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Abstract. Electron spin-resonance (ESR) spectra of Ce3+ ions in CaYAlO4 (CYA) crystals
have been measured at X-band microwave frequency. The spectra are only observed below
50 K: they are very broad and easily saturated by low microwave power at 4.2 K. The ESR
lines, which vary in position with orientation of the magnetic field relative to the crystalline
axes, have been fitted to a tetragonal spin Hamiltonian with the principal components(g‖, g⊥)
observed to be close to those of Ce3+ ions in CaWO4 and LiYF4. The associated microwave
absorption is due to the lowest crystal-field level of the2F5/2 ground state of the Ce3+ ion in
CYA. The measuredg-tensor componentsg‖ = 2.52(2) and g⊥ = 1.54(2) for Ce3+ in CYA
can be explained in terms of the ground-state wavefunction composed of|j, jz〉 = |5/2,±5/2〉
and |5/2,∓3/2〉 components of2F5/2 mixed by the crystal-field termsB4

4O
4
4 andB4

6O
4
6.

The inhomogeneous broadening of the asymmetric ESR lines reflects a distribution ofg-
values, which is produced by tilting the principalz-axis of the Ce3+ effective spin away from
the crystalc-axis and a distribution of the ground-state spin levels in2F5/2 of the Ce3+ ions
through the random occupation of Ca2+/Y3+ ions at the appropriate site in the disordered CYA
lattice.

1. Introduction

There is much current interest in Ce3+-doped ionic crystals for potential applications in UV
lasers and scintillators [1–3]. The electronic configuration of the Ce3+ ground state is 4f1,
whereas that of the excited state is 5d1. The 4f↔ 5d transitions, which occur by allowed
electric dipole processes, have large transition probabilities. Since the electron–phonon
couplings of the 4f and 5d electrons are quite different, the 4f↔ 5d transitions feature
broad absorption and emission bands with a large Stokes shift between them. This gives
rise potentially to broad tuning ranges for laser oscillation. Recently, the operation of an
optically pumped, tunable solid-state laser using the 4f↔ 5d transition of Ce3+ in LiYF 4

at room temperature was reported [4].
In an earlier paper [5], the authors reported the optical properties of Ce3+ in CaYAlO4

(CYA). The inhomogeneous broadening of the Ce3+ luminescence is caused bysubstitutional
disorderof the Ca2+/Y3+ sites in the CYA lattice. This phenomenon was first discussed for
Cr3+-doped CYA crystals [6, 7], where it was established that thesubstitutional disorder
created variations in the crystal-field strength at the Cr3+ ion sites, and that this gave rise
to distributions in the positions of the ground and excited energy levels. Electron spin
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resonance (ESR) in the Ce3+ ground state reveals the local structure of the Ce3+ ion and
the distribution of observedg-values in the disordered crystal. This paper discusses the
surrounding environment of Ce3+ and the mixing of the2F5/2 ground-state wavefunctions
in the disordered crystal, as determined from the inhomogeneously broadened ESR spectra.

Figure 1. A part of the unit cell of the crystal structure of CaYAlO4

2. Experimental details

The crystal structure of CYA belongs to the space groupI4/mmm (D17
4h). The lattice

constants area = b = 3.6451 Å and c = 11.8743 Å [8, 9]. Figure 1 shows a part of the
unit cell centred on one of the Ca2+/Y3+ sites. Ca2+ and Y3+ ions are randomly distributed
on their common lattice site, the Ca2+/Y3+ composition ratio of 1:1 being maintained to
retain the bulk crystal composition (CaYAlO4) of the crystal. The Ce3+ ions are expected to
occupy preferentially the Ca2+/Y3+ sites [5]. In consequence, they are surrounded by nine
nearest-neighbour oxygen ligand ions, four next-nearest-neighbour Ca2+/Y3+ ions in the
ab-plane containing the Ce3+ ions and five next-nearest-neighbour Ca2+/Y3+ ions out of
this plane as shown in figure 1. The random occupation of Ca2+/Y3+ ions causes random
perturbations of the electrostatic crystal field at the Ce3+ ions, and in consequence, to the
crystal-field Hamiltonian. Therefore, the symmetry of the surrounding is different at each
site.

The CYA crystals were grown by the Czochralski technique as described in reference
[5]. The concentrations of Ce3+ relative to Y3+ in the CYA melt are 0.5 and 5 at.%. The
dimensions of the experimental samples were 4× 4× 2 mm3, with faces cut parallel to the
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Figure 2. The orientation dependence of the ESR spectra of Ce3+(0.5%) in CYA with the
magnetic field applied in theac-plane measured at 4.2 K and a microwave frequency of
9.370 GHz.

(100), (010) and (001) planes.
The ESR measurements were made at temperatures in the range 4.2–50 K using a Varian

X-band spectrometer equipped with 270 Hz field modulation, as described by the authors’
colleagues in reference [10].

3. Experimental results

Figure 2 shows the ESR spectra in Ce(0.5%):CYA measured at 4.2 K with the magnetic
field applied in theac-plane. For these spectra the microwave frequency was 9.370 GHz
and 0.2 mW of microwave power was incident upon the cavity. The full range of the
available magnetic field of 0–1 T was swept through in two minutes. The signal of the
DPPH field marker is observed at∼0.332 T. Only the broad, positive part of a derivative
line appears on the low-magnetic-field side of Ce-impurity resonances, when sweeping from
low magnetic field to high field. The peak of the resonance, which shifts from low field to
high field when the magnetic field is rotated from thec- to thea-axis, remains constant in
the ab-plane (not shown).

These broad ESR signals do not change in shape or intensity when the microwave power
is varied in the range 0.05–1 mW, indicating that the ESR transitions are easily saturated
at 4.2 K. The intensities of the spectra decrease rapidly when the sweep rate (dB/dt) over
the full 0–1 T range of the variable magnetic field is decreased; they are not detected when
the rate is less than 1 mT s−1. Figure 3 shows the ESR spectra at 4.2 K withB ‖ c:
the field was swept both down to low and up to high field, through resonance, at a rate
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Figure 3. The ESR spectra of Ce3+(0.5%) in CYA withB ‖ c on sweeping the field down and
up through resonance.

Figure 4. The ESR spectrum of Ce3+(0.5%) in CYA atT = 14 K and withB ‖ a. The solid
and chain curves represent the first derivative and integrated spectra, respectively.

of 8.3 mT s−1. Although the traces are reversed with respect to each other, the line shape
with a long tail decreasing towards higher field does not change. Such phenomena occur
for resonances measured under conditions of adiabatic rapid passage, in which the sweep
rate is much faster than the spin–lattice relaxation rate [11].

When the temperature is increased above 4.2 K, the line shapes of the ESR spectra
change. The negative components of the expected derivative signals begin to appear at high
magnetic field. The ESR spectrum observed at 14 K withB ‖ a is almost symmetric, as
shown in figure 4. ForB ‖ c the weak negative signal appears on the high-magnetic-field
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Figure 5. The orientation dependence of
the ESR spectra of Ce3+(5%) in CYA
with the magnetic field applied in theac-
plane measured at 4.2 K and a microwave
frequency of 9.246 GHz.

side of the line. The observed line shape is still asymmetric. Above 40 K, the peak-to-peak
intensities of the spectra withB ‖ a, c are not detectable because of line broadening. Such
a temperature dependence suggests that the spin–lattice relaxation rate is enhanced at higher
temperatures and that the line broadening is induced by an Orbach process [10].

Figure 5 shows the ESR spectra in Ce(5%):CYA at 4.2 K with the magnetic field
applied in theac-plane. The microwave frequency was 9.246 GHz, the microwave power
was 0.5 mW, and the sweep rate was 4 mT s−1. The ESR signals, which were not saturated
below 0.5 mW of microwave power, are in the form of the first derivative of an absorption
peak, being composed of positive and negative parts. The resonance field shifts from low
field to high field when the magnetic field is rotated from thec- to the a-axis as in the
case of Ce(0.5%):CYA. The line shape withB ‖ c has a long tail towards higher field.
On the other hand, withB ‖ a it is symmetric, being the same as that observed for
Ce(0.5%):CYA at 14 K in figure 4. The difference between the ESR spectra of Ce(0.5%)
and Ce(5%) in CYA measured at 4.2 K may be explained by relaxation effects of these
Ce3+ Kramers doublets, which are represented by the sums of longitudinal and transverse
relaxation rates. The longitudinal rate corresponds to spin–lattice interaction, whereas the
transverse rate corresponds to spin–spin interaction. The ESR results suggest that the spin–
lattice relaxation rates at 4.2 K for both crystals are smaller than the field sweep rate
divided by an amplitude of oscillatory magnetic field and that the spin–spin interaction for
Ce(5%):CYA, being independent of temperature, is enhanced by the high concentration of
Ce3+ ions.

In order to examine the relaxation effect, the ESR line shapes for the two crystals have
been compared with each other. The upper part of figure 6 shows the first derivative (solid
line) of the microwave absorption for the Ce(0.5%):CYA sample. The lower part shows
the first derivative (solid line) and the integral (dot–dashed line) of the derivative signal,
which is equal to the microwave absorption in Ce(5%):CYA. The fact that the integrated
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Figure 6. The comparison with the ESR spectra of Ce3+ (0.5%) and Ce3+ (5%) in CYA with
B ‖ c. The full curves represent the first derivative and the dot–dashed curve was calculated
by integrating the derivative signal.

spectrum for Ce(5%):CYA is in agreement with the derivative for Ce(0.5%):CYA can be
explained by the relaxation process between two spin sublevels of Ce3+. The ESR spectrum
in Ce(0.5%):CYA may be inhomogeneously broadened. In that case, an individual resonance
line for each Ce3+ ion forms as a positive (or negative) part of the first-derivative signal,
because at 4.2 K the spin–lattice relaxation rate is smaller than the field sweep rate. In
consequence, the observed ESR spectrum being associated with the envelope function of
the resonances from all of the ions is fairly close to a microwave absorption spectrum, as
shown in figure 6.

Figure 7 shows the temperature dependence of the ESR spectra withB ‖ c,a for
Ce(5%):CYA in the range 6–50 K. The peak-to-peak intensities of the ESR lines decrease
rapidly with increasing temperature such that they are not detected aboveTdis = 50 K.
These trends are caused by the temperature dependence of the spin–lattice relaxation rate,
which determines the linewidth. The linewidth,0(T ), is given by

0(T ) = a + bT + cT n + d13 exp(−1/kT ) (1)

where1 is the energy separation of the lowest-lying excited electronic state from the ground
state anda, b, c, andd are constants [12, 13]. The first term,a, in equation (1) represents
inhomogeneous broadening independent ofT . The second, third, and fourth terms are due
to the direct, the Raman, and the Orbach processes, respectively. The Orbach process is
very important for the broadening of the ESR spectra of rare-earth ions except Gd3+ and
Eu2+ ions, which can be measured only at low temperature. The activation energy,1, is
estimated from the temperature dependence of the ESR linewidth. The values ofTdis and1
for Ce3+ in LiYF 4 were reported to be 50 K and 175 cm−1, respectively, on the assumption
that the second and third terms in equation (1) are negligible [10].Tdis for CYA is ∼50 K.
It is difficult to derive the temperature dependence of the linewidth from the spectrum
shown in figure 7 because of the large inhomogeneous width. However,1 is estimated
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Figure 7. The temperature dependence of the ESR spectra of Ce3+ (5%) in CYA with (a)B ‖ c
and (b)B ‖ a in the range 6–50 K.

to be∼150 cm−1 from Tdis ∼50 K, by comparison with the case of Ce3+ in LiYF 4. The
energy separation of the lowest-lying excited state is much larger than the energy of the
X-band microwave quantum (∼0.3 cm−1). In consequence, the inhomogeneous broadening
of the ESR spectrum may be due not to unresolved fine structure, but to a distribution
of g-values, caused by mixing between the electronic states of2F5/2 induced through the
random occupation of Ca2+/Y3+ ions.

The ESR lines of Ce3+ in CYA can be analysed by using an effective spin Hamiltonian
with tetragonal symmetry:

H = µBg‖HzSz + µBg⊥(HxSx +HySy) (2)

with an effective spinS = 1/2, whereµB is the Bohr magneton. The principalz-, x-, and
y-axes are parallel to the crystalc-, a-, andb-axes, respectively. The observed meang-
values (g‖ = 2.52, g⊥ = 1.54) for Ce(5%):CYA are quite close to those of Ce3+ in CaWO4

(g‖ = 2.91, g⊥ = 1.42) [14] and in LiYF4 (g‖ = 2.765, g⊥ = 1.473) [10], both crystals with
tetragonal S4 symmetry. The distributions ofg-values forB ‖ c,a are estimated from the
inhomogeneous linewidths using the relationship ofhν = µBgB and range approximately
from 1.2 to 3.3 and from 1.0 to 2.0, respectively.

4. Discussion

4.1. The wavefunction of the2F5/2 ground state

The Ce3+ ion in its lowest energy state has a single 4f electron outside the closed shells,
and the2F5/2 ground state is separated from the lowest-lying excited state2F7/2 by the
spin–orbit energy of approximately 2000 cm−1. The g-tensor of Ce3+ may be understood
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in terms of the wavefunction of the2F5/2 ground state, which is split into three Kramers
doublets by the crystal field. The crystal-field Hamiltonian for tetragonal symmetry (S4) is

Hcry = B0
2O

0
2 + B0

4O
0
4 + B4

4O
4
4 + B0

6O
0
6 + B4

6O
4
6 + B6

6O
6
6 (3)

where theOm
n are equivalent spin operators and theBmn are experimentally determined

constants [13, 15]. InLS-coupling, the electronic states are characterized by four quantum
numbersj , jz, l, and s, wherej = l + s. As the 4f1 configuration of Ce3+ has l = 3
and s = 1/2, the eigenfunction is simply denoted by|j, jz〉. The eigenfunctions of a
crystal-field Hamiltonian with axial symmetry, which includes only the termsB0

nO
0
n , are

represented by|j, jz〉 = |5/2,±1/2〉, |5/2,±3/2〉, |5/2,±5/2〉. Theg-values are calculated
to be (g‖, g⊥) = (gL, 3gL), (3gL, 0), and(5gL, 0) wheregL (=6/7) is the Land́e factor for
the j = 5/2, using|5/2,±1/2〉, |5/2,±3/2〉, and |5/2,±5/2〉, respectively [13, 15]. The
agreement between the calculated and measured values (g‖ = 2.52, g⊥ = 1.54) is not very
good.

Figure 8. The relationship betweeng‖ and g⊥ calculated using equation (5). An open circle
represents experimentalg-values (g‖ = 2.52, g⊥ = 1.54) of Ce3+(5%) in CYA.

In order to resolve this discrepancy, the effects of the crystal-field termsB4
4O

4
4 and

B4
6O

4
6 which mix the|5/2,±5/2〉 and |5/2,∓3/2〉 spin states are considered. Theg-value

is then calculated by the method used in the case of Ce3+ in CaWO4 [15]. The wavefunction
of the 2F5/2 ground state is assumed to be∣∣∣∣52,±5

2

′〉
= cosθ

∣∣∣∣52,±5

2

〉
+ sinθ

∣∣∣∣52,∓3

2

〉
(4)

and gives the resultingg-values of

g‖ = gL(8 cos2 θ − 3)

g⊥ = gL(2
√

5 cosθ sinθ).
(5)

Figure 8 shows the relationship betweeng‖ and g⊥ calculated using equation (5), the
parameterθ being varied from 0 toπ/2. Also shown is the data point (g‖ = 2.52,
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g⊥ = 1.54). The absolute values of the solution of equation (5) are associated with the
experimentalg-values. The pair of valuesg‖ = 2.67 andg⊥ = 1.62 in the graphical solution
to equation (5) and calculated withθ = 29◦ give a close fit to the measured values. The fact
that the dominant component of the2F5/2 ground state is approximately|5/2,±5/2〉 suggests
that the diagonal matrix elements of(B0

2O
0
2 + B0

4O
0
4 + B0

6O
0
6) between the wavefunctions

of 2F5/2 are larger than the off-diagonal matrix elements of(B4
4O

4
4 + B4

6O
4
6) and that the

crystal-field parameterB0
2 must be negative.

4.2. The inhomogeneous broadening of the ESR lines

The authors have previously discussed the inhomogeneous broadening by disorder of the
Cr3+ ESR lines observed in CYA [7]. The ESR spectra were composed of the lines
assigned to Cr3+ ions at ordered and disordered sites, where the principal axes were
parallel to the crystal axes and tilted from the crystal axes, respectively. The low-
symmetry disordered configurations correspond to a random occupation of eight second-
nearest-neighbour Ca2+/Y3+ ions of the central Cr3+ ion. Although the Ce3+ ions occupy
different sites from the Cr3+ ions, the inhomogeneous broadening of the ESR line can be
discussed assuming the same model for Ce3+:CYA as for Cr3+:CYA.

In CYA, Ca2+ and Y3+ ions are randomly distributed on their common lattice sites
illustrated in figure 1. If the four cations in each separate parallelab-plane are Ca2+ (Y3+)
ions, these ordered configurations show tetragonal symmetry along thec-axis. However,
when one of the four Ca2+ (Y3+) cations in eachab-plane is exchanged with the other
Y3+ (Ca2+), while keeping the number ratio (4:4) of Ca2+ and Y3+ constant, sixteen
disordered configurations are produced, which can be classified into two distinct groups of
eight equivalent configurations. If two cations are exchanged between the two planes, there
are 144 distinct disordered configurations, which are classified into several groups. Such
disordered configurations lower the symmetry of the surrounding, and cause the principal
axes of Ce3+ ion to be tilted away from the crystalline axes. The tilting is strongly related to
the magnitude of the crystal-field operatorsBmn O

m
n (m 6= 0), which mix the wavefunctions

in 2F5/2 and 2F7/2 into the lowest ground state. The mixing introduces a distribution in
the g-values. In consequence, the inhomogeneous broadening of the ESR lines observed
with B ‖ c,a is due to the tilting of the principal-axis system and the distribution of the
g-values.

Since it is difficult to describe quantitatively the relationship between the tilting and
the g-value distribution, their effects are considered separately. It is assumed that the
inhomogeneous broadening is caused by the tilting of the principalz-axis of Ce3+ away
from thec-axis with fixed anisotropicg-factors (g‖, g⊥). Defining the tilting angle of one
disordered configuration asψ , theg-value of the Ce3+ ion, when the applied magnetic field
is parallel to thec-axis, is given by

g2 = g2
‖ cos2ψ + g2

⊥ sin2ψ. (6)

The lineshape of the powder-like ESR spectrum as a function of the magnetic field is
calculated assuming that the principal axis is tilted uniformly through an angle in the range
0–π/2, and transformed using equation (6) andhν = µBgB. The calculation shows that
the spectrum should have a finite step atB‖, followed by a gradual increase towardsB⊥,
reaching an infinite value atB⊥ [12, 13]. The difference between the observed ESR spectrum
with B ‖ c and the expected powder-like spectrum is the lack of the strong signals atg⊥ in
the observed spectrum. In consequence, the principal axis of Ce3+ is expected to be tilted
through an angle that is finite but less thanπ/2 away from thec-axis. The angle is roughly
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estimated to be in the range of 0–50◦ from the overlap of the spectra withB ‖ c andB ‖ a
on the assumption thatg‖ = 2.5 andg⊥ = 1.6. This value is much larger than that obtained
from the ESR results for Cr3+ in CYA (ψ 6 20◦) [7]. There is also the question of why
theB ‖ a spectrum has neither a steep rise on the higher-field side nor a long tail towards
lower field as for theB ‖ c spectrum.

Now consider a distribution of theg-values of the disordered configurations with the
axis of distortion along thec-axis. Figure 8 shows that when the angleθ in equations (5)
varies from 22◦ to 42◦, the g‖- and g⊥-values are in the ranges 3.3–1.2 and 1.3–1.9,
respectively. This accounts for the observed ranges,g‖ ∼ 1.2–3.3 andg⊥ ∼ 1.0–2.0,
and for the distribution ofg‖ being much wider than that ofg⊥. The comparison of the
observed distributions in theg-values in these two cases suggests that the contribution of
the mixing of the wavefunctions is dominant. As the mixing occurs through lowering of the
symmetry of the Ce3+ environment, the tilting of the principal axes cannot be neglected,
even though it is not possible to distinguish the separate contributions from the observed
ESR line shape.

4.3. Spin–spin interaction

In substitutionally disordered CYA crystals, spin–lattice relaxation between the spin
sublevels of Ce3+ may be slower than in regular crystals such as LiYF4 [10]. In consequence,
the ESR signal observed for Ce(0.5%):CYA at 4.2 K is only the positive part of the first
derivative, because the relaxation rate is small compared with the field sweep rate. The
spin–lattice relaxation rate increases abruptly with increasing temperature, such that at 14 K,
the ESR spectrum withB ‖ a becomes symmetrical. In contrast, the ESR spectrum for
B ‖ a of Ce(5%):CYA is symmetric even at 4.2 K, the relaxation rate being enhanced by
spin–spin interaction at the higher Ce3+ concentration. It is appropriate to discuss the ESR
line shape in terms of spin–spin interaction.

The simplest type of spin–spin interaction is the magnetic dipole interaction between
two neighbouring paramagnetic ions for low concentrations of impurity ions in crystals.
If the paramagnetic ions are identical, they precess at the same frequency in the external
magnetic field. The neighbouring paramagnetic ions are coupled through their precessing
components of magnetic dipoles, and the exchanges of quanta occur between the ions.
This interaction additionally broadens the resonance line and shortens the lifetime of the
spin sublevels of the ions. This lifetime is related to a spin–spin relaxation timeT2,
which corresponds to homogeneous broadening through the relationT2 = 1/(2π 1ν).
On increasing the concentration of the paramagnetic ions, the probability of pairs of
ions occupying near-neighbour sites increases. When the separation between the pair of
ions is decreased to less than'0.5 nm, the strength of the exchange interaction between
neighbours is enhanced sufficiently that it exceeds the magnetic dipole interaction. This is
a temperature-independent interaction, which is not supported by the present results over
the rather restricted temperature range. Nor is it expected that exchange will dominate at
the concentration of Ce3+ in the present crystals.

The probability that one of nine nearest-neighbour Ca2+/Y3+ sites of a central Ce3+

is replaced by another Ce3+ ion is 0.02 and 0.17 for Ce(0.5%):CYA and Ce(5%):CYA,
respectively, assuming charge neutrality and random occupation by five Ca2+, three Y3+, and
two Ce3+ ions including the central Ce3+ ion for the local structure shown in figure 1. Since
the real concentrations of Ce3+ in the CYA crystals are less than those quoted (i.e. 0.5%,
5%) for the melt, because of the coexistence of Ce3+ and Ce4+ in the crystal, the actual
probability for Ce(5%):CYA will be less than 0.17. This will be further diminished by
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equally high probability that the central Ce3+ ion will have another Ce3+ ion in the third-
or fourth-nearest-neighbour Ca2+/Y3+ sites. In consequence, although the spectrum in
Ce(5%):CYA includes contributions from the magnetic dipole and exchange interactions,
the dominant component of the signal for the Ce(5%):CYA will be due not to the pair but
to the isolated Ce3+ ions.

The integrated line shape of the first derivative observed for Ce(5%):CYA is close to the
first derivative for Ce(0.5%):CYA on the assumption that the positive part of an individual
resonance line of each Ce3+ ion under conditions of adiabatic rapid passage is proportional
to the intensity of the microwave absorption. Taking account of these results, the line shapes
of the microwave absorption spectra for the two crystals are expected to be almost identical.
It is concluded that Ce3+ ions in CYA interact through the magnetic dipole, enhancing the
spin–spin relaxation rate between the spin sublevels of Ce3+, with the result that the first
derivative is observed at 4.2 K for the Ce(5%):CYA crystals.

5. Conclusions

The meang-values (g‖ = 2.52, g⊥ = 1.54) of Ce3+ in the disordered CYA crystal
measured by ESR studies show that the local environment has tetragonal symmetry with a
negative crystal-field parameterB0

2. The inhomogeneous broadening of the ESR spectrum
is associated with the distribution of theg-values, which is created by distributions of both
the tilting angle of the principal axis and the energy separation of the2F5/2 ground state.
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