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Abstract. The broadening of the R1 lines of Cr3+ impurity ions in the substitutionally
disordered crystals CaY1−xGdxAlO4 (x = 0, 0.1, 0.5, 1) has been studied. Fluorescence line
narrowing removes the inhomogeneous broadening created by variation in the crystal field
and results in instrument-limited spectral features forx = 0 and 0.1. Exchange interactions
between Cr3+ ions in octahedral positions and Gd3+ ions at second-nearest-neighbour sites
cause significant broadening of the narrowed R1 line whenx = 0.5 and 1. Comparisons of
experimental and simulated spectra have been used to estimate the magnitude of the exchange-
coupling constant,J ' 2–3 cm−1. Such simulations also show that the selection rule for the
2E→ 4A2 transition is broken by the Gd3+ spin in the Cr3+–Gd3+ exchange system.

1. Introduction

CaYAlO4 (CYA) is a crystal with the K2NiF4 structure having space groupI4/mmm (D17
4h)

[1]. Cr3+ ions preferentially occupy the Al3+ sites, which are octahedrally coordinated to
six nearest-neighbour O2− ions with eight second-neighbour sites occupied by Ca2+ and
Y3+ ions. The Ca2+ and Y3+ ions randomly occupy these sites such that the overall crystal
stoichiometry is maintained. The substitutional disorder of Ca2+ and Y3+ ions in CYA
produces an energy distribution of the ground and excited states of Cr3+ ions which causes
the inhomogeneous broadening of the optical and ESR spectra [2, 3].

The random occupation of the nearest cation shell by Ca2+ and Y3+ ions causes
displacements of the octahedron of nearest-neighbour oxygen ions. The symmetry at the
Al 3+ sites is consequently tetragonally distorted, the magnitude of the distortion varying
from site to site. Such distortions lift the degeneracies of the different energy levels of Cr3+

ions substituted at the Al3+ site, resulting in shifts and splittings of their observed spectra.
The splitting of the4A2 ground state by the tetragonal distortion is too small to be measured
by conventional optical spectroscopy but may be resolved by fluorescence line-narrowing
(FLN) and electron spin-resonance (ESR) spectroscopies [2, 3]. The2E state splits into
2Eu and2Ev states, with2Eu lying lowest by virtue of the stretched distortion [1]. The
consequence is that the R-line spectrum (2E→ 4A2) splits into R1 (2Eu→ 4A2) and R2

(2Ev→ 4A2) lines with R2 occurring at a shorter wavelength than R1 [4, 5]; its effects are
easily recognizable in the excitation of FLN spectra [2].
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A previous study of Cr3+:CYA showed the broadening of the optical2E → 4A2

transitions to be dominated by variations in the non-octahedral contribution to the crystal
field [2]. Taking into account the FLN results, the ESR spectra were interpreted in terms
of a model of the local configurations consisting of the octahedral sites and the randomly
occupied Ca2+/Y3+ second-nearest-neighbour ions, which is based on the tilting of the
principal ζ -axis of the Cr3+ ion from the crystallinec-axis [3]. This model is deduced
from the symmetry of the various Cr3+ sites. Further experimental information on the
microstructure of the Cr3+ environment is required to provide a realistic distribution of
Ca2+ and Y3+ ions in CYA.

The broadening of the R1 line of Cr3+ in Gd-based oxides by exchange interaction
between Cr3+ and Gd3+ ions has been reported by Murphy and Ohlmann [6], Monteil
et al [7, 8], and Yamagaet al [9, 10]. The width of the R1 line depends strongly on
the strength of the exchange interaction and the number of Gd3+ ions in near-neighbour
sites. In consequence, the combined spin of the exchange-coupled Cr3+–Gd3+ system may
be used to probe the local environment in disordered crystals. CaY1−xGdxAlO4 (CYGA)
crystals (x = 0, 0.1, 0.5, 1) have been grown to further examine the microstructure of the
substitutional disorder in this family of crystals. In this way, the number of nearby Gd3+

ions increases withx and the influence on the broadening can be measured. This paper
reports an experimental study of the broadening of the R1 line in CYGA crystals which is
analysed in terms of the Cr3+–Gd3+ exchange interaction as it varies as a function ofx.

2. Experimental results

The details of the crystal growth of CYA and the experimental techniques used to obtain
the FLN spectra were described in reference [2]. The concentration of Cr3+ ions in CYGA
was 0.5 at.%. The FLN spectra of the R1 line of Cr3+ in CYGA were measured at 14 K.

Figure 1 summarizes the FLN data for the samples withx > 0, showing for each
sample both resonant and non-resonant spectra, the latter being the lowest of each series.
The non-resonant spectra do not represent the fluorescence of all Cr3+ ions as selection takes
place even when exciting into the broad absorption bands at much higher photon energy
[2]. Spectra shown for excitation to the2E (2Eu, 2Ev) and to the4T2 band are shown for
different samples. In the two cases the lines have similar widths though the peaks shift with
differing excitation energies, both between samples and for the same sample.

Figure 1(a) shows the FLN spectra measured for the crystal with composition
CaY0.9Gd0.1AlO4. The peak energy of the FLN spectrum is coincident with the excitation
energy, but there are also features to the lower- and higher-energy sides of the sharp line.
The width of the broad line is about 30 cm−1, and its intensity increases as the excitation
energy decreases. This broad feature is not present in the resonant FLN spectrum of pure
CYA [2] and the tails distributed on the lower- and higher-energy sides of the excitation
energy shown in figure 1(a) are attributed to the effects of Gd3+ ions in the CYGA crystal.

Figure 1(b) shows the FLN spectra measured for a crystal of composition
CaY0.5Gd0.5AlO4. The FLN spectrum excited at 13 382 cm−1 has no sharp resonant line as
was observed for CYA [2] and CaY0.9Gd0.1AlO4. The peak energy of the FLN spectrum
is shifted to lower energy from the excitation energy, and the linewidth ('70 cm−1) is
large, although it is smaller than that (110 cm−1) obtained for non-resonant excitation.
This behaviour is similar to that observed for Cr3+:Gd3Sc2Al 3O12 (GSAG), where the
broadening is caused by exchange interaction between the spins of Cr3+ and six equivalent
second-nearest-neighbour Gd3+ ions [9, 10]. The FLN spectrum recorded with 13 443 cm−1

excitation is somewhat different: a second, weaker peak appears, shifted to lower energy.
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Figure 1. FLN spectra of Cr3+ in CaY1−xGdxAlO4 for (a) x = 0.1, (b)x = 0.5, and (c)x = 1.
The bars in (b) and (c) show laser excitation energies. All lines in (c) means all lines emitted
from an Ar+-ion laser.
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This feature is attributed to excitation resonant with the low-energy wing of the R2 line
which fluorescences via the R1 line: that is, the line consists of both resonant and non-
resonant components [2].

Figure 1(c) shows the FLN spectra of Cr3+ ions in CaGdAlO4 (CGA). The peak energies
of the broad FLN spectra are shifted from the excitation energy towards lower energy as the
excitation energy decreases. The width (∼80 cm−1) is slightly larger than that (∼70 cm−1)
in CaY0.5Gd0.5AlO4.

3. Discussion

3.1. The spin Hamiltonian of Cr3+

The spin Hamiltonian of Cr3+ in CYGA crystals is given by

H = λLCr · SCr+ (−J )SCr · S. (1)

The first term is the spin–orbit interaction, whereLCr andSCr are fictitious angular and
spin momenta of Cr3+, andλ is the effective spin–orbit-coupling constant. The spin–orbit
interaction mixes the4T2 excited state into the2E excited state and allows the spin-forbidden
transition to the ground state,2E→ 4A2 [4, 5]. The magnitude ofλ is about 100 cm−1

[2, 3]. The second term in equation (1) is the exchange interaction between the spins of Cr3+

and the second-nearest-neighbour Gd3+ ions, assumed to be isotropic and ferromagnetic (J

is positive). The spin of Cr3+ in the 4A2 ground state isSCr = 3/2 andSCr = 1/2 in the
2E excited state. The total spin ofn interacting Gd3+ ions isS =∑n

i=1Si whereSi is the
spin of theith Gd ion. If the exchange constantJ is small, each of theMs = 3/2, 1/2,
−1/2, −3/2 levels of theSCr = 3/2 ground state is split into a quasi-continuous band of
exchange-coupled sub-levels having total spin quantum numbersS̃ given by S̃ = S + 3/2,
S̃ = S+1/2, S̃ = |S−1/2|, S̃ = |S−3/2| [6]. In CYGA, the 2E state is split by the spin–
orbit coupling and axial distortion into2Eu and2Ev states, the observed separation in CYA
being 160 cm−1 [2]. The lower2Eu level consists of two sub-bands, one corresponding to
S̃ = S + 1/2 and the other tõS = |S − 1/2|. The exchange-interaction Hamiltonian (Hex)
is diagonal inS̃, MS̃ , S andSCr [6, 9, 10]. The expectation value ofHex for states defined
by the quantum numbers̃S, MS̃ , S, SCr is given by

〈S̃,MS̃, S, SCr|Hex|S̃,MS̃, S, SCr〉 = −J
2

[S̃(S̃ + 1)− S(S + 1)− SCr(SCr+ 1)] (2)

and is independent ofMS̃ . Figure 2 shows the electron spin density of theSCr = 3/2
ground state (usingJ as an energy unit) split by exchange interactions,Hex, for one Gd3+

ion (n = 1), two equivalent Gd3+ ions (n = 2), and four equivalent Gd3+ ions (n = 4),
respectively. The bars in figure 2 indicate the degeneracy of the spin states with total spins
S̃ andS, defined as (2̃S + 1)NS . NS is the total number of ways of forming a state of total
spin S of Gd3+, where the values ofNS for n = 1 and 2 are equal to 1.NS for n = 4
is calculated in the same way as by Murphy and Ohlmann [6] and its values are listed in
table 1.

3.2. Calculating the FLN line shape

If the energy distributions in the ground and excited states of an optical transition are
determined only by variations in the strength of the local crystal field, then FLN techniques
are able to measure the homogeneous linewidth when this is greater than the experimental
resolution. This is usually less than 0.1 cm−1 for the R lines in Cr3+-doped crystals at low
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Figure 2. The spin degeneracy of the ground state withJ as the energy unit, split by exchange
interaction of Cr3+ with (a) one Gd3+ ion, (b) two equivalent Gd3+ ions, and (c) four equivalent
Gd3+ ions.
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Table 1. The total number of vectors of lengthS formed by adding together four vectors of
length 7/2.

S 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
NS 8 21 31 38 42 43 41 36 28 21 15 10 6 3 1

temperatures [2, 7–9]. However, as shown in figure 2, the ground state of a single Cr3+ ion is
split into four quasi-continuous bands by exchange between Cr3+ and the surrounding Gd3+

ions, and the2Eu excited state, which emits as the R1 line, splits into two quasi-continuous
bands. Resonant excitation of the R1 line excites transitions into these2Eu energy levels,
interacting with a subset of ions determined by the disorder and the two quasi-continuous
bands of the spin state. The linewidths of the FLN lines of Cr3+-doped CYGA crystals
are broadened by the exchange interaction between Cr3+ ions and nearest-neighbour Gd3+

ions. The shape of the FLN line reflects the quasi-continuous bands of both excited- and
ground-state spins. The magnitude of the exchange constant is estimated by simulating the
narrowed line shape for comparison with the experimental spectra [9, 10].

The line shape of the resonant FLN spectrum is calculated by assuming that the
distribution function,Pdis(ω), for the strength of the crystal field at the2Eu excited state is
given by a Gaussian function:

Pdis(ω) = 1√
2πγ

exp

(
− (ω − ω1)

2

2γ 2

)
(3)

whereω1 is the energy of the2Eu excited state of maximum probability andγ is the width.
The electron spin density of the2Eu state,PEspin(E), is given by(2S̃ + 1)NS with energy,
E, corresponding to the diagonal element in equation (2). The energy distribution of the
2Eu state is therefore given by the convolution:

PEu(ω) =
∫ ∞

0
Pdis(E)P

E
spin(ω − E) dE. (4)

We assume that Cr3+ ions excited into the2Eu level by resonant laser excitation,Eex,
relax to their lowest excited spin level atT = 0 K without energy transfer between Cr3+

sites. The distribution,Pabs(E), of excited Cr3+ sites occupied at the lowest excited spin
level is proportional toPdis(E)P

E
spin(Eex− E), represented by a discrete function which is

calculated numerically. The line shape of intrinsic R1-line luminescence from a single Cr3+

site, Pem(E), is given by modifying the quasi-continuous bands,PGspin(E), of the ground
spin state, and applying the spin-selection rule of the Cr3+ ±1/2 ↔ ∓3/2 transitions
[4, 5] and of Gd3+ spins in the Cr3+–Gd3+ exchange system [6]. The calculated FLN line
shape including the resonant excitation and emission processes is the convolution of the
distribution function of the excited Cr3+ sites and the intrinsic luminescence line shape, i.e.

I (E) =
∫ ∞

0
Pabs(E

′)Pem(E − E′) dE′. (5)

3.3. Simulation of the FLN spectra

The peak energy of the FLN spectra in CaY1−xGdxAlO4 (x = 0.1, 0.5, 1) is shifted to
lower energy from the excitation energy and the asymmetric line shape has a pronounced
low-energy tail. The linewidths of the FLN spectra increase as the concentration of Gd3+



Exchange interaction of Cr3+:CaY1−xGdxAlO4 1581

ions, x, increases. In order to explain these results, we have calculated the line shapes of
the FLN spectra of Cr3+ in the exchange-coupled system by varyingJ as a free parameter.

First, the FLN line shape of a Cr3+ ion interacting with a single Gd3+ ion in
CaY0.9Gd0.1AlO4 is calculated. The4A2 ground state is split into four spin levels defined as
|5,MS̃, 7/2, 3/2〉, |4,MS̃, 7/2, 3/2〉, |3,MS̃, 7/2, 3/2〉, and |2,MS̃, 7/2, 3/2〉, whereas2Eu
splits into two spin levels,|4,MS̃, 7/2, 1/2〉 and |3,MS̃, 7/2, 1/2〉. The lowest ground and
excited spin states are|5,MS̃, 7/2, 3/2〉 and |4,MS̃, 7/2, 1/2〉, respectively, assuming that
J > 0. As the spin states are characterized by total spinS̃, the spin state is simply denoted
by the value ofS̃. The transitions from the lowest spin level of the2Eu excited state with
S̃ = 4 to the 4A2 ground spin levels withS̃ = 5, 4, 3 are allowed through spin–orbit
interaction. Although the transition to the spin state withS̃ = 2 is still spin forbidden, the
transition strength may not be negligible. The probabilities of transitions to the states with
S̃ = 5, 4, 3, 2 are defined asR1, R2, R3, andR4, respectively.

At T = 0 K, electrons occupy the lowest spin level of the ground state. The laser
excitation excites two Cr3+ sites with different crystal fields and total spinsS̃ = 4 and
S̃ = 3 in CaY0.9Gd0.1AlO4. Electrons excited into thẽS = 3 spin state relax to the lowest
excited spin state with̃S = 4 without energy transfer to other sites. The calculated FLN
spectrum is composed of the luminescence from the two Cr3+ sites with slightly different
crystal fields. The bars in the lower part of figure 3(a) are calculated using equation (5),
with R1:R2:R3:R4 = 1:0.5:0.5:0.2, J = 2 cm−1 andT = 14 K. The ratio is consistent with
parameters that have been shown to be realistic in similar systems [8, 9]. The calculation
includes thermal distributions of electrons in the ground- and excited-state spin levels. The
only free fitting parameter isJ . The solid curve is the envelope assuming that each bar
has a width ofγ0 = 5 cm−1. The peak of the calculated curve is seen to be shifted from
the resonant excitation energy, in agreement with the experimentally obtained spectra in the
upper part of figure 3(a). The tail at higher energy is due to the Boltzmann distribution at
14 K. The sharp feature that dominates the spectra in figure 3(a) is attributed to Cr ions that
have no Gd ions in the nearest-neighbour cation shell and is therefore resolution limited as
in CYA [2].

The number of Gd3+ ions in the neighbourhood of Cr3+ ions increases as the Gd3+

concentration increases. For crystals with composition CaY0.5Gd0.5AlO4, the most probable
configuration is that for which there are four Ca2+, two Y3+ and two Gd3+ ions occupying
the eight second-nearest-neighbour sites. Two nearby Gd3+ ions produce a much wider
energy distribution of the spin levels of the ground and excited states of Cr3+ than a single
Gd3+ ion, as shown in figure 1. The asymmetric and broadened FLN spectra observed
in CaY0.5Gd0.5AlO4 can be explained by the presence of more than one Gd3+ ion. The
line shape of the FLN spectrum of Cr3+ is calculated using the same parameters as for
x = 0.1 assuming that Cr3+ ions interact with two equivalent Gd3+ ions. Again,J is a
free parameter and a value of 3 cm−1 is optimum. The results are shown in the lower part
of figure 3(b) to give a good fit. The discrepancy at lower energy is due to the overlap
of the R1 line and the one-phonon sideband observed experimentally at 14 K. In the same
way, the line shape of the FLN spectrum of Cr3+ interacting with four equivalent Gd3+

ions is calculated and shown in the lower part of figure 3(c). Good agreement with the
experimental FLN spectrum for Cr3+:CGA is observed.

3.4. A model of the ionic configuration

The 3d3 ion, Cr3+, preferentially substitutes at octahedral Al3+ sites, which have six nearest-
neighbour O2− ions and eight second-neighbour sites randomly containing Ca2+ and Y3+
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Figure 3. The upper curves are the observed FLN spectra of Cr3+ in CaY1−xGdxAlO4 for
(a) x = 0.1, (b) x = 0.5, and (c)x = 1. The bars in the lower parts of the figures were
calculated using equation (5), the intensity ratioR1:R2:R3:R4 = 1:0.5:0.5:0.2, temperature
T = 14 K, and the exchange-coupling constantsJ = 2 cm−1 and J = 3 cm−1, respectively,
for x = 0.1 andx = 0.5, 1. The solid curves are the envelopes assuming that each bar has a
width of γ0 = 5 cm−1. The origin of energy is equal to the excitation energy.
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ions. The statistical probabilities of 8−n Ca2+ andn Y3+ ions constituting the nearest cation
shell at any given Cr3+ site are given by8Cn. However, the ESR data for Cr3+:CYA [3]
confirm that there are no detectable sites with configurations that result in a large mismatch
in the local charge balance, i.e. whenn 6 2 or n > 6. The most probable configuration
consists of four Ca2+ and four Y3+ ions, there being several different rearrangements of
Ca2+ and Y3+ for this ratio [3].

The ESR spectra of Gd3+ are broadened by the spin–spin interaction so strongly as
to render different sites inseparable from one another. It is therefore necessary to apply
the model developed for CYA to the FLN spectra of the mixed systems in order to see
whether the model still applies. First consider the case of CaY0.9Gd0.1AlO4. The sharp and
broadened FLN lines coexist for excitation energies in the range 13 400–13 530 cm−1. The
appearance of both contributions in the FLN spectra throughout the R1 line implies that the
energy difference between the two configurations with Gd3+ ions and without Gd3+ ions
is small compared to the width of the distribution function caused by disorder. This is not
unexpected as the R lines in even the most extreme comparison of CYA and CGA appear at
almost the same wavelengths. These results also suggest that the inhomogeneous broadening
is caused both by disorder among the eight second-nearest-neighbour cations, and the more
remote third- and fourth-nearest-neighbour cations. However, Cr3+ ions may interact with
one Gd3+ ion in the next-nearest-neighbour site because the exchange interaction is a rapidly
decreasing function of the increasing separation between Cr3+ and Gd3+ ions.

The linewidths of the FLN spectra of Cr3+ in CaY0.5Gd0.5AlO4 and CGA are very similar
over the whole range of excitation energies, and the FLN spectra of both crystals calculated
using J = 3 cm−1 and the transition probabilities obtained from the CaY0.9Gd0.1AlO4

results fit the observed FLN spectra. At a glance these results indicate that the dominant
configuration keeps the charge balance of the second-nearest-neighbour Ca2+, 1− x Y3+,
andx Gd3+ ions in CaY1−xGdxAlO4. However, it may seem physically unrealistic that the
best fits to the data for crystals of differentx require different values ofJ . This is easily
explained as being a consequence of modelling each crystal as being a single configuration
of nearest neighbours. In the case ofx = 0.1 this is quite reasonable. There will be very
few Cr3+ ions that have more than one Gd3+ nearest neighbour. In the case ofx = 0.5,
only a configuration containing two Gd3+ ions is considered. Whilst this is the most likely
configuration, there will also be Cr3+ ions that have three or four Gd3+ neighbours in the
nearest cation shell and these will cause further broadening of the FLN features. Similarly,
when x = 1, only the configuration consisting of four Gd3+ ions is used despite the fact
that configurations of five or six Gd3+ ions will cause further broadening. A value of
J = 2 cm−1, obtained forx = 0.1, is therefore the most physically realistic though it is
possible that this value may vary a little withx as the lattice constant varies. A value of
3 cm−1 is, however, an overestimate caused by neglecting the contributions of minority
configurations.

4. Conclusions

The R1 line of Cr3+ in CYGA crystals is broadened by several mechanisms. The FLN
spectra reflect broadening processes associated with exchange interaction between the Cr3+

and Gd3+ ions in CYGA. Simulating the FLN spectra of Cr3+:CYGA has allowed an
estimate of the exchange energy ofJ ' 2–3 cm−1 to be made. Although the selection rule
for the 2E→ 4A2 transition dictates that the Gd3+ spins in the Cr3+–Gd3+ exchange system
must be conserved, the simulated FLN line shapes indicate that the selection rule for the
Gd3+ spin is lifted in zero magnetic field.
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The FLN simulations have also allowed the substitutional disorder in the crystals to
be investigated. It appears that the dominant configuration in CaY1−xGdxAlO4 maintains
charge balance, such that eight second-nearest-neighbour cations are composed of 4 Ca2+

ions, 4(1−x) Y3+ ions, and 4x Gd3+ ions. There are some indications that the mixing of Y
and Gd ions may be somewhat freer than determined by this expression. This is reasonable
given the fact that the charges on these ions are equivalent, so their interchange does not
influence local charge balance.
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