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Abstract. A high-resolution study of the optical properties of Cr3+-doped CaYAlO4 is
presented. Excitation into the usual Cr3+ broad absorption bands produces fluorescence from a
very broad R1 line with a peak at 13 475 cm−1 at 15 K. The R2 line is observed at an energy
160 cm−1 higher at temperatures above 100 K or by using excitation spectroscopy. The large
broadening of the2E excited state is attributed to substitutional disorder at the Ca2+ and Y3+
sites on the basis of site selective excitation and fluorescence line narrowing measurements.
Estimates of the distributions of octahedral and non-octahedral contributions to the crystal field
are made and it is shown that the non-octahedral crystal field is dominant.

1. Introduction

The energy levels of transition metal ions in solids are primarily determined by the electron–
electron interactions, described by the Racah parameters, and by the strength and symmetry
of the crystal field. Transition metal ions prefer sites of approximately octahedral symmetry.
The magnitude of the octahedral crystal field is characterized by 10Dq and is inversely
proportional tod5 in a point ion lattice theory, whered is the distance between the central
metal ion and its ligand ions [1]. In CaYAlO4 (CYA), the crystal field splittings are expected
to be much larger than in most oxides because the distanced in CYA is small at about
0.19 nm. CYA crystals containing different dopants have been prepared as potential tuneable
solid-state laser materials [2, 3]. The optical absorption and luminescence spectra of Ti3+

and V4+ in CYA crystals were observed to be broadened by the combined effects of the
electron–phonon interaction and disorder associated with the random occupation of the
Ca2+/Y3+ sites. A Ca2+/Y3+ composition ratio of 1:1 is maintained in the bulk CYA
host crystal but statistical fluctuations occur locally [2, 3]. This is known as substitutional
disorder.

Fluorescence from Cr3+ in strong crystal field sites consists of a sharp zero-phonon
line and its weak one-phonon sideband. In consequence, Cr3+ ions in CYA are suitable
spectroscopic probes of the substitutional disorder in this crystal. The present paper reports
the results of the optical absorption, fluorescence, and fluorescence line narrowing studies
of Cr3+ in the disordered host lattice.
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2. Crystal growth and experimental procedure

The crystal structure of CaYAlO4 is shown in figure 1 and has the space group
I4/mmm(D17

4h) [4]. The lattice constants area = b = 0.364 51 nm andc = 1.187 43 nm.
The x-ray analysis of the crystal structure reveals AlO6 octahedra centred on the Al3+ ion but
stretched along thec-axis such that the distances between Al3+ and those O2− ions located
along thea- andc-axes, respectively, are 0.1821 nm and 0.1992 nm. In consequence, the
AlO6 octahedral have tetragonal symmetry. Impurity Cr3+ ions preferentially occupy Al3+

sites in the crystal.

Figure 1. The structure of CaYAlO4.

CYA single crystals doped with Cr2O3 at concentrations ofC = 0.1, 0.5, and 2.0 mol%
were grown in an argon gas atmosphere by the Czochralski technique from melts prepared in
iridium crucibles with high-purity components CaCO3(5 N):Y2O3(5 N):Al2O3(5 N) = 2:1:1.
Pulling rates and seed rotation rates were 0.8–3.0 mm h−1 and 3–5 rpm, respectively.
The resulting boule was cut and polished into samples with approximate dimensions
4 × 4 × 4 mm3, the cut faces being normal to thea-, b- andc-axes, of the crystal.

Optical absorption spectra were measured at liquid nitrogen and room temperatures using
a conventional double-beam spectrophotometer. The sample was mounted on a cold finger in
a liquid nitrogen cryostat. Fluorescence was excited using a cw Spectra-Physics 2020-5 Ar
ion laser, or a rhodamine 6G dye laser pumped by the Ar ion laser. For fluorescence line
narrowing (FLN), narrow-line laser output was obtained from a single-mode Ti:sapphire
ring laser pumped by the Ar ion laser. The cw laser excitation beam was mechanically
chopped at a frequency of 3 kHz. In FLN measurements, fluorescence from the samples
passes through a chopper with 180◦ phase delay, relative to that of the excitation beam,
to suppress detection of scattered excitation light. Subsequently, the fluorescence signal is
focused onto the entrance slit of a 1 m monochromator or as a parallel beam into a Fabry–
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Figure 2. The unpolarized absorption spectrum of CYA at 77 K. The inset spectrum shows
the 4A2 → 2T1 and 4A2 → 2E transitions. The dashed line is the spectrum simulated by
equation (11).

Perot interferometer with 4 mm mirror separation corresponding to a maximum resolvable
bandwidth of 0.05 cm−1. The fluorescence was detected by a Hamamatsu Photonics R943-
02 photomultiplier in single-photon-counting mode. The pulses were accumulated by a
Stanford Research Systems SR400 counter. The excitation wavelength was measured using
a Burleigh wavemeter. Lifetime measurements were carried out using a HeNe laser chopped
mechanically at 50 Hz and an SR250 boxcar averager. Measurements of the temperature
dependence of the fluorescence spectrum, the FLN spectrum, and the lifetime were made
with the sample mounted on a cold finger in a cryorefrigerator in the range 15–300 K.

3. Results

3.1. Optical absorption spectra

The optical absorption spectra of three CYA crystals containing 0.1, 0.5, and 2.0 mol%
Cr2O3 have been measured at 77 and 300 K. As the Cr content of the CYA crystals
increases, their colours change from violet to red. Figure 2 shows the low-temperature
optical absorption spectrum of the violet-coloured Cr(0.5%):CYA sample. The two strong
absorption bands which have peaks at 17 900 and 27 400 cm−1 when measured at 77 K (and
17 650 and 27 100 at 300 K) are also observed in the R line excitation spectrum (figure 3)
and these are assigned to the4A2 → 4T2 and 4A2 → 4T1 (t22e) transitions, respectively.
The excitation spectrum also shows an additional band, beyond the range of the absorption
spectrometer, that peaks at about 40 000 cm−1. The precise peak is difficult to define due
to the weak excitation power in this region but the band can be confidently assigned to the
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transition from the4A2 to the higher4T1 (t2e2) state. The absorption spectrum contains
an additional band at 23 000–24 000 cm−1. In the most concentrated sample (2%), the
additional band is strongest and has a peak absorption at 23 250 cm−1. This band is much
weaker in the excitation spectrum for R-line fluorescence however and is probably not
related to the main Cr3+ centre discussed in this paper.

Figure 3. The room-temperature, unpolarized excitation spectrum of CYA, obtained by
monitoring the R-line luminescence at 13 475 cm−1.

As is expected in a tetragonally symmetric crystal the absorption spectra are strongly
polarized. The intensities of the4A2 → 4T2, 4T1 absorption bands measured with light
polarized along thec-axis (E‖〈001〉) are approximately twice the intensities measured with
light polarized along thea- and b-axes of the crystal (E‖〈100〉, 〈010〉). These observed
ratios of the polarized intensities cannot be explained by a simple tetragonal distortion
along thec-axis. Such a distortion is expected to lead to polarized intensitiesA〈100〉:A〈010〉:
A〈001〉 = 1:1:0 [5]. The polarization strongly depends on the symmetry of the CrO6

octahedra, as revealed by electron spin resonance (ESR) experiments [3]. A detailed analysis
of the polarization will be discussed in the second paper of this pair, combined with ESR
results [6].

The inset in figure 2 shows three relatively sharp but weak features at 13 470, 13 630
and 14 140 cm−1 and these are ascribed to Cr3+ absorption to the split2E states and the2T1

state respectively. This is confirmed by resonantly exciting them, which results in R-line
luminescence in all cases (see below). It is assumed that the feature at 14 140 cm−1 is not
the 4A2 → 4T2 zero-phonon line because the magnitude of the Huang–Rhys factor is large
(S ∼ 7) and the intensity of the4A2 → 4T2 zero-phonon line relative to the total intensity of
the absorption band is proportional to e−S ; also, the distribution of 10Dq (discussed below)
would suggest that the weak4A2 → 4T2 zero-phonon line is broadened.



Substitutional disorder in Cr3+:CaYAlO4: I 3491

3.2. Photoluminescence and lifetime of the R1 line

Figure 4 shows the fluorescence spectra of the Cr(0.1%):CYA sample measured at 15 K and
excited in the energy range 16 000–19 500 cm−1 of the 4A2 → 4T2 absorption band. The
fluorescence consists of a Cr3+ R1 line and its phonon-assisted sideband. The linewidth of
the R1 line (∼ 100 cm−1) is much greater than those in some Gd garnets (10–30 cm−1)
[7] and other disordered crystals (50–65 cm−1) [8, 9], but less than those in glasses (200–
250 cm−1) [10]. Figure 5 shows the relationship between the excitation energy and the
photon energy at the peak of the R1 line. Initially, the peak energy increases gradually
as the excitation energy increases but then remains approximately constant at excitation
energies above∼ 19 000 cm−1.

Figure 4. The R-line and Stokes sideband luminescence of CYA excited at various wavelengths
within the 4A2 → 4T2 absorption band measured at 15 K.

Figure 6 shows the temperature dependence of the R1-line fluorescence spectrum in
Cr(0.1%):CYA excited with the 633 nm output of a HeNe laser. The fluorescence intensity
gradually increases and the width increases as temperature increases. An additional line at
13 620 cm−1 which appears aboveT ∼ 100 K is the zero-phonon R2 line. This assignment
has been confirmed by the low-temperature excitation spectrum monitoring fluorescence
at about 13 300 cm−1, corresponding to the one-phonon emission band of the R1 line
(see below). Two peaks of similar widths and intensities are observed corresponding to
absorption into the R1 and R2 lines. The energy separation between the R1 and R2 lines of
about 160 cm−1 is much larger than the R-line separation (∼ 40 cm−1) in garnet crystals
[7] but is comparable to that (137 cm−1) in LSGO crystals [8]. A large R-line splitting is
expected for Cr3+ ions in strongly tetragonally distorted oxygen octahedra such as in CYA.

The temperature dependences of the integrated fluorescence intensities excited with the
633 nm HeNe and 488 nm Ar+ laser lines are shown in figure 7(a). The intensity for
excitation with the 633 nm laser line increases gradually above 70 K. In contrast, the
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Figure 5. The peak position of the R-line luminescence plotted against excitation energy
(symbols). The solid line is the simulated dependence, from equations (12) and (14).

Figure 6. The temperature dependence of the R-line luminescence.

spectrum excited with the 488 nm laser line has almost constant intensity in the temperature
range 15–300 K. The increase of the intensity above 70 K for excitation at 15 800 cm−1

(633 nm) is attributed to enhancement of the absorption coefficient at 15 800 cm−1 as a
consequence of the4T2 absorption band shifting to lower energy with increasing temperature
due to thermal expansion of the crystal.

The lifetime of the R1 line detected at 13 466 cm−1 during 15 800 cm−1 excitation was
measured in range 15–300 K. The lifetime gradually increases from a low-temperature value
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Figure 7. (a) Temperature dependences of the integrated luminescence intensity. (b) Temp-
erature dependence of the luminescence decay time.

of 10.7 ms to a maximum value at∼ 150 K of 12.7 ms, gradually decreasing above this
temperature, as shown in figure 7(b).

3.3. Fluorescence line narrowing

In order to investigate the substitutional disorder in CYA, FLN spectra were recorded at low
temperatures. The FLN spectra were detected using a 1 mmonochromator that determined
the resolution of the measurements. The slit width varied in order to obtain detectable
FLN signals across the R line. The resolution was 8 cm−1 in the wings of the R line
where signals are weak, but less close to its peak where the slit width could be reduced.
Figure 8(a) shows the FLN spectra in the excitation energy range 13 386–13 480 cm−1,
compared with the R1 line excited by all lines from an Ar+ ion laser. The FLN spectra are
composed of an intense resonant line at the excitation energy and fairly weak fluorescence
in the low-energy range 12 800–13 350 cm−1. The FLN spectrum excited at 13 480 cm−1,
close to the peak energy of the R1 line, is shown with non-resonant features magnified by a
factor of 10. The non-resonant features are seen to be coincident with the phonon structure
of the fluorescence excited by all lines from the Ar ion laser.

Figure 8(b) shows resonant lines excited at more than 13 500 cm−1 accompanied by
relatively intense and broad non-resonant lines. This is quite different from the phonon
structure of the FLN spectra in figure 8(a). As the excitation energy increases, the intensity
of the resonant line decreases compared with that of the broad non-resonant line. This non-
resonant line is assigned to be the R1-line fluorescence caused by excitation of the upper
2E excited electronic state corresponding to the R2 line.

Figure 9 shows the relationship between the peak energy of the non-resonant line (R1
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Figure 8. (a) Selected FLN spectra of CYA excited resonantly within the R1 line by a single-
mode Ti:sapphire laser. The inhomogeneously broadened spectrum excited by all lines of an
argon ion laser is the lowest spectrum. (b) FLN spectra of CYA excited in the R2 line.

line) in figure 8(b) and the excitation energy. The peak energy increases as the excitation
energy increases, linearly above 13 580 cm−1 and at a slower rate below 13 580 cm−1.
The separation between excitation and the peak fluorescence of these lines varies between
70 and 180 cm−1, consistent with the R-line splitting of 160 cm−1 obtained from the
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Figure 9. The peak of the R1 luminescence for various excitation energies within the R2 line.

higher-temperature Cr3+ fluorescence.
Figure 10 shows the intensity of the FLN resonant lines as a function of the excitation

energy without any change in the other experimental conditions. In comparison with the
fluorescence spectrum excited by the Ar+ ion laser, the intensity spectrum shows no overlap
between the R1-line spectrum and its one-phonon sideband. This spectrum reflects directly
the distribution of the lower2E excited electronic energy level. Figure 10 also shows an
excitation spectrum of the two4A2 → 2E transitions produced by removing some of the
internal optics from the Ti:sapphire laser and rotating the birefringent filter at a constant
rate. The spectrum is somewhat noisy due to mode hops of the laser but the widths of the
lines and the splitting (160 cm−1) are consistent with data taken using other methods.

Figure 11 shows an FLN spectrum excited at 13 481 cm−1 and detected via a Fabry–
Perot interferometer. The width of the resonant FLN line is less than 0.1 cm−1, this
being the limit of resolution set by the Fabry–Perot interferometer. The satellite lines in
figure 11 are separated by∼ 0.24 cm−1 from the central resonant line. Figure 12 plots this
energy separation as a function of the excitation energy. The separation decreases linearly
with increasing excitation energy. This high-resolution FLN spectrum is very similar to
those observed for Cr3+ in ruby [11], and in gallogermanates [9], where the satellite lines
are due to the4A2 ground state splitting. The measured separation of the satellite FLN
lines (∼ 0.25 cm−1) in CYA is consistent with the zero-field splittings of the4A2 ground
states of different Cr3+ centres in CYA obtained from ESR measurements [6]. In the ESR
measurements a number of centres have been identified, the least populated of which have
smaller ground state splittings than the resolution of the Fabry–Perot etalon used here. The
two dominant centres have ground state splittings of greater than 0.1 cm−1, one of which
corresponds very well with the measured splittings shown in figure 12 and the other of
which is about half of this. The latter splitting is on the limit of resolution of the Fabry–
Perot etalon and cannot be quantified here but does explain why the non-resonant features
in figure 11 have the appearance of a plateau due to the overlap of the resonant and two
pairs of non-resonant features.
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Figure 10. The excitation spectrum of the4A2 → 2E split transition detecting fluorescence in the
R-line phonon sideband at 13 100 cm−1 (upper trace). The intensity of the resonant components
of FLN spectra recorded under constant experimental conditions are plotted as circles and fitted
to a Gaussian with a standard deviation of 35 cm−1.

Figure 11. Resonantly excited R1 luminescence dispersed in a Fabry–Perot etalon, showing
three consecutive transmission orders. The separation of each side lobe from the central peak
is the ground state splitting.

4. Discussion

4.1. Crystal field and Racah parameters

In order to determine the mechanisms that cause inhomogeneous broadening it is necessary
to make calculations using the crystal field and Racah parameters. The absorption and
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excitation spectra (figures 2 and 3) with the peak position of the R-line luminescence allow
the crystal field and Racah parameters to be calculated by diagonalizing the relevant matrices
for these term energies [1]. 10Dq is the energy of the peak of the4A2 → 4T2 absorption
band, giving Dq= 1790 cm−1. Conventionally, the RacahB parameter is obtained from the
separation of the peaks of the4A2 → 4T1 and4A2 → 4T2 absorption bands. These energies
are 27 400 cm−1 and 17 900 cm−1 respectively. The RacahB parameter is obtained by
diagonalizing the matrix for the4T1 terms. This gives the energy of the4T1 level relative
to the ground state. From this,B is calculated to be 1100 cm−1, which may be used to
calculate the magnitude of theC parameter from the R-line energy using the matrix for the
2E levels. The result isC = 1760 cm−1. Comparison with all known data for Cr3+-doped
hosts [12] shows that 1100 cm−1 is an extraordinarily large value for theB parameter;
indeed it is larger than the free ion value [13]. In comparison,C is much smaller than is
typical. The nephelauxetic effect reduces the Racah parameters of ions in solids from their
free ion values, essentially due to covalency effects [14]. A Racah parameter that is larger
than the free ion value is difficult to account for, especially in a host with a strong crystal
field where the overlap of ligand and Cr3+ electron orbitals would be expected to be great.
These values are regarded as unreasonable.

Figure 12. The variation of the ground state splitting of CYA as a function of the excitation
energy.

If instead the RacahB andC parameters are obtained by simultaneously diagonalizing
the energy matrices of the2E and the2T1 states to fit the R-line energy (13 475 cm−1)
and the energy of the small peaks near 14 100 cm−1 in the absorption spectrum, which
are assigned to the4A2 → 4T1 transition, the best fit obtained forB = 705 cm−1 and
C = 2750 cm−1. The Racah parameters are now quite typical [12].

Calculating the energy of the4A2 → 4T1 band peak usingB = 705 cm−1 gives
24 700 cm−1. This is 2300 cm−1 lower in energy than the4A2 → 4T1 band observed in
the absorption and excitation spectra (figures 2 and 3). Although there is no explanation
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of why the value forB of 705 cm−1 does not fit the data of the4A2 → 4T1 lower band it
fits the data of the4A2 → 4T1 upper band. Therefore, the Racah parameters derived from
the energies of the R-line and4A2 → 2T1 transitions are assumed to be reliable and will be
used in subsequent analysis.

4.2. Inhomogeneous broadening of the R lines

The broadening of optical transitions of impurities in solids is often considered to be induced
simply by a distribution in the strength of the octahedral component of the crystal field.
However, it has been shown that the inhomogeneous broadening of optical transitions in
the substitutionally disordered crystals Ca3Ga2Ge4O14 and Sr3Ga2Ge4O14 is dominated by
the variation in distortions to the octahedral crystal field [9]. Similar behaviour has been
observed in organochromic complexes [15]. More unusually, the electrostatic influence of
near-neighbour impurity ions was shown not to account for the broadening of Cr3+ optical
transitions in LiNbO3 and the mechanism was ascribed to variation in the electron–electron
interaction strength, referred to as nephelauxetic inhomogeneous broadening [16].

It is shown below that it is not necessary to consider the contribution of nephelauxetic
inhomogeneous broadening to explain the large broadening of the R lines in the case
of Cr3+:CYA. Three sets of experimental data are used to independently extrapolate
the contributions of the octahedral and non-octahedral contributions to the broadening.
Distributions of these contributions respectively cause the centre energy and splitting of
the 2E state to vary. The distribution function of the centre of gravity of the energy of the
2E state as a function of energy,x is assumed to be approximated by a Gaussian,

Poct (x) = (1/
√

2πσoct ) exp[−(x − x0)
2/2σ 2

oct ] (1a)

wherex0 is the centre energy of maximum probability andσoct is the standard deviation of
the distribution. The distribution function of the splitting,E, between the lower and upper
2E excited states is assumed to be approximately represented by a second Gaussian,

Pnon(E) = (1/
√

2πσnon) exp[−(E − 10)
2/2σ 2

non] (1b)

where 10 is the splitting of maximum probability andσnon is the standard deviation of
the distribution. The distribution functions of the lower and upper energy levels of the
2E excited state, beingx − 1/2E and x + 1/2E, respectively, are convolutions of these
distribution functions, i.e.

P l
E(x) =

∫ ∞

0
Pnon(E)Poct (x + 1

2E) dE. (2a)

P u
E(x) =

∫ ∞

0
Pnon(E)Poct (x − 1

2E) dE. (2b)

Both Pnon and Poct are assumed to be Gaussians and so the distributions that result from
the convolutions will also be Gaussian with a standard deviation of

√
σ 2

oct + (σnon/2)2 for
both functions.

4.2.1. Analysis of R1 fluorescence due to R2 excitation. Figure 10 shows the intensities
of the resonant FLN lines as a function of excitation energy together with a fit to the
distribution functionP l

E(x). The solid curve in figure 10 is calculated using the function
P l

E(x) with parametersx0 − 1
210 = 13 580 cm−1 and

√
σ 2

oct + (σnon/2)2 = 35 cm−1.
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The distribution function of the lower2E excited state as a function of the energyx

after relaxation from the upper2E excited state energy levels is calculated to be given by

fu→l(x, Eex) =
∫ ∞

−∞
Pnon(Eex − x)Poct (

1
2(Eex + x) − ω)I (ω) dω (3)

where the intrinsic lineshape is given byI (ω). The intrinsic lineshape function is a
Lorentzian with a standard deviation determined by the homogeneous linewidth. This is
likely to be very small on the scale of the inhomogeneous broadening in this material and
is therefore taken to be a delta function, effectively disappearing from the calculation.

The reproduction functionfu→l(x, Eex) is analytically given by a Gaussian with a centre
energyxl and widthσl as given by

xl = [σ 2
non(2x0 − 10) + (4σ 2

oct − σ 2
non)(Eex − 10)]/(4σ 2

oct + σ 2
non) (4)

1/σ 2
l = 1/4σ 2

oct + 1/σ 2
non. (5)

The value of10 in equation (4) is found to be 160 cm−1 from figure 10. The gradient of the
peak energy of the non-resonant R1 line versus excitation energy,Eex , which is obtained
to be ∼ 0.33 from figure 9, is approximately equal to (4σ 2

oct − σ 2
non)/(4σ 2

oct + σ 2
non) in

equation (4). The value of
√

σ 2
oct + (σnon/2)2 is 35 cm−1 as stated above. The parameters

of interest, the values ofσoct and σnon are thus calculated to be 25 cm−1 and 49 cm−1,
respectively.

4.2.2. Extrapolation from ground state splittings.The ground state splitting,1G, due to a
tetragonal distortion is approximately given by the expression

1G = −1.69× 10−9ζ 2µ − 2.25× 10−9ζ 2δ (6)

whereδ and µ are parameters which define the tetragonal component of the crystal field
andζ is the spin–orbit coupling parameter [17]. The numerical constants in equation (6) are
combinations of the crystal field parameters obtained in subsection 4.1. An estimate ofζ

can be obtained from the change in theg-factor caused by the effect of spin–orbit coupling,
g = 2.0023, using the expression [18]

ζ = (30Dq/8)(g − 2.0023). (7)

The g-factor has been measured to be 1.983 in Cr3+:CYA [6], giving a value of 127 cm−1

for ζ . The expression for the2E splitting,1E , due to a tetragonal crystal field is a function
of the same parameters [17]:

1E = (−0.028− 7.13× 10−8ζ 2)µ + (0.063− 9.51× 10−8ζ 2)δ. (8)

The tetragonal field parameters can be determined from the measured values of the ground
and excited state splittings (0.24 cm−1 and 160 cm−1 respectively): δ is calculated as
2513 cm−1 andµ is −391 cm−1.

The measured variation of the ground state splitting in CYA (figure 12) implies that there
is also a distribution of excited state splittings. In a point ion calculation, the parameter is
found to decrease approximately four times as fast asδ increases for a tetragonal distortion
varied by uniaxial stress [19]. It is thus possible, combining this result with equations (6)
and (8), to obtain approximately the variation of excited state splittings,11E , from the
measurement of the variation of ground state splittings,11G, assumingδ and µ are so
related:

11E/11G
∼= {−4(−0.028− 7.13× 10−8ζ 2) + (0.063− 9.51× 10−8ζ 2)}

×([(4 × 1.69× 10−9ζ 2) − 2.25× 10−9ζ 2])−1. (9)
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From this equation it is calculated that for a given variation of ground state splitting, the
variation of the excited state splitting should be∼ 2400 times as great. The observed
variation of 0.06 cm−1 for excitation energies between 13 420 and 13 530 cm−1 implies that
the excited state splitting should vary by 140 cm−1 for the same excitation energies. The
slope of the plot in figure 12 is 5.5 × 10−4 and this may be extrapolated to the excited
state, again by multiplying by the factor 2400. Clearly, the slope of the variation of the
excited state splitting, 1.32, as extrapolated to the excited state, indicates the variation in the
non-octahedral contribution to the broadening of the R lines and the standard deviation of
the distribution of excited state splittings,σnon, is estimated to be 56 cm−1 using the same
procedure that has been outlined in detail previously (see figure 6 in [9]). The standard
deviation of the distribution of centre energies,σoct , is calculated to be 20 cm−1 using the
expression

√
σ 2

oct + (σnon/2)2 = 35 cm−1 used in subsection 4.2.1.

4.2.3. Analysis of R1 fluorescence due to4T2 excitation. As the energy separation of the
4A2 and 4T2 states is given simply by the strength of the octahedral crystal field, 10Dq, it
is possible to independently derive parameters that describe the distributions of 10Dq and
the Huang–Rhys parameter,S, from an analysis of the shift of the R-line fluorescence peak
as a function of the energy of excitation in the4A2 → 4T2 absorption band. As the laser is
tuned to lower energy, the contribution of weaker crystal field sites will increase. However,
the proportion of sites excited by the laser can be affected by variation in the Huang–Rhys
factor. It is necessary to consider both effects in the analysis of the spectra.

As in [9], and indicated by figure 10, it will be assumed that Gaussian distributions of
10Dq and the electron lattice coupling energySh̄ω, exist in CYA, and a linear relationship
between the minimum of the4T2 potential and the electron–lattice coupling energy will be
assumed. Thus for theith site

Sih̄ω = S0h̄ω − (Ei − E0)K (10)

whereS0h̄ω is the mean electron lattice coupling energy andE0 is the mean4T2 minimum
potential energy relative to the ground state. The parameterK is a constant, the value of
which describes to some extent the influence of the lower-symmetry field. WhenK = 0,
all variation in the crystal field is due to the octahedral contribution whereas whenK = 1
the crystal field variation is due exclusively to the non-octahedral distortion. All other
cases correspond to situations where there is a variation in both symmetries. A more
physical interpretation of this behaviour is simply that reduction in the local symmetry of
the Cr3+ ion causesS to increase through stronger coupling to non-symmetric vibrational
modes. Strictly speaking this should be represented by a multi-dimensional configuration
coordinate diagram but here, as in [9], a single coordinate is used to represent the overall
coupling.

The 4A2 → 4T2 absorption band of each site is assumed to be described by a Pekarian
function, so that the absorption shape of sitei is

Ii(E) = I0

∑
m

e−si Sm
i

m!
δ(E − Ei − mh̄ω) (11)

where m refers to the phonon progression andSi and Ei are respectively the minimum
energy of the4T2 potential and the Huang–Rhys factor of theith site. The density of
excited states in 10Dq,P (10Dq), excited by monochromatic radiation of energyEex is then
given by

P(10Dq) =
∑

i

Ii(Eex)δ(10Dq− 10Dqi ) (12)
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where 10Dqi is the peak of the absorption band relating to sitei. E0 andS0h̄ω are related
by

E0 = 10Dq0 − S0h̄ω (13)

where 10Dq0 is the energy of the peak of the4A2 → 4T2 absorption band. The major part
of the distribution of4T2 minima must be∼ 1500 cm−1 greater than the R-line energy to
account for the long lifetime of the2E states.

Table 1. The parameters used to fit the shift of fluorescence of the R lines as a function of
excitation energy in the4T2 band whereσ denotes the standard deviation of the quantities that
follow in brackets as identified in subsection 4.2.3.

Parameter Value

S0 7.0
E0 15 850 cm−1

σ(Ei) 795 cm−1

σ(Sh̄ω) 302 cm−1

σ(Poct ) 493 cm−1

K 0.38

Equation (12) allows the distribution of sites excited by monochromatic radiation to be
calculated, each site being characterized by a particular value of 10Dq. The problem then is
how to map the distribution of 10Dq given by equation (12) onto the distribution of R-line
energies. For the conditions 3< C/B < 6 and 1.5 < Dq/B < 3, the energy of the R line
is given to within 0.5% accuracy by [20]

E(2E) = 3.05C + 7.9B − 1.8B2/Dq. (14)

However, it is noted that the Racah parameters are properly described as functions of 10Dq
if the variation of the crystal field alters the overlap of the ligand ion and Cr3+ electron
orbitals (the nephelauxetic effect). It is arguable that because the R line shifts to lower
energy as the density of weaker field sites excited is increased then the effect of reduction
of 10Dq dominates any associated increase of the Racah parameters. Therefore assuming
constant values ofB and C, enumerated above, the densities of states of 10Dq will be
related to the R line by equation (14). The phonon energy, ¯hω, is assumed to be 350 cm−1,
corresponding to the strongest peak in the Stokes sideband of the R-line luminescence
spectrum. The distribution of 10Dq is treated as a free parameter and adjusted for best
fitting. The parameters of the model are listed in table 1. The simulated dependence of the
R-line peak energy on excitation energy using these parameters is shown in figure 5 and the
simulated4A2 → 4T2 absorption band is shown in figure 2. Both are in good agreement
with experiment. For the parameters that give the best fit, the calculated standard deviation
of the R line due to the influence of variations in the octahedral crystal field,σoct , is 15 cm−1

and the standard deviation of the splittings of the R lines,σnon, is calculated to be 55 cm−1

using equation (5).

5. Conclusions

The analysis of three independent sets of data has given parameters that show the optical
transitions in Cr3+:CYA to be dominated by the non-octahedral contribution to the crystal
field. The close agreement in the values of the parameters obtained (table 2) is strong
evidence that this conclusion is sound and that variation in the strength of the nephelauxetic
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Table 2. A summary of the results of calculations of the relative contributions of the non-
octahedral and octahedral crystal field components to the R-line broadening as detailed in the
subsection indicated.

Subsection σ(Pnon) σ (Poct )

4.2.1 56 20
4.2.2 49 25
4.2.3 55 15

Figure 13. The R-line luminescence of CYA excited at 600 nm at 15 K. The histogram
represents the density of R-line centre energies excited, calculated by equations (12) and (14).
The histogram has been moved to lower energy for comparison with the R1 luminescence.

effect [16] is not required to explain the broadening. The dominance of the non-octahedral
contribution is illustrated by figure 13 in which the distribution of centre energies (for the
latter calculation) is compared with the fluorescence spectrum obtained when excited at
600 nm. It is clear that the contribution of the variation of the octahedral crystal field
makes only a small contribution to the broadening.

Slight deviations between experimental data and the models and between different
models are attributed to the mismatch between actual and modelled distributions. In the
analysis presented here all distributions are taken to be Gaussian. In fact a superposition
of Gaussian distributions, each of which is due to a different combination of Ca2+ and
Y3+ second-nearest neighbours, is likely to be a truer representation. It is highly unlikely
that such substitutional disorder will result in perfect Gaussian distributions and this theme
is continued in the second paper in this series where electron spin resonance results are
presented and discussed [6].

It has been shown that the effect of substitutional disorder on the broadening of optical
transitions of Cr3+ impurity ions in CYA is principally due to the effect of the variation of
the non-octahedral crystal field as has previously been observed in the similarly disordered
gallogermanates [9].
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