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Abstract. n d o p e d  CaYAlOo crystals were grown in a reducing atmosphere. The absorption 
specbum with peaks at 408 nm and 540 nm observed at room temperature w a  strongly palarized 
along the a and b ues.  WR measurements in the temperature range of 4.2-300 K have found 
that Ti3+ ions in CaYAlOp show orthorhombic symmetry. In order to explain the optical and EPR 
results, we have proposed lhat the Ti3+ ions are perturbed by an 02- ligand ion vacancy on the 
e axis and additionally by either an AIK ion vacancy or a substituted Ti4+ ion at neighbouring 
AI3+ ion sites in the c plane containing the li” ions. ’This model can explain L e  polarization 
of the absorption spectrum and, also, enable us to deduce Lat the absorption bands with pe& 
at 408 nm and 540 nm are due 10 the perturbed Ti4+and Ti3+ octahedra, respectively. 

1. Introduction 

Transition metal ions (Ti3+, C?+, CP+, CO*+ and NiZ+) have been used as laser active 
ions in tunable solid state laser materials [I]. Ti3+:sapphire is a promising tunable solid 
state laser material [2]. The tuning range is in the infrared region of 0.7-1.1 pm. Recently, 
Ti3+-doped YA103 has attracted considerable interest in view of its potential as a tunable 
solid state laser material operating at shorter wavelengths than Ti3+-doped Alz03. However, 
the laser action of Ti3+:YA10~ has not been successful due to the excited state absorption 
[3,4]. In order to achieve a laser action in blue and green regions, the development of Ti3+ 
host crystals is required. 

The energy of light emitted from ?i3+ ions in crystals is determined by the crystal field 
splitting of Ti”, which is represented by [5 ]  

where -Ze is the charge of a ligand ion, (r4) is the average of r4 for 3d orbitals and a 
is the distance between the central and ligand ions. Equation (1) indicates that the crystal 
field splitting increases with the decrease of the distance, a. The distances, a,  for AI203 
[6], YAlO3 171 and CaYA104 [SI are summarized in table 1. The crystal field splitting of 
Ti3+ ions in CaYA104 is expected to be larger than those in AI2O3 and YAI03, resulting 
in a blue shift of the Ti3+ luminescence [9]. This paper describes the crystal growth of 
Ti-doped C a y 4 0 4  with K Z N i 4  structure, the electron paramagnetic resonance (EPR), the 
absorption, the luminescence and the excitation spectra. 
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Table 1. Distances between a central ion and ligand ions of an oct3hedron in oxide crystals. 

crystal Distance (A) 
A1103 AI-O(I)=1.86 

YAlO3 AI-0(1)=1.901 
AI-o(lJ)=1.97 

AI-O(ll)=I.911 
AI-O(11l)=I.921 

CaYAIO, AI-O(I)=1.784 
AI-0(11). 1.824 

2. Crystal structure 

Figure 1 shows the structure of CaYA104 with space group Mlmmm (Dil) 181. Ca2+ and 
Y3+ ions are distrAbuted at random keeping the composition ratio of 1:l. The lattice constant 
a = b = 3.648 A and c = 11.89 A. An octahedron surrounding an Ai3+ ion is slightly 
compressed along the c axis, where the distances between AI3+ and Oz- ions located along 
the a and c axes are 1.824 A and 1.784 A, respectively. Ti3+ and Ti4+ ions preferentially 
occupy ~ 1 3 +  sits. 

CaYAl 0, 

Figure 1. Crystal structure o f  CaYAlOi 
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3. Crystal growth and experimental procedure 

Single crystals of Ti-doped CaYAI04 (CYA) were grown by the Czochralski technique from 
melts prepared in indium crucibles with high-purity components CaCO3(5N):Y2O3(5N): 
Alz03(5N)=21:1. Up to 2 mol% Ti02 (2.4 x l@' were added to the powdered 
charges. The crystal growth was carried out in a reducing atmosphere (1% H2:99% Ar) in 
order to convert Ti'+ to Ti3+. The pulling rates and seed rotation rates were 0.8-3.0 mm 
h-' and 5 rpm, respectively. The resulting boule was cut and polished into samples with 
approximate dimensions 4 x 4 x 4 mm3, the cut faces being normal to (loo), (010) and 
(001) directions of the crystal. Some of these samples were studied by EPR and optical 
techniques (AS#H'TI:CYA sample). Other samples from this boule were annealed in  a 
reducing atmosphere (5% &:%% Ar) or an oxidizing atmosphere (air) at 1500 "C for 20 
h. The former is denoted by ANN#H,TI:cYA; the latter is denoted by ANN#OzTI:CYA. 
Pure CaYA104 crystals were, also, grown in an inert atmosphere (AS#CYA sample). Some 
samples from the boule were annealed in a reducing atmosphere (ANN#HzcYA sample) 
and in an oxidizing atmosphere (ANN#OZCYA sample), compared with Ti-doped CaYAlO4 
crystals. 

EPR measurements were made at temperatures in the range 4.2-300 K using a Varian X- 
band EPR spectrometer employing 270 Hz field modulation. The polarization of the optical 
absorption spectrum was measured at room temperature by inserting a linear polarizer in 
a conventional double-beam spectrometer. The emission and the excitation spectra were 
measured using a Hitachi MPF4 fluorescence spectrometer at room temperature. 

4. Experimental results 

4.1. Optical measurements 

The as grown pure CaYA104 crystal (ASWYA sample) is brown in colour. The absorption 
has a broad band with the peak at 420 nm. of which the coefficient is about 1 cm-', 
as shown in figure 2(a). The samples after the thermal treatment are transparent. The 
absortion spectrum for the ANN#HzcYA sample is shown in figure 2(b). The Ti-doped 
CaYA104 crystal (AS#H2TI:c~~ sample) shows strong absorption in the visible range. The 
absorption spectrum consists of two bands with peaks at 408 nm and 540 nm as shown in 
figure 3(a). These bands are completely polarized along the a and b axes (E 1) (loo), (010)). 
The absorption coefficients at 408 nm and 540 nm depend strongly on the condition of 
the crystal growth. They increase abruptly as the partial Hz pressure increases (0.5% + 
5%). Such large absorption coefficients are caused by the parity-allowed transition, that 
is, the transition is electric dipole in nature. Annealing the as grown sample in a reducing 
atmosphere (ANN#H2TI:cy~ sample) decreases somewhat the intensities of these absorption 
bands, whereas the two bands disappear completely for the ANN#O2TI:cYA sample as 
shown in figure 3@). The partial HZ pressure in a crystal growth process may produce 0'- 
vacancies, whereas annealing the as grown sample in an oxidizing atmosphere may recover 
0'- ions. Then, the 408 nm and 540 nm absorption bands may be associated with not only 
Ti ions, but also 0'- vacancies. 

Luminescence excited in both bands could not be observed in the A S # H Z T I : c ~ ~  and 
A"#HzTI:cYA samples. This fact indicates that the centres corresponding to these bands 
deexcite non-radiatively to the ground state. 
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Figure 2 Absorption speclraof pure CaYAlOd cryslals, (a)AS#cYA sample and (b) ANN#HzCYA 
sample. obsemed at room t e m m m .  Light propagares along (he c axis of the crystal. 
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Figure 3. Absorption specaa of '&doped CaYAlOl cryslds, (a) AS#HITI:CYA sample and Cb) 
A"#OITI:CYA sample. observed at mom tempemture. 
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Figure 4. Emission and LN excitation spectra of Ti4+ in the AS#H~TI:CYA sample observed at 
mom temperature. The excitation spectra (-. - -) and (- . -) measure the intensities of the 465 
nm broad band emitted from the bulk sample and h m  the w irradiated surface. respectively. 
The spectra are normalized. 

uv excitation at 275 nm for the AS#H~TI:CYA sample produces a broad emission band 
with the peak at 465 nm as shown in figure 4. The excitation spectr.m of the emission 
detected at the fixed wavelength of 465 nm comprises two bands with peaks at 260 nm and 
275 nm. The radiation emitted under 260 nm excitation comes only from the surface; that 
emitted under 275 nm excitation comes from the bulk sample. The blue emission could not 
be observed in the A W Y A  sample. The emission and excitation spectra are very similar 
to those observed in Ti4+:A1203 grown in an oxidizing atmosphere [lo]. The w excitation 
spectra below 300 nm are due to the charge transfer transition between Ti4+ and Oz- ions. 
Then, the radiative centre is assigned to be an isolated Ti4+ ion in CaYAlO+ 

4.2. EPR measurements 

The sample preparation and the optical spectra demonstrate that the 408 nm and 540 nm 
absorption bands are associated with complexes of Ti ions and oxygen vacancies, but do 
not give structural information. The EPR technique provides detailed structural information 
on transition metal ions in insulating materials. 

The EPR 
transitions were relatively easily saturated at low temperatures, even at low microwave 
power levels. Figure 5 shows the temperature dependence of EPR spectra measured at a 
microwave power of 0.01 mW and a microwave frequency of 9.486 CHz. The broad A 
line for E 11 (001) ( c  axis) in figure 5(a) is shifted to lower magnetic field and decreases 
in intensity with the increase of temperature. The A line disappears above 93 K, whereas 
the new weak B and D lines appear above 47 K, being stable up to room temperature. The 
shift of the A line for B 11 (110) in figure 5(b) is small compared with that for B 11 (001). 
Figure 6 shows the temperature dependence of the resonance field positions for B 11 (001) 
and B 11 (110). The line width of the A line for B 11 (001) and 16 K, being equal to the 
peak to peak distance of the first derivative, is about 80 G. It is much larger than that (15 
C) observed in Ti3+:YA103 [Il l .  The inhomogeneous broadening of the A line observed 
at low temperatures may be produced by random distortion of Caz+ and Y3+ in figure 1. 
Usually, Ti3+ EPR signals are broadened and undetectable by rapid spin-lattice relaxation 
with increasing temperature [11-14]. The large shift of the A line at B 1) (001) and the 

The EPR measurements were carried out for the AS#H2TI:c~~ sample. 
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Figure 5. Temperature dependence of the EPR Spectra of Ti3+ in the AS#H,~:CYA sample with 
magnetic fields applied (a) II (001) and (b) II (110). 

decrease of the intensity with increasing temperature may be due to the combination of the 
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random and spin relaxation effects. A detailed discussion will be given in the next section. 
Figure 7 shows the angular dependence of the EPR spectra as the magnetic field is rotated 
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Figure 8. Definition of principal G, q,  < axes and their plat angles for the Ti3+ ion with respect 
to the nbc coordinate system. 

in the (001) and (li0) planes. The circles in figure 7 represent the resonance field positions. 
The angular variations of the A line were observed at 20 K. The A line at any magnetic field 
direction in the (170) plane is a single line, whereas the line splits into two branches for 
the magnetic field applied in the (001) plane. These results indicate that the three principal 
axes are parallel to the (100). (010) and (001) directions of the crystal and that the A line 
is due to two structually equivalent sites which become magnetically equivalent when the 
magnetic field is applied in the (li0) plane. The angular variations of the B line were 
observed at 230 K. The B line splits into two branches in the (170) plane and collapses for 
B 11 (001) and ( 1  10) directions. The directions with the maximum and minimum resonance 
fields are not parallel to the (001) and ( I  10) directions, but shifted by 10" from them. 

The angular dependences of the A and B lines are fitted by the spin Hamiltonian 

'H = Pre(& s< BI + gvs? BV + g( sc Br 1 (2) 

where S is i, and pg is the Bohr~ magneton. The principal axes 6 .  q and < of the g 
tensor and the polar angles (b't,@) for the axis and (O&) for the ( axis are defined in 
figure 8. The principal 5 axis is defined as the magnetic field direction with the maximum 
of the g value, being closest to that of the free electron (g, = 2.0023). The solid curves 
in figure 7, calculated using (2) with the spin Hamiltonian parameters and the polar angles 
of the principal axes listed in table 2, fit the angular variations of the A and B lines. The 
principal ( axis of the A line is parallel to the (100) or (010) axis, whereas that of the B 
line is bent by IO" towards the ( 0 1 )  direction from that of the A line. The C line is only 
observable near the (1 10) direction. Assuming that the observed branch is a higher-field 
component and the principal axis is parallel to the (110) or (170) direction, the gt value of 
the C line is estimated from the data for B 11 (110). These angular variations of the A, B 
and C lines suggest Ti'+ centres with spin S = $. 
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Table 2. Spin Hamiltonian parameters and polar angles of lhe principal axis dimtions of Ti3+ 
in CaYAIO4. The unit of the polar angles is degrees. 

Centre Temperature (K) 8f 8, g< 4 +f 4 +< 
A 15 1.815 1.928 1.948 180 0 90 0 
B 250 1.920 1.949 1.985 1 IO 0 80 0 

- - 90 45 - C I 1.883 - 

5. Discussion 

Ti3+ has the electron configuration 3d'. The 'D state of 3d' ions in an octahedral field 
splits into a zT2 ground and ZE excited states with energy separation lo&. In tetragonal 
symmefxy, the 'Tz ground state is further split into a 'Bz ( Ixy) )  and 'E ( l y z ) ,  Izx)) states. 
Whether the orbital doublet ('E) or the singlet (*B2) is lower is determined by the octahedron 
being elongated or compressed, respectively, along the z axis. The 'Tz state in orthorhombic 
symmetry splits into three non-degenerate orbital states. The 'E excited state is split further 
into AI (12z2-xZ-y2))  and El ( Ix2-yz) )  states by a tetragonal distortion. If the octahedron 
of the Ti3+ ion is elongated, the AI state is lower in energy. The lowest excited state in 
orthorhombic symmetry is represented by a linear combination of the AI  and BI states. 
First we discuss the identification of Ti3+ in CaYA104 according to the EPR results. 

5.1. EPR spectra 

The anisotropy of the g tensor of lI3+ can deduce which of the Ixy) ,  l y z )  and Izx) orbital 
states is the lowest component of the 'Tz ground state of Ti3+ in CaYA104. Here, the 
notations x ,  y and z correspond to the a, b and c axes of the crystal in figure 1, respectively. 
The EPR result that the principal r axis of the A line is parallel to the (100) direction (a  
axis) indicates that the 'Tz ground state is represented by l y z ) .  Figure 9 shows energy 
levels of Ti3+ in an orthorhombic distorted octahedron, which is dominantly stretched along 
the c axis and additionally compressed along the a axis. 

The g factor for the pure l y z )  ground state of Ti3+ in orthorhombic symmetry as shown 
in figure 9 is calculated in terms of the spin-orbit perturbation and given by 111-141 

(3) 

(4) 

2h hz h2 W 2  3h2 h2 
61 2s: 26; &A2 2A: 2A; 
2h h2 3h2 h2 3hZ A= - - - - f - + - - - - - - - 
62 26; 2 4  & A I  81A2 2A: 2A; 

ge = g, - -+  - -- + - - - - - 

g, 

where A (= k c )  is the effective spin+rbit parameter, k is the orbital reduction factor which 
takes into account the covalency, C (=154 cm-I) is the one-electron spin-orbit parameter, 
and SI, 8 2 ,  AI  and A2 are the energy separations as shown in figure 9. The g shift of g, 
from g, (= 2.0023) is much smaller than those of gc and g, because the energies AI,  A2 
are significantly larger than the energies 81, 62. 

The g values of the A line are gc = 1.815 ( E  11 c) ,  g, = 1.928 ( E  II 6) and 
gl = 1.948 ( E  11 a )  as given in table 2. The observed g values are in the order 
2 > g< > g, > ga. The g values derived from equations (3)-(5) show that the Ti3+ 



4390 M Yamaga el a1 

'T, {r"') 
IZX)  

IYZ)  SI 

c u b i c  orthorhombic random 
Figure 9. Energy diagram of Ti'+ in cubic and onhorhombic symmetries 

ground state should split into three sublevels lyz), Izx) and Ixy) as shown in figure 9. The 
parameters A/&, A / &  and h/Al  in equations (3)45) are determined to be 0.095, 0.035 
and 0.0055 by fitting the observed g values to calculated ones assuming that A I  = Az. 
The energy A I  is estimated to be about 18500 cm-I assuming that the absorption band 
at 540 nm is due to Ti'+. The effwtive spin-orbit parameter h and the reduction factor 
k are derived to be 102 cm-I and 0.66, respectively. Then, the energy separations of the 
ground states for the A line are SI = 1070 cm-I and 82 = 2910 cm-'. In the same way, the 
parameters of the B line are estimated to be A/& = 0.04, A/& = 0.025 and A/Al = 0.0016. 

5.2. Absorption spectra 

Yamaga and co-workers [15] calculated the transition probabilities induced by odd-parity 
distortions, TI, and Tzu, between the ground and excited states of Ti3+ in axial symmetry 
(tetragonal, trigonal). We apply that theory to the polarization of the absorption spectra 
of Ti3t in CaYAIO.,. The Tzu odd-parity distortion is equivalent to the TI, distortion for 
tetragonal symmetry. Figure 10 shows the polarization and the electric dipole transition 
probabilities between the z T ~  ground state and the 'E excited state induced by the z 
component of the TI. odd-parity distortion. The transitions between the lyz), Izx) ground 
states and the Ixz - y2), 12z2 - x2 - yz) excited states are allowed, whereas those between 
the Ixy) ground state and the Ixz - y ' ) ,  12z2 - x2 - y2) excited states are still forbidden. 
The electric dipole transitions are only the x and y components. This result agrees with the 
polarization of the absorption spectrum observed in the AS#H2TI:cy~ sample (see figure 
3(a)). These optical transitions are parity-allowed transitions induced by the z component 
of the TI. odd-parity distortion because of the large absorption coefficients, although there 
remains the problem of which of the bands, that with the peak at 408 nm or that with the 
peak at 540 nm, corresponds to X3+. 
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Figure 10. Polarization and relative intensities of optical transitions of li3+ induced by Ihe L 
component of Tiu odd distortion. a and z imply that ligand ion displacemenk are p d l d  to 
and perpendicular to the central ioniligand ion axis. respectively (see figure 11). 

5.3. A model of the 7i3+ centre 

The broad absorption bands with the peaks at 408 nm and 540 nm are due to the complexes 
of Ti ions and 0’- vacancies, according to the relation of the sample preparation and the 
optical absorption spectra. The polarization of the absorption spectrum suggests that the 
Ti3+ octahedron is distorted along the c axis with odd symmetry. In addition, the EPR 
analysis deduces that the Ti3’ octahedron is dominantly elongated toward the c axis and 
additionally compressed along the a or b axis with orthorhombic symmetry. These results 
are, however, inconsistent with the result obtained from the analysis of the CaYA104 crystal 
structure that an AI” octahedron is comprq$ql along the c axis with tetragonal symmetry 
181. 

In order to remove this discrepancy, we propose a model where a Ti3+ octahedron is 
accompanied by an OZ-(3) ligand ion vacancy on the c axis as shown in figure 11. The 
OZ-(3) vacancy, acting as an effective positive charge, produces the z component of a 
TI. odd static distortion and an expansion of the octahedron along the z (c) axis. This 
configuration can explain the polarization of the absorption spectrum (see figures 3(a) and 
IO). However, a distortion along the a or b axis other than that created by the OZ-(3) 
vacancy is required in order to explain the EPR results. 

We propose the following models for the origin of axial fields perpendicular to the c 
axis. 

(1) A Ti4+ ion replaces the neighbouring AI3+ ion on the a axis in figure 12(A). The 
Ti4+ ion attracts the Oz-(l) ligand ion slightly because of the high valency of Ti4+. Then, 
an axial field is created along the Ti4+_02--Ti3+ axis. 

(2) A vacancy is created at the neighbouring AI3+ ion site on the a axis in figure 12(B). 
The AI3+ vacancy is effectively negative charge. The combination of the AI3+ vacancy 
on the a axis and the OZ-(3) vacancy on the c axis rotates the O?-(l)-Ti3+ axis of the 
octahedron toward the c axis. 

(3) A vacancy is created at the neighbouring AI3+ ion site with the (1 10) direction or a 
Ti4+ ion replaces the AI3+ ion in figure 12(C). This effect produces an axial field parallel 
to the (110) direction. 
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F i e  If.  A proposed model for a ?i3t cenm, Anows (-4 and a) show the I components 
of Tl.(o) and Tl.(n) distortions. respectively. 

A B C 
Figure 12. Ti3+ octahedra prturbed by an O2 vacancy on the L ( e )  axis and by either an 

vacancy or a Ti‘+ ion at neighbouring AI3+ sites perpendicular to the L (c) axis. 

Next, we consider which of the models 1-3 corresponds to the A, B and C lines. The 
EPR line shape and resonance field position of the A line change gradually with the increase 
of temperature. The gr and g, values change from 1.74 to 1.88 and from 1.89 to 1.94, 
respectively. as temperature increases from 4.2 K up to 90 K as shown in figure 6. The g 
values are given as a function of the splittings 81 and 82 in equations [3)-(5). The spreads of 
61 and 82, being estimated to be 5 770-1670 cm-’ and - 1800-3300 cm-I, respectively, 
from the variations of the g values, are caused by the random distribution of Ca2+ and 
Y3+ions because they have different valencies and ionic radii. The randomness produces 
the energy widths (-1000 cm-I) of 61 and 62, as shown in figure 9. Taking account of 
these results, the A line is assigned to be model 1 where a Ti3+ octahedron is perturbed by 
the 02- (3 )  vacancy and the Ti4+ ion on the a axis (b axis) as shown in figure 12(A). 

The gs, g, and gc values for the B line are 1.920, 1.948 and 1.985, respectively. The 
values of 61 and 62 for the B line are estimated to be 2500 cm-’ and 4000 cm-’, respectively, 
from the g values. The splitting, 61, for the B line is about twice as large as that for the A 
line and also much larger than the energy width (- 1000 cm-I) produced by the randomness. 
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These results are consistent with the fact that the temperature variations of the gl, g, and 
g( values for the B line are fairly small in the range of 4.2-250 K. In addition, the principal 
C axis of the B line is bent by 10" from that of the A line to the c axis. Then, thc B line 
is assigned to be model 2 where a Ti3+ octahedron is perturbed by the 02-(3) vacancy and 
the AI3+ vacancy on the c2 axis (b axis) as shown in figure 12(B). In the same way, the C 
line is due to model 3 as shown in figure 12(C). 

Finally we assign the two absorption bands with peaks at 408 nm and 540 nm shown 
in figure 3(a). the full widths at half maximum ("k) of which are 1900 cm-' and 
2800 cm-', respectively. The FWHM of the 408 nm absorption band is nearly equal to that 
(1950 cm-I) of the 275 nm excitation band from isolated Ti4+ ions as shown in figure 4. 
The O2-(3) vacancy may weaken the crystal fields of the Ti4+ and Ti3+ octahedra. In 
consequence, the absorption bands are expected to be shifted to lower energy. Then, the 
408 nm and 540 nm absorption bands are due to the Ti4+ and Tist octahedra perturbed 
dominantly by the 02-(3) vacancy, respectively. 

6. Conclusions 

Ti-doped CaYAlO4 single crystals were grown in a reducing atmosphere. The two absorption 
bands with peaks at 408 nm and 540 nm were observed at room temperature. The 
luminescence from Ti4+ shows the broad band with the peak at 465 nm observed at roam 
temperature, whereas that from Ti3+ could not be observed at helium and room temperatures. 
In order to make it clear why Ti3+ Iuminescence could not be observed in the crystal, EPR 
measurements were carried out in the temperature range of 4.2-300 K. The EPR results and 
the polarization of the absorption spectrum have shown that Ti3+ octahedra in the crystal 
are accompanied by 0'- ligand ion vacancies on the c axis. In consequence, local phonons 
created around the 0'- vacancy enhance the non-radiative decay rate from the 2E excited 
to the *Tz ground state of Ti3+, 

The 0'- vacancies in the crystal are produced in a reducing atmosphere, which is 
required to convert Ti4+ to Ti3+ in the crystal. The pressure ratio of Hz gas to inert gas 
(He or Ar) is a very important parameter for the crystal growth to create Ti3+ radiative 
centres in CaYA104 crystals. Therefore, severe control of the gas ratio is required in order 
to prevent creation of Oz- vacancies in the crystal. 
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