium positions. The displacements of tH&)dons
spond inversely to the bond strength, is longer than that ofre larger in theab plane than along the axis, whereas
T-O(2) in both of Ti:CGA-1 and Ti:CGA-3. There is a little those of the @) ions and the central T ion are reverse. This
difference in the @l) populationsP of Ti:CGA-1 and result suggests that the and/ory components of the
Ti:CGA-3. It may be associated with the concentration ofeven-parity phonon mode and tkecomponent of the J,

O? vacancies in these crystals. In order to confirm this re-and/or T, odd-parity phonon modes are dominantly created
lation, we consider the effects ofOvacancies on the local in the TQ; octahedron, where the notatiorsy, andz are
crystal structure. The © vacancy reduces the coordination corresponding to tha, b, andc axes, respectively.

number of CG ions from nine to eight, resulting in the de- The x-ray structure analyses in Table Il conclude that the
crease of the negative charge distribution. The rearrangéFi®* octahedron is elongate along tlee axis and shows
ment of ions surrounding the vacancy occurs so as to conprthorhombic symmetry. This result is consistent with the
pensate such a change of the distribution. The CG ion igentification of TP" in CYA according to the ESR resulfs.
displaced along the positiv@axis and the four (2) ions are  The energy levels of the ground and excited state &f i
displaced towards the center of the T ion as shown in Figorthorhombic symmetry are expected to(bez), |zX), |xy))

8. This expectation is in agreement with the result that theand (|2z22—x2—y?), |x2—y?)) in order of increasing energy
CG-CG interatomic distance and T) bond length in as shown in Fig. 10. The ] and T, odd-parity phonon
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, | ¥y in the crystal lattice. The linear dependence of the peak en-

E ergy of the fluorescence on the excitation energy for Ti:CGA
(Fig. 5 is the same as has been observed f:2YA (Ref.

| 222y 11) and Cé": CYA.™® This result suggests that the®Ti
fluorescence is also inhomogeneously broadened as a conse-
quence of the random distribution of €aand Gd* ions in
different unit cells in CGA, including the distribution 0f?O
vacancy in the vicinity of ™" ion. Figure 10 shows the
schematic energy levels and eigenfunctions of the ground
and excited states of ¥'i in orthorhombic symmetry includ-

T, Lxy> ing disorder effect in CGA.

We have extended the convolution method fof*V
¥ CYA,'! Ce*:CYA (Ref. 13, and CF*:glasse¥"'® to the
Ti®* fluorescence in CGA crystals. The slope of the fluores-
cence peak energy against the excitation energy is calculated
to be y?/(I'2+ ?), wherel is the linewidth of the intrinsic

FIG. 10. Energy levels and eigenfunctions of the ground andPsorption and fluorescence line shapes argithe width of
excited states of #i in orthorhombic symmetry including a disor- the distribution of the lowestE excited energy level created
der effect. Polarization and relative intensities of optical transitionddy the disorder, assuming that their functions are Gaussians.
induced by thez component of T,/T,, odd-parity phonons. The slope is obtained to be 0.24 from the experimental data

of Fig. 5. It is very close to that0.25 observed in
modes estimated from the thermal parameters are importaM’“:CYA. The linewidth of the intrinsic fluorescence and
in allowing electric dipole radiative transitions between thethe width of the distribution function are separately esti-
excited and ground states of*Ti Such odd-parity phonon mated to be=1073 cm* and y=603 cm * using the cal-
modes determine the polarizations of the optical absorptiosulated slope y?/(I'?+ %) and the observed width
and fluorescence transitions. The selection rule for the inte1195 cm'*) of the fluorescence band in Fig. 4. The inho-
manifold transitions of T" ions in sites with octahedral, mogeneous broadening of the observed fluorescence spec-
tetragonal, trigonal, and orthorhombic symmetry have beetrum enlarges the linewidth with an amount of 11%, com-
discussed by Yamaga and co-work¥tsysing a model in  pared with the intrinsic linewidth.
which odd-parity distortions or phonon modes mix odd-
parity wave functions from neighboring ligand ions into the
even-parity 8l orbitals. They have calculated the transition V. CONCLUSION

probabilities between théE excited state andT, ground Several Ti-doped CaGdAlgsingle crystals with different
state induced by i, and T, modes. Figure 10 shows the giarting compositions were grown in a reducing atmosphere
polarization of the transitions of ¥i in orthorhombic sym- by the Czochralski method. The crystals with less @a-
metry, induced by thez components of §, and Tu.  cancies show stronger broad fluorescence band%f ith

The transitions between thyz), [zX) ground states and ihe peak at 535 nm excited at 410 nm at room temperature.
the [22°—x°~y%), [x°~y?) excited states are allowed, The resuits of the x-ray crystal-structure analyses have sug-
whtzereazs thzose 2betvgeen tey) ground state and the yesteq that radiative 1i centers occupy perfect octahedra,
22°=x"~y%), [x*~y") excited states are still forbidden. yhereas the nonradiative 3ti centers are accompanied by
The electric dipole transitions are only tkeandy compo- e vacancy of the © ligand ion along thec axis in the

nents. This result agrees with the polarization of the absorpri3+ octahedron. Nonradiative decay from thE excited to
tion spectrun(Fig. 2) and the fluorescence spectrafig. 3). 2T, ground states of #f occurs probably through local pho-

non modes coupled with the?0 ligand vacancy. The x-ray
B. Inhomogeneous broadening of the Fit fluorescence analyses, also, conclude that the’'Tioctahedron is elon-
gated along the axis and that the thermal vibration modes
d1u and T, exist dominantly in the octahedron. These re-
sults can explain the observed polarization of the absorption
and fluorescence spectra ofTiin CGA. The peak wave-
length of the Ti"-fluorescence band shifts to longer wave-
length with increasing excitation wavelength in the 410-nm
absorption band. This peak shift gives evidence that the fluo-

and Gd" ions and the distribution of the?O vacancies in '<>C€NCce I inhom+ogen$0u_sly proadened by the fa'."dom dis-
the lattice produce a distribution of the crystal field of thetrIbUtlon of the C&"/Gd™" sites in the disordered lattice.

Ti®* ions, which cause the inhomogeneous broadening of the
optical spectra.

In previous papers:~t3the authors reported the inhomo-
geneous broadening of optical spectra iify Cr*, and The work has been supported by a Grant-in-Aid for Sci-
Ce" in CYA crystals, which have distributions of the crystal entific Research on Fundamental Resedith. 07650049
fields caused by substitutional disorder of thé @¥°" sites  from the Ministry of Education, Science and Culture.

y(x(1) y(3) x(3) forbidden

cubic  orthorhombic disorder

Ti®" ions preferentially occupy Af sites in the CGA
crystals, which are octahedral coordinated to six neares
neighbor oxygen ligand ions with eight €dGd®" second-
neighbor ions. The Ga and Gd* ions randomly occupy
their common lattice sites. In addition?Ovacancies distrib-
ute on @1) sites in the vicinity of the B" octahedra and/or
in the TF" octahedra. The substitutional disorder of thé Ca
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