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Abstract. The electron paramagnetic resonance (EPR), optical absorption and lumines-
cence spectra of Ti*¥ jons in YAIOs; have been measured at low femperatures. The
optical absorption spectrum is composed of two broad bands with peak wavelengths of
434 and 492 nm, the energy separation of which is due to splitting of the excited 2E
state. The broad-band luminescence with a peak at a wavelength of 605 nm at low
temperatures is accompanied by a single sharp zero-phonon line at 540 nm. The absorp-
tion and luminescence spectra are strongly polarized. The spin-Hamiltonian parameters
of Ti** ions substituting for AI**t ions in sites with orthorhombic symmetry were de-
termined from the orientation dependence of the EPR spectra to be ¢ = 1.795(5),
gy = 1.850(5) and g: = 1.950(5). The experimental g-tensor is compared with that
calculated in terms of the mixing of the higher components of the 2T ground states
and the *E exciled states into the lowest ? T ground state by spin-orbit interaction, the
energies of these levels having been estimated from the broad-band absorption spectrum
and the zero-phonon lines of the emission spectrum. ’

1. Introduction

Yttrium aluminium perovskite (YAF) YAIO; is a host crystal which supports laser
action when containing rare-earth ions (Nd**, Tm®+ or Er®t) [1]. The transition-
metal ion Cr3+ in YAP is used to sensitize Nd®t Juminescence via energy transfer from
Cr*+ ions excited in the broad-band absorption to Nd3* jons. The pumping efficiency
for the Nd3* laser action of Cr3*-codoped Nd>+:vaP is higher than that for Nd3+:vap
[2). The Juminescence from Cr3+ jons in YAP, observed at room temperature, consists
of the sharp R lines and their phonon sidebands [3]. The Cr3*:vAP laser operates on
the sharp R lines as do the Cr3+:Al,0, and Cr®+:Y,Al;O,, (YAG) lasers. Recently,
Ti%+-doped YAP [4-6] has attracted considerable interest in view of its potential as a
solid state laser material operating at shorter wavelengths than Ti®*:Al,O, (sapphire)
does. Laser operation has not been successful because of the excited-state absorption
involving higher energy levels than those of the 2E excited states [3, 6].

The optical absorption and luminescence from the laser-active ions such as Nd3*,
Cr®* and Ti*t depend strongly on the structure of the host crystals. The crystal
structure of YAP has a distorted orthorhombic symmetry [7, 8]. In consequence,
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optical transitions between the excited and ground states have an electric dipole
nature and both the absorption and the luminescence spectra are strongly polarized.
For example, the 1.08 ;zm emission line in Nd®*:YAP is polarized parallel to the ¢ axis,
whereas the 1.065 um line is polarized parallel to the b axis [9}. The anisotropies
of the optical absorption spectra of Cr3*:YAP [10] and of the emission spectra of
Ti3*:vap [11, 12] have been reported. This paper discusses the apisotropy of the YAP
crystal determined using electron paramagnetic resonance (EPR) and the polarization
of the optical absorption spectra of the paramagnetic ion Ti®t. The g-tensor and
optical polarization measured are strongly related to the crystal structure.

2. Crystal structure of YAIQ,

YAP has a slightly distorted perovskite structure, the crystals belonging to the space
group Dif (Pbnm). X-ray diffraction measurements have been reported by Geller
and Wood [7). Subscquently, the crystallographic parameters were refincd by Diehl
and Brandt [8]. The projection of two unit cells along the ¢ axis is shown in figure 1.
The distances between the central Al ion and the three oxygen ions (1), (1) and (111)
in figure 1 were determined from x-ray measurement to be 1911 1.921 A and
1.901 A, respectively, The octahedron compressed along the AI3+-O(III) direction
has pseudo-tetragonai symmetry. In Ti*+:YAP the AI’F ions at the centre of an octa-
hedral arrangement of oxygen ligands may be replaced by Ti*+ ions. In consequence,
there are four crystallographically inequivalent Ti*+ sites, as shown in figure 1.

T=42 K
6:00"
B # 120>

O
O

v —A A

§=0"
B4 <°°l?J

]

033 035 037
MAGNETIC FIELD{T)

Figure L Orthogonal projection of two unit cells  Figure 2. EPR spectra of Ti®t:var with magnetic
of YAaP onto the (001) plane. ficids applied parallel to the [001] and [120] direc-
tions and at 40° from [001] to [120).
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3. Experimental procedure and results

Ti3+ -doped single crystals were grown by the Czochralski technique. Samples with ap-
proximate dimensions 1 mm x 2 mm x 5 mm were cut from the single crystal, the cut
faces being normal to the [210], [120] and [001] (c-axis) direction of the crystal. The
EPR measurements were made at temperatures in the range 4.2-77 K using a Varian
X-band EPR spectrometer employing 270 Hz field modulation. The polarizations of
the optical absorption spectra of the T+ ions were measured at room temperature
by inserting a lincar polarizer in an optical spectrometer at the Centre of Instrumen-
tation, Gifu University. The luminescence emitted in a direction perpendicular to
the excitation direction was detected through a 1 m grating monochromator using a
GaAs phototube and a current amplifier. The sample temperature was controlled in
the range 10-300 K using a cryorefrigerator.

3.1. EPR measuremenis

The EPR transitions of Ti®* in YaAP are relatively easily saturated at the cryogenic
temperature {(about 4.2 K), even at low microwave power levels. Figure 2 shows the
EPR spectra measured at a microwave power of 0.01 mW and a microwave frequency
of 9302 GHz. In these measurements the magnetic field was applied parallel to
the [001] and [120] directions and at 40° from the [001] towards the [120] direction.
The EPR spectrum at B[|[001] is revealed as a single resonance line with several
weak satellite lines, associated with hyperfine structure due to the nuclear spin of
isotopes *"Ti (/ = 2) and *°Ti (J = ) with natural abundances of 7.3% and
J.5%, respectively. Figure 3 shows the angular dependence of the EPR spectra as
the magnetic ficld is rotated in the (001) and (210} planes. The open circles in
figure 3 represent the field positions of the resonance lines. The EFR spectra at some
magnetic field directions consist of four resonance lines. The four lines converge to
a single line when the applied magnetic field is parallel to the [100], [010} and [001]
directions, ie. the a, b and ¢ axes (sce figure 1). These results indicate that the EPR
signals are due to four inequivalent sites which become equivalent when the magnetic
field is parallel to the @, b and ¢ axes.

- The angular dependences of the EPR spectra are fitted by the spin Hamiltonian

= g:gﬂBSxB:c + gy“BS'yBy + gz.luBSz B,z (1)

where S§ = %, and pg is the Bohr magneton [13-15]. The principle axes z, y and =
of the g-tensor and the polar angles (9., ¢,.) for the » axis and (0,, ¢_) for the =
axis are defined with respect to the (a.b,c) co-ordinate system in figure 4. The full
curves in figure 3, calculated using equation (1} with the spin-Hamiltonian parameters
and the polar angles of the principal axes listed in table 1, fit the angular variations
in the EPR signals.

Figure 5(a) shows the temperature dependence of the EPR spectra for B[|[210].
The peak-to-peak intensities of the signals decrease rapidly with increasing tem-
perature and are not detected above 70 K as a consequence of line broadening.
The linewidth is associated with spin-lattice relaxation [13-15]. We assume that, as
temperature increases, only the linewidth of the EPR line broadens, the microwave
absorption power integrated over the field remaining constant, and that a microwave
absorption lineshape as a function of magnetic field is given by the first derivative of
a Lorentzian. Then, the linewidth is inversely proportional to the square root of the
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Figure 3. Angular dependence of the EPR spectra of  Figure 4. Principal axes z, y, z, and their polar
Tt +:vap at 4.2 K with the magnetic field in (8) the  angles of one of four Ti** octahedra with respect
(210) plane and (b) the (001) plane: , calcu-  to the a, b, ¢ coordinate system.

lated using equation (1) and the spin-Hamilionian

parameters in table 1.

Table L Spin-Hamiltonian parameters and polar angles of the principal axis directions
of Ti*+ ions in vap.

8.1: ¢.:r 82 ¢:
Crystal gz 9y gz (deg)  (deg) (deg) (deg)

Tit+:vap  1795(5) 1850(5) 1.950(5) 117(2) 31(2) 30(2) 60(2)

peak-to-peak intensfty of the first-derivative curve. Figure 5(b) shows the linewidth
I'{T), normalized by [(11), as a function of the temperature 7. The linewidth
increases abruptly above T =40 K

3.2. Optical measurements

Figure 6 shows the polarized absorption spectra of Ti**:YAP measured at room tem-
perature. Each absorption spectrum consists of two broad bands associated with the
splitting of ?E excited states by an orthorhombic distortion [16]. The peak wave-
lengths of the two bands are at 434 nm (denoted by A) and at 492 nm (denoted by
B); the peaks are strongly polarized along the [010] direction (b axis). Figure 7 shows
the variation in the absorption coefficients at orientations in the (001) and (010)
planes at the peak wavelengths of the two bands, after subtraction of the background
signal. Band B is nearly isotropic, whereas the intensity of band A for E||[010] (b
axis) is approximately twice that for E|[[001] (¢ axis).
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Figure 6. Polarization of absorption spectra of

Ti®+:¥aP observed at room tem perature.
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Figure 7. Angular variation in absorption coeffi-
cients at the peak wavelengths 434 nm (band A) and
492 nm (band B), being polarized (a) in the (001)
and (b) in the (010) planes observed for Ti*+:vap
at room temperature: ——, calculated using equa-
tion (2} for the broad band A; — — -, calculated
using equation (2) for the broad band B.

The orientation dependence of the polarization can be calculated in terms of
electric dipole moment operators er between the ground and excited states [11],
using the principal axes z, y and z of the Ti*t complex determined from the EPR
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measurements. The x, y and » components of the transition probability due to the
ex, ey and ez electric dipole moment operators are defined as A,, A, and A,,
respectively, for absorption. The broad-band absorption polarized along one crystal
direction, including the contribution {rom four crystallographically incquivalent Ti+
sites in figure 1, is given by

4
P=> A,cos?8,, + A, cos’ 8, + A,cos’ 0, @)
k=1

where ;,., 0, and 8, . are the angles between the E-vector direction of absorption
light and the principal axes =, y and z of the kth Ti®t site respectively. The full
and broken curves in figure 7 are calculated using equation (2) and the parameters
Ayt Ayt A, =03:1:045and 4, : A : A, =0.55:1:0.75 for the two
broad bands A and B, respectively. The A, -components are dominant for both band
A and band B,

Figure 8 shows the luminescence spectrum from Ti** in vAP observed at 10 K
The inset in figure 8 shows the zero-phonon emission line at 540 nm and the associ-
ated one-phonon sidebands. The luminescence spectrum is polarized along the [110]
direction [12].
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Figure 8. Luminescence spectrum of Ti*+:var ob-  Figure 9. Energy diagram of Ti®* in cubic, tetrag-
served at 10 K The inset shows a zero-phonon  onal and orthorhombic symmeitries.

emission line and the phonon sidebands. The Iu-

minescence at the long-wavelength tait of the Ti®*

broad-band emission is due to the accidental doping

with Cr3T ions.

4. Disecussion

Ti®+ has the electron configuration 3d! [17]. Figure 9 shows the energy-leve! scheme
of octahedrally coordinated Ti** jons in the presence of cubic, tetragonal or or-
thorhombic crystal-field distortions. The *D state of 3d! ions in an octahedral field
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splits into the *T, ground state and the ?E excited state with energy separation 10 Dq.
In tetragonal symmetry, the 2T, ground state is further split into the 2B, (|xy)) and
2E (lyz),|zx}) states. Which of the orbital doublet (2E) or the singlet (*B,) is the
lower is determined by whether the octahedron is elongated or compressed, respec-
tively, along the z axis. The *E excited state is split further into A, (|222 — 2 — y?})
and B, (|=? — y?)) states by tetragonal distortion. If the complex of the Ti** jon is
compressed, the B, state is lower in energy. The >T, state in orthorhombic symmetry
splits into three non-degenerate orbital states. The lowest excited state in orthorhom-
bic symmetry is represented by a linear combination of the A; and B, states. The
mixing coefficients are determined by the strength of the crystal field perpendicular
to the dominant tetragonal field.

The structures of zero-phonon emission lines and the absorption spectra’ reflect
the energy levels of the 2T, ground states and the 2E excited states of Ti®*:YAP in an
orthorhombic crystal field, respectively. The single zero-phonon emission line from
Ti®t+:vAP was observed at 540 nm as shown in figure 8. This feature is different from
that in Ti®*:Al,0,, where two zero-phonon emission lines are observed because of
the splitting of the fourfold-degenerate 2E lawest ground state in the trigonal crystal
field by a spin—-orbit interaction [12, 18]. These results indicate that the lowest ground
state in Ti**:vaP is a Kramers doublet. However, which of the [zy), |yz) or |zz)
orbital states is the lowest component of the 2T, ground state cannot be determined
from the zero-phonon line. It may, however, be deduced from the g-tensor of Tid+,
The energy separation of the two absorption bands can be used to estimate the
splitting of the ?E excited state but do not determine the mixed wavefunctions of the
excited states in orthorhombic symmetry.

The Ti** octahedron in YAP is nearly tetragonal. Yamaga er a/ [11] have calculated
the transition probabilities induced by odd-parity distortion, T, ,, between the ground
and excited states of Ti** in axial symmetry (tetragonal and trigonal). We apply
that theory to the polarization of the absorption spectra of Ti** in vap. First, we
describe briefly the results of their calculations. Electric dipole transitions between
the |zy) ground state and the Jz? — y2), [222 — 2% — y?) excited states in sites with
tetragonal symmetry are not induced by the z component of T, odd-parity distortion.
However, the = and y components of this distortion do induce y- and z-polarized
electric dipole transitions, respectively. The probability of transition between |zy)
and |x? — y?) orbitals is three times that between |zy) and [22? — 2% — y?). The ez
electric dipole transitions induced by the x and y components of T,, occur between
the [yz}, |zz) ground states and the |22 —y?), [22%— 22 — y?) excited states. The z, y
and > components of the transition probabilities for the two absorption bands A and
B, being proportional to absorption coefficients, were experimentally determined to
be A : A, 1A, =03:1:0452and A;: A, A, = 0.55:1:0.75, respectively.
Comparing the experimental results for both band A and band B shows that A, is
dominant and 4, is greater than zero. As the theory indicates that the (z, y) and =
components of the polarization are associated with the transitions from the |zy) and
(lyz), |zz)) ground states, respectively, the lowest ground state may be [xy) with
small admixtures of the |yz) and |zz} states. However, the small difference between
the experiment and the calculated polarization for tetragonal symmetry may be due
to orthorhombic symmetry which mixes the wavefunctions between the three orbital
states of the ground states and between the two orbital states of the excited states,
resulting in the complex polarization.

The g-factors for the pure [zy) ground state of Ti®* in orthorhombic symmetry
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[15, 19, 20] are calculated in terms of the spin—orbit perturbation with the assumption
that the lowest excited state of E in figure 9 is pure |2? — y2) and given by

Gy =2 —2X0[6, + N2[267 — X2 J265 4+ 222 /6,0, — 2X7 Al (3)
gy =2 —2X0[6, ~ N2[26% + N2 [26% + 237 /6, A, — 2X07/A] Ch)
g, =2—8XA; = F(M6 + A/8;)" + 222/ A &)

where A(= k() is an effective spin—orbit parameter, k is the orbital reduction factor
which takes into account the effect of covalency, { (= 154 cm~!) is the one-electron
spin-orbit parameter, and &,, §, and A, are the separation cnergies as shown in
figure 9. The g-shift of g, from the free-elcctron g-value of 2.0023 is smaller than
those of g, and g, because the energy A, is much larger than the energies &, and
§,. The g-tensors for the |yz) and |zx) states are calculated in the same way. The
g.-value for the |yz) state and the g -value for the |xzx) state have the smallest
g-shifts.

The observed g-values are g, = 1.795(5), g, = 1.850(5) and g, = 1.950(5)
with the principal z axis bent at 30° from the c axis as shown in table 1. Since the g-
values are of the order of 2 > g, > g, > g, the lowest ground state should be |xy),
this result being consistent with the crystal structure of YAP, where the octahedron is
compressed along the AP*T-O(III) direction, ie. the = axis. The parameters A/é,,
A/é, and A/A, in equations (3)-(5) are determined to be 0,104, 0.074 and 0.0043,
respectively, by fitting the observed g-values to the calculated values. The lowest
excited state is |« — y?). The energy A, is obtained to be about 20000 cm™~!
from the peak energy of band B. Then, the effective spin-orbit parameter A and the
reduction factor k are derived to be 86 cm~! and 0.56, respectively. In the same way,
the energy separations of the ground states are §, = 830 cm~' and 6, = 1160 cm~ 1.
These values are very similar to those observed for Ti**:LaMgAl,, 0,4 [19].

As the temperature increased, the EPR spectra broadened and finaily disappeared
above 70 K This effect is caused by the temperature dependence of the spin-lattice
relaxation time T, given by [15]

1/T, = aT + bT™ + cAER exp(-AE/kT) 6)

where A FE is the energy level of the low-lying excited electronic state. The first term
in equatjon (6) is due to the direct process. The second and third terms are due
to the Raman and Orbach processes, respectively, which indicate large temperature
dependences. The Orbach process is very important for EPR spectra and includes the
term of zero-field splitting of the ground state of paramagnetic ions [13, 15]. As the
temperature increases, the second component state of the 2T, ground state of Ti+,
where AFE is equal to 6, in figure 9, is thermally populated. The lifetime of the
lowest orbital component of the *T, ground state is associated with the spin—fattice
relaxation time 7). Then, the linewidth of the EPR lineshape is proportional to 1/T.
On the assumption that the Raman process in equation (6) is neglected, the linewidth
(T}, normalized by I'(11), is modified by

L(TY/T(11) = o' T+ ' exp(—6,/&T). )]

The full curve in figure 5(b), calculated using equation (7) and the parameters
¢’ = 0.072, ¢ = 1700 and 6, = 170 cm~!, fits the observed data. A similar
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broadening of the EPR spectrum in Ti**+:Al,O; was observed, where the energy sep-
aration &, ~ 38 cm~! [21] and the disappearance temperature Ty, ~ 12 K [22].
The factors exp(—46,/kT,;,) for Ti>t:vap and Ti**+:Al,O; are nearly equal, ie.
exp[—170/(0.695 x 55)] ~ exp[-38/(0.695 x 12)]. The value (170 cm~?) of §,
estimated from the spin-lattice relaxation time T is different from that (830 cm~1)
obtained from the g-tensor. The reason for this large difference may be as follows.

(1) The g-tensor of Ti**+ is formulated on the assumption of a strong static
orthorhombic crystal field, ie. é,, 8, > A, hw where hw is 2 phonon energy. When
8y, 6y ™ A, fuw, the g-values may be reduced by the dynamic effect as in the case of
Ti3+:Al, O [21].

(2) We bave neglected the Raman process of spin-lattice relaxation.

As described in the above discussion, the energies &, and &, reflect the second
and third zero-phonon lines in the emission spectrum, which may be located at
positions shifted by amounts of §, and 6, towards lower energies from the zero-
phonon emission line at 540 nm. The energy é, is denoted by an arrow in the
inset in figure 8 The sharp lines at 544.4 nm and 3454 nm in figure 8 may be
due to the second and third zero-phonon levels, respectively, of the T, ground
state of Ti**:vap. It is, however, reported that the one-phonon spectrum of the
luminescence from Cr3*:YAP consists of lines at 78 c¢cm~!, 104 ecm~!, 128 cm™!,
136 cm~?!, 168 cm~!, 194 cm~!, etc [3]. The luminescence from the accidenially
doped Cr3+ ions in Ti®+:YAP was observed in the long-wavelength tail of the Ti*+
broad-band emission, as shown in figure 8 The spectrum also indicates the phonon
structure in the ranges 100-190 cm~? and 250-630 cm~!. Therefore, it seems to be
very difficult to distinguish another zero-phonen line and one-phonon line from the
structure of the luminescence spectrum of Ti®*:YAP in figure 8.

5, Conclusions

YAP has a slightly distorted perovskite structure with orthorhombic symmetry. The
anisotropy of the crystal structure was measured by EPR and polarization of the ab-
sorption spectra of Ti°t jons replacing AP* in vap. The Ti** jon is surrounded
by six octahedral oxygen ion ligands. The directions towards the oxygen ion lig-
ands are determined from x-ray measurement [8] to be (6,,¢,) = (100°,56°),
(8,,9,) = (80°,144°) and (6,,¢,) = (14°,17°). The principal axes of the Ti**
complex determined by the EPR measurement, (6,,¢,) = (117°,31°), (Gy,;éy) =
(103°,127°) and (8,,¢,) = (30°,60°), are slightly different from those obtained
by x-ray measurement. The energy levels of the ground and excited states of Ti+
have been determined directly from the optical absorption spectrum and the zero-
phonon lines in the luminescence spectrum. They have also been derived indirectly
from the g-values and the spin-lattice relaxation time of the Ti®+ EPR spectra. In
consequence, the lowest ground state is determined to be the |xy) state. It has also
been deduced from the polarized absorption spectra that the transitions from the
lowest ground state, |xy), to the °E excited states are caused dominantly by the y
component of T, odd-parity distortion. Although it is difficult to determine precisely
the relationship between the T, distortion and the crystal structure, a comparison of
the polarization of the absorption spectra with the theory does indicate which com-
ponent of the odd-parity distortion is effective in inducing electric dipole transitions
between the ground and excited states.
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