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Abstract. Electron spin-resonance (ESR) studies of Cr3+ in CaYAlO4 (CYA) reveal spectra
consisting of fine-structure pairs of narrow symmetric lines and fairly broad asymmetric lines,
corresponding to Cr3+ ions in sites with ordered and disordered configurations of the second-
nearest-neighbour Ca2+/Y3+ ions, respectively. The polarized intensities of the4A2 → 4T2

absorption band and the R1-line fluorescence, measured with theE-vector of the radiation parallel
(Iπ ) and perpendicular(Iσ ) to thec-axis, are in the ratioIπ :Iσ ' 3:1. These polarization ratios
suggest that the CrO9−

6 octahedra undergo an angular distortion such that the magneticζ -axis of
the spectrum is rotated away from the crystalc-axis. The microstructure of the Cr3+ surrounding
is discussed in terms of the ESR and polarization results.

1. Introduction

In paper I [1], we discussed the inhomogeneous broadening of the R1-line fluorescence of
Cr3+ ions in CaYAlO4 (CYA) caused bysubstitutional disorderof the Ca2+/Y3+ sites on
the basis of fluorescence-line-narrowing (FLN) studies. The inhomogeneous broadening is
assigned to variations of the crystal field at the Cr3+ sites. Estimates of the distributions
of the octahedral and non-octahedral contributions to the crystal field were made from the
results of the resonantly excited and non-resonantly excited FLN spectra. These estimates
show that the distribution of the non-octahedral component to the crystal field makes the
dominant contribution to the inhomogeneous broadening. The non-octahedral components
represent the extent to which there are deviations from cubic symmetry to lower symmetry.
Electron-spin-resonance (ESR) studies may determine the sources of distortions causing the
inhomogeneous broadening on a microstructural scale, recognizing the distinct contributions
from the first- and second-nearest-neighbour ions of the central Cr3+ ion. The polarization
of the optical spectra strongly reflects the symmetries of the ground and excited states, and
may be interpreted in terms of the effects of odd-parity distortions [2]. This paper reports
the results of our studies of the ESR and polarized optical spectra of Cr3+ in CYA. On the
basis of these measurements a model of the microstructure of the environments of Cr3+

ions in the disordered host crystal is proposed.
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Figure 1. X-band ESR spectra of Cr3+ in CYA measured at 300 K and withB ‖ 〈100〉, 〈001〉,
and〈110〉.

(a)

Figure 2. See facing page.
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(b)

(c)

Figure 2. Angular variations of the A and B lines of Cr3+ in CYA with magnetic fields applied
in (a) the (1̄10), (b) the (010) and (c) the (001) planes. The solid and chain curves were
calculated using equation (1) and the spin-Hamiltonian parameters in table 1.

2. Experimental procedure

The details of the crystal structure and the crystal growth of CYA were described in paper
I [1]. Cr3+ impurities substitute preferentially for Al3+ ions in this crystal [3]. The
concentration of Cr3+ ions in the crystals is 0.1 at.%. The as-grown crystals were cut
and polished into samples with approximate dimensions 1.5 × 1.5 × 2 mm3 for ESR study
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or 4× 4 × 4 mm3 for optical measurements, the cut faces being normal to thea-, b-, and
c-axes of the crystal.

ESR measurements were made at temperatures in the ranges 1.6–4.2 K, 4.2–70 K, and
77–300 K. A Q-band (ν ∼ 35 GHz) ESR spectrometer using 100 kHz field modulation
was used, and an X-band (ν ∼ 9.2 GHz) ESR spectrometer using 270 Hz and 100 kHz
field modulation was used. Optical absorption spectra were measured at room temperature
using a dual-beam spectrophotometer. The polarization was measured by inserting a Glan–
Thompson prism in the sample beam of the spectrophotometer and rotating it. Measurements
of the fluorescence spectrum of Cr3+ in CYA were made on samples mounted on a cold
finger in a cryorefrigerator at a working temperature in the range 10–300 K. Fluorescence
was excited using the 488 nm line from a cw Ar+-ion laser, the excitation beam being
mechanically chopped at a frequency of 800 Hz. Fluorescence from the sample was focused
onto the entrance slit of a 1/4 m monochromator and detected at the exit slit by a Hamamatsu
Photonics R943-02 photomultiplier, amplified by a Keithley 428 current amplifier, and
measured by a Stanford Research Systems SR250 boxcar averager. The polarization of the
fluorescence was measured using a linear polarizer.

Table 1. Spin-Hamiltonian parameters for Cr3+ in CaYAlO4.

Line A B C D E

gξ ≈ gη ≈ gζ 1.98± 0.01 1.98± 0.01 1.98± 0.01 1.98± 0.01 1.98± 0.01

b0
2 (10−4 cm−1) 110± 10 330± 20 20± 5 650± 100 1300± 200

b2
2 (10−4 cm−1) −55± 5 −200± 20 −10± 5 −300± 50 −1100± 300

3. Experimental results

3.1. ESR results

Figure 1 shows the X-band ESR spectra at room temperature with the static magnetic field
B ‖ 〈110〉, 〈001〉 and 〈100〉 crystal axes and at a microwave frequency of 9.189 GHz for
the Cr:CYA sample. The spectra consist of narrow lines and fairly broad lines: with the
static fieldB ‖ 〈001〉 the widths of the narrow and broad lines are∼50 G and∼450 G,
respectively. The spectra are asymmetric about'0.33 T, there being pairs of fine-structure
transitions,1MS = ±1 with MS ± 1/2 ↔ ±3/2 denoted by A, B, D and E centred on the
MS − 1/2 ↔ +1/2 transition. The broad lines at around 0.18 T are due to the forbidden
1MS = ±2 transitions of the Cr3+ spin sublevels.

Figure 2 shows the angular dependence of the sharp resonance lines A and B for the
Cr:CYA sample observed at 300 K as the magnetic field is rotated in the (11̄0), (010), and
(001) planes. The resonance field positions of the A and B lines are denoted by the solid
circles and squares, respectively. The isotropic lines at 0.337 T due to−1/2 ↔ +1/2
transitions of the A and B lines are denoted by open circles. These angular dependences
of the narrow lines shown in figure 2 are fitted to a spin Hamiltonian with orthorhombic
symmetry [4, 5]:

H = µB(gξSξBξ + gηSηBη + gζSζBζ ) + 1

3
(b0

2O
0
2 + b2

2O
2
2) (1)

whereS is 3/2,µB is the Bohr magneton andOm
n are the Stevens operators. The principal

ζ -axis of the spectrum is defined as that magnetic field direction at which the fine-structure
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Figure 3. Angular variations of the D and E lines of Cr3+ in CYA with magnetic fields applied
in the (010) and (1̄10) planes. The solid and chain curves were calculated using equation (1)
and the spin-Hamiltonian parameters in table 1.

splitting is maximum, i.e. whenB ‖ 〈110〉. The three principal axesξ , η andζ of the A and
B lines are parallel to the〈001〉, 〈11̄0〉 and 〈110〉 in figure 1, respectively. The chain and
solid curves in figure 2, calculated using equation (1) with the spin-Hamiltonian parameters
listed in table 1, fit the observed angular variations of the A and B lines, respectively, very
well. Figure 3 shows the orientation dependence of the broad lines D and E in the(11̄0)
and (010) planes. The lines are too broad to assign to specific transitions when the magnetic
field is rotated away from the crystal axis. The angular variations show that the principal
ζ -axes for lines D and E are tilted by∼7◦ and∼20◦ from the 〈001〉 direction towards the
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〈111〉 direction, respectively. The rough estimates of the fine splittings,b0
2 andb2

2 for lines
D and E, are given in table 1.

Figure 4. Q-band ESR spectra of Cr3+ in CYA with B ‖ 〈001〉 at 300 K.

Figure 5. The temperature dependence of the Q-band ESR spectra of Cr3+ in CYA with
B ‖ 〈001〉.

The Q-band spectrum in figure 4 measured at room temperature withB ‖ 〈001〉 reveals
a further pair of narrow lines, denoted by C, which is not resolved at X band. The small
fine-structure splitting of this spectrum shows that the symmetry of this Cr3+ centre is close
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to octahedral. The pattern of the angular variation of the C line in the (010) plane is similar
to those of the A and B lines observed at X band as shown in figure 2(b). Although the C
line is observed only for the magnetic field applied in a direction near to the〈100〉 direction
in the (001) plane, the fine splitting increases slightly when the field is off the〈100〉 axis.
These results suggest that the principalζ -axis of the C line is parallel to the〈110〉 axis.
The spin-Hamiltonian parameters are summarized in table 1.

Figure 6. Angular variations of ESR spectra of Cr3+ in CYA with magnetic fields in the (010)
plane at 1.6 K: (a) allowed transitions and (b) forbidden transitions.

As the temperature is decreased down to∼120 K, intense and strongly asymmetric
lines appear atB ∼ 1.25 T as shown in figure 5. These broad lines are coincident with the
D and E lines of the X-band spectra. The asymmetry of the ESR spectrum is due to the
long spin–lattice relaxation time. These broad lines are wide because of the distributions
of the fine-structure splittings and/or of the directions of the principal axes which result
from the substitutional disorderon the Ca2+/Y3+ sites in CYA as pointed out in paper
I [1]. Such broad lines are not observed for multiple-quantum transitions of Cr3+ ions
in crystals of MgO or Al2O3. The shapes of the lines in the Q-band spectrum did not
change as the temperature decreased from 77 K to 1.6 K. The orientation dependence of
the Q-band spectrum measured at 1.6 K with magnetic fields in the (010) plane is shown
in figure 6. The intense asymmetric line at 1.25 T withB ‖ 〈001〉 is accompanied by a
pair of similarly broad fine-structure lines. When the magnetic field is rotated from the
〈001〉 direction towards the〈100〉 direction, these fine-structured lines split into two broader
branches where the resonances could not be resolved at all. The asymmetric and broad
lines that are apparent forB ‖ 〈100〉 occur because of magnetically equivalent sites. The
weak signals in figure 6(b) that are observed at close to one third and one half of the field
(B ∼ 1.25 T) of the asymmetric and intense line are assigned to the forbidden transitions



10640 M Yamaga et al

(1MS = 3, 2) as in the X-band spectra. It is difficult to estimate the spin-Hamiltonian
parameters using the experimental data in figure 6 with equation (1) because of the width
and asymmetry of the ESR spectra. The widths of the fairly broad lines atB ∼ 1.25 T
and the forbidden-transition lines atB ∼ 0.35 T andB ∼ 0.6 T for any direction of the
magnetic field can be reproduced using the spin-Hamiltonian parameters in table 1 obtained
from the D and E lines measured by the X-band spectrometer.

Figure 7. The polarization of the absorption spectra of Cr3+ in CYA measured at 300 K. The
orientation in which forπ - and σ -polarizations theE-vector of the radiation is parallel and
perpendicular to thec-axis, respectively, is assumed.

3.2. Polarization of optical spectra

The optical absorption spectrum of the Cr:CYA sample shown in figure 7 has strong
absorption bands with peaks at 368 nm and 566 nm at 300 K due to the4A2 → 4T1

and4A2 → 4T2 transitions, respectively. There are additional weak peaks near 430 nm and
500 nm. This spectrum is strongly polarized, the peaks at 368 nm and 566 nm being much
stronger when theE-vector of the radiation is along thec-axis (E ‖ 〈001〉) than when it is
along thea- andb-axes (E ‖ 〈100〉, 〈010〉). The band with a peak at 430 nm is strongly
polarized along thea-axis and the intensity (E ‖ c) is negligibly weak compared with the
background intensity.

The fluorescence excited in the4A2 → 4T2 absorption band consists of the Cr3+ R lines
and accompanying phonon side bands at temperatures in the range 10–300 K. The polarized
R1-line spectra with theE-vector along thec- anda-axes and measured at 10 K are shown
in figure 8. The fluorescence intensity withEem ‖ c is about three times larger than those
measured withEem ‖ a. This polarization ratio is nearly equal to that of the4A2 → 4T2

absorption band.
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Figure 8. The polarization of the R1-line fluorescence of Cr3+ in CYA excited by the 488.0 nm
laser line and measured at 10 K.

4. Discussion

The R1-line fluorescence shows a large inhomogeneous width, the origin of which is the
random distribution of Ca2+ and Y3+ ions such that the Ca2+/Y3+ composition ratio of 1:1
is maintained in the disordered host lattice [1]. The CrO9−

6 octahedron is strongly perturbed
by the second-nearest-neighbouring Ca2+ and Y3+ ions. Here we discuss the microstructure
of the Cr3+ environment in CYA implied by the ESR and optical polarization results.

4.1. The local symmetry of Cr3+

The ESR spectra observed at room and low temperatures are quite different. They show
various distinguishable Cr3+ sites in the CYA crystal structure. The narrow A and B lines in
figure 1 indicate that the principalξ -, η-, andζ -axes for both lines are parallel to the〈001〉,
〈11̄0〉, and〈110〉 crystal directions, respectively, and that the intensity ratio isIA:IB ' 2:1.
The narrow C lines in figure 4 are due to a centre with almost octahedral symmetry as
implied by the small value ofb0

2. These narrow spectra are assigned to Cr3+ ions occupying
sites that have an ordered configuration of second-nearest-neighbour Ca2+/Y3+ ions. The
broader spectra D and E observed mainly at low temperatures in X- and Q-band experiments
correspond to Cr3+ ions at sites in which the Ca2+ and Y3+ ions replace each other on their
respective sublattices, to yield many geometrically inequivalent sites. The effects of these
variations in local configurations cause the inhomogeneous broadening of the ESR lines.

First, consider an ordered configuration of the Cr3+ complex containing four Ca2+ and
four Y3+ ions in the second-nearest-neighbour sites as in figure 9(a). The Ca2+ and Y3+

ions each form interpenetrating tetrahedra with respect to each other. If we include the
further third-nearest-neighbour Ca2+ and Y3+ ions along thec-axis, we obtain the three
configurations denoted bya, b, andc in figure 9(a). Thea complex is essentially ordered
because the balance of charge in the complex is conserved. The AlO9−

6 octahedron in CYA
as determined by x-ray diffraction is elongated along thec-axis, resulting in tetragonal
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Figure 9. A model of Cr3+ complexes: (a) ordered configurations; (b), (c) disordered
configurations.

symmetry. When one of the third-nearest-neighbouring Ca2+ and Y3+ ions on thec-axis is
replaced by a different cation (theb and c complexes in figure 9(a)), the octahedra retain
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tetragonal symmetry along thec-axis, but the values of the fine-structure splitting,b0
2, are

enhanced or reduced relative to that of thea complex. The probability ratio of thea, b
and c complexes is found to be 2:1:1, in agreement with the observation of three pairs
of ESR lines (A, B and C lines) with this intensity ratio. Thea, b and c complexes are
expected to have tetragonal symmetry with the principalζ -axis being parallel to thec-axis,
an expectation inconsistent with the observation that the principalζ -axis is parallel to〈110〉
rather than thec-axis. In order to explain this discrepancy, we consider a model of other
Cr3+ centres.

There are two other ordered configurations (not shown) containing four Ca2+ and four
Y3+ ions: in one configuration four Ca2+ or four Y3+ ions occupy one of the separate
parallel planes perpendicular to thea-, b-, and c-axes, each case resulting in tetragonal
symmetry; in the other configuration two Ca2+ ions each occupy two parallel diagonal lines
in separate planes, giving rise to an axial crystal field along the〈110〉 direction. The former
complex is physically unrealistic because of the charge imbalance. Although the latter
complex can explain the ESR result, the question of why the most probablea complex does
not exist in the disordered crystal remains. There is another possibility, that, for example,
Al 3+ vacancies produce an axial field along the〈110〉 direction. However, there is the
problem that Cr3+ ions are substituted near to Al3+ vacancies. It is difficult to clarify the
origin of the principalζ -axis parallel to the〈110〉 direction.

Next, consider the two broad D and E spectra associated with Cr3+ ions in sites with
random occupations of the second-nearest-neighbouring Ca2+/Y3+ cation positions. There
are four distinguishable disordered configurations shown in figure 9(b) each containing
four Ca2+ and four Y3+ ions. The numbers of the equivalent sites for thed, e, f, and g
complexes in figure 9(b) are 24, 24, 8 and 6, respectively. The principal axes of thed ande
complexes are expected to be tilted away from the〈001〉 direction towards〈111〉 or 〈11̄1〉,
the difference between the two complexes being in their angular tilts. On the other hand,
the principalζ -axis of thef complex is parallel to〈01̄1〉, and that of the g complex is tilted
away from 〈001〉. A final set of disordered configurations involving three Ca2+ and five
Y3+ ions or alternatively five Ca2+ and three Y3+ ions is shown in figure 9(c). There are
three distinguishable configurations denoted byh, i and j , for which there are 24, 8, and 24
equivalent sites, respectively. The probability that thej complex arises in a real crystal is
very small because of the strongly polarized charge distribution.

It is now appropriate to decide which of the disordered complexes in figures 9(b)
and 9(c) refer to the D and E ESR spectra which have their principalζ -axes of the
orthorhombically distorted octahedra tilted by∼7◦ and ∼20◦ from the 〈001〉 direction
towards 〈111〉, respectively. The disordered configurations in figure 9(b) contain two
dominant, distinctd and e complexes which are tilted away from the〈001〉 direction,
as is the situation also for the complexes shown in figure 9(c). Assuming that the two
distinguishable ESR spectra D and E, observed readily at low temperature, correspond to
the disordered configurations, and that the most probable disordered configurations maintain
charge neutrality—that is, four Ca2+ and four Y3+ ions—it seems more physically realistic
that thed ande complexes in figure 9(b) are more probably linked to the D and E spectra
than are theh and i complexes in figure 9(c). However, there is no other experimental
evidence which supports the above assumption. If there is a reasonable probability that
there exist three Ca2+ and five Y3+ ions or alternatively five Ca2+ and three Y3+ ions
as the second-nearest-neighbour cation ions of the Cr3+ octahedron in CYA crystals, the
above-proposed model should be changed.

The magnitudes of theg-factor and fine-structure parameters of Cr3+ in, for example,
orthorhombic or monoclinic symmetry sites are related to the energy splitting of the4T2
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excited state. Theg-shift is proportional to 8λ/1i (i = 0, ±1), whereλ is the effective
spin–orbit parameter, and the1i are the energy separations of the three4T2 levels split by
the low-symmetry crystal field and the4A2 ground state [4]. The observedg-values given
in table 1 are∼1.98, the experimental precision being limited by the ESR linewidths. In
consequence, it is difficult to estimate the energies of the4T2 excited levels from using the
g-values determined from the ESR.

The fine-structure parameters are also determined by the energy separations of the4T2

levels from the ground state and are

b0
2 ≡ D = −2λ2

(
2

10
− 1

1+1
− 1

1−1

)
(2)

b2
2 ≡ 3E = 6λ2

(
1

1+1
− 1

1−1

)
. (3)

The measured values (b0
2, b2

2) for the D and E spectra are found to be (650× 10−4 cm−1,
−300× 10−4 cm−1) and (1300× 10−4 cm−1, −1100× 10−4 cm−1), respectively. The

zero-field splitting (2
√

(b0
2)

2 + (b2
2)

2/3 ' 2b0
2) of the 4A2 ground state has been estimated

to be∼2500× 10−4 cm−1 from the fluorescence line narrowing of Cr3+ in CYA [1]. The
value of b0

2 is coincident with that obtained from the ESR result. The energy separation
|1−1−1+1| (∼2600 cm−1) estimated using the values of theg-shift (0.02),b2

2, and equation
(3) seems to be large because of the large uncertainty ofb2

2. The large separation shows
that the contribution of the non-octahedral component of the distortion is dominant.

4.2. Odd-parity distortion

In tetragonal symmetry, the polarization of the4A2 → 4T2, 4T1 transitions is induced
by the z-component of T1u such thatAσ :Aπ = 1:0 [2]. If the octahedron has trigonal
symmetry (the distortion being parallel to the〈111〉 direction of the cubic corners), there
are eight equivalent sites. In this case, the polarization is given by the sum over eight sites,
resulting in the intensity being isotropic. The observed polarizations of the4A2 → 4T2 and
4A2 → 4T1 absorption bands areAσ :Aπ ' 1:3 and 1:1.5, respectively. This experimental
result suggests that the symmetry of the Cr3+ complexes is neither tetragonal nor trigonal,
but orthorhombic or monoclinic.

The symmetry of the Cr3+ complexes determined by the ESR results is orthorhombic
as shown in table 1. The principalξ -, η-, andζ -axes of the A and B lines are parallel to
〈001〉, 〈11̄0〉, and〈110〉. The principalζ -axes of the D and E spectra are bent away from
the 〈001〉 direction towards〈111〉 by ∼7◦ and∼20◦, respectively.

First, consider the polarization of the4A2 → 4T2 transition for the ordered configurations
in figure 9(a). The principalζ -axis is parallel to〈110〉 and that of an equivalent complex is
parallel to〈11̄0〉. If the principalζ -axis is assumed to be parallel to the direction of an odd-
parity distortion, the polarizations for the complexes withζ ‖ 〈110〉 and〈11̄0〉 are calculated
to beA〈001〉:A〈11̄0〉 = 1:1 andA〈001〉:A〈110〉 = 1:1, respectively. In consequence, the average
of the polarization for two equivalent complexes is calculated to beAσ :Aπ = 1:2, which is
very close to the observed ratio.

Next, we calculate the polarization for the disordered complexes, assuming that there
are eight equivalent orthorhombic distorted complexes, the unit vector of the principal axes
for one of eight complexes being defined aseξ = ((1/

√
2) cosα, (1/

√
2) cosα, − sinα),

eη = (1̄/
√

2, 1/
√

2, 0), andeζ = ((1/
√

2) sinα, (1/
√

2) sinα, cosα). When theE-vector
of the radiation is in theac-plane it is defined asE = E0(sinθ, 0, cosθ), whereθ is defined
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as the angle between theE-vector and thec-axis. The polarization obtained by the summing
of the contributions from eight equivalent complexes expressed as a function ofθ is

A(θ) = (4 sin2 α + 2(1 − 3 sin2 α) sin2 θ)Aξ + 2 sin2 θAη

+(4 cos2 α + 2(1 − 3 cos2 α) sin2 θ)Aζ . (4)

Assuming thatA‖ (=Aζ ) andA⊥ (=Aξ = Aη), the absorption coefficients, with theE-vector
parallel or perpendicular to the principalζ -axis, are calculated to be

Aπ ≡ A(0) = 4(sin2 α A⊥ + cos2 α A‖) (5)

Aσ ≡ A

(
π

2

)
= 2((cos2 α + 1)A⊥ + sin2 α A‖). (6)

The anglesα are found to be∼7◦ and ∼20◦ from the ESR spectra. The ratio of the
polarization obtained using equations (5) and (6) and the parametersA‖/A⊥ = 3.1 and
3.8 for the different angles 7◦ and 20◦ fits the observed ratioAπ :Aσ = 3:1 very well. In
principle, the transition probabilitiesA‖ andA⊥ can be calculated using the wavefunctions
of the 4T2 excited state and the4A2 ground state. However, it is difficult to determine the
wavefunctions of4T2 using only the polarization results.

The R1-line fluorescence is due to the2E → 4A2 transition, which is spin and parity
forbidden. The spin-forbidden transition is allowed through the mixing of the4T2 excited
state by spin–orbit interaction. The4T2 excited state includes an odd-parity wavefunction
created by a T1u odd-parity distortion, as discussed above. In consequence, the polarization
of the R1-line fluorescence is very similar to that of the4A2 → 4T2 absorption band.

5. Conclusions

The ordered and disordered configurations of Cr3+ in CYA including the second- and third-
nearest-neighbouring Ca2+/Y3+ ions have been discussed in terms of the ESR spectra and
polarization of the optical spectra. The ESR results indicate that there are two kinds of
Cr3+-ion complex. Both display orthorhombic symmetry. They differ in that for ordered
complexes the principal axes of the ESR spectra are parallel to the mutually perpendicular
axes. For the disordered complexes there is an angular rotation of theζ -axis away from the
c-axis of the crystal. The polarizations of the optical spectra calculated for the orthorhombic
Cr3+ complexes fit the observed data very well. The results of the ESR and polarization
spectroscopy provide evidence of the ordered or disordered structures of the neighbourhood
of Cr3+ ions in CYA.
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