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This work discusses an issue caused by omitting the fourth-order zero-field splitting (ZFS) terms in the analysis
of random-orientation EPR spectra. Eu(II)-doped strontium aluminates were employed as a model system of
the S-state lanthanoid ions, which have relatively large second-rank ZFS components, comparable to the
conventional X-band microwave energy. The initial estimation of second- and fourth-rank ZFS components
was acquired uniquely from the W-band spectrum based on a perturbation treatment of the spin Hamiltonian,
and they were refined by a hybrid-eigenfield simulation approach. A parallel simulation of the X- and W-band
spectra with the refined parameters reasonably reproduced both the observed spectra. The reliability of the
parameters was also verified by reproducing the off-principal-axis extra lines arising from theMS ) 1/2 T
-1/2 transition observed in the W-band spectrum. By comparison with an analysis based on the spin
Hamiltonian omitting the fourth-order terms, it was concluded that omitting these terms results in an erroneous
determination of the rhombic parameter (E) of the second-rank ZFS tensor. The obtained reliable second-
rank ZFS tensors enabled us to invoke the superposition model, determining their principal-axis orientation.
This is the first report of such relative orientation determined for Eu(II)-doped strontium aluminates.

Introduction

In material and biological sciences, random-orientation
electron paramagnetic resonance (EPR) spectroscopy has been
widely used to explore electronic and molecular structures of
spin systems that are hard to obtain in a single-crystal form.1,3

In random-orientation EPR spectroscopy, only dominant interac-
tions in the spin Hamiltonian are generally considered in spectral
analyses, for simplicity. Although the higher-order zero-field
splitting (ZFS) terms are essential for high-spin systems withS
g 2, they have been frequently neglected.1,4-8 The terms arising
from the higher-order spin-orbit perturbation are justifiably
omitted for high-spin states of hydrocarbons because of small
spin-orbit couplings.1 On the other hand, it has been shown
that the terms are crucial parameters for analyzing single-crystal
EPR spectra observed for high-spin lanthanoid ions with large
spin-orbit couplings. Nevertheless, some workers have assumed
that the terms can be neglected even for such ions in random-
orientation EPR spectroscopy.4-8 This article demonstrates that
the terms are crucial parameters even in random-orientation EPR
spectroscopy.

Powder samples of Eu(II)-doped strontium aluminates were
used as a model system. Their luminescent properties are also
of great interest, and will be published elsewhere.10 The ZFS
parameters were evaluated directly from the experimental
W-band EPR spectrum with the help of a perturbation treatment

of the spin Hamiltonian considering all fourth-order terms. The
parameters were refined by invoking computer simulation of
the X- and W-band EPR spectra based on a hybrid-eigenfield
approach, which we have proposed as a practical method for
EPR spectral simulation.1,9,11,12To elucidate the importance of
the fourth-order terms, the parametrization was also carried out
by using the spin Hamiltonian without them. Comparing the
two results, it is demonstrated that omission of the fourth-order
terms results in a misestimation of the second-rank ZFS
components,D and E. The importance of parametrization
considering the fourth-order terms is also discussed in relation
to an off-axis extra line from theMS ) 1/2 T -1/2 transition
observed in the W-band spectrum. This is the first report of the
simulation completely considering the fourth-order terms as well
as the central line structure due to the extra line.

Once a reliable second-rank ZFS tensor is obtained by a
simulation considering the fourth-order terms, the orientation
of the principal-axis can be determined. Theoretical interpreta-
tion of the ZFS for S-state ions has been a long-standing issue.13

A variety of mechanisms contributing to the ZFS have been
proposed so far: the spin-spin interaction,14 the overlapping
and covalent effects,13,15 the relativistic effect,16 and the spin-
orbit interaction.17 The exact treatment is complicated due to
the competition and mutual cancellation of these mechanisms.
On the other hand, the superposition model (SPM) is a
straightforward manner to explain ZFS of S-state ions.18 In this
article, the principal-axis orientation is determined in the frame
of the SPM.

Perturbation theory to estimate second- and fourth-rank ZFS
components ofS ) 7/2 spins was described by Abraham et
al.19 They considered onlyb4

0 and b4
4 as the fourth-rank
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components. They confirmed the validity of the analysis by
comparing with single-crystal EPR studies. Koopmans et al. also
demonstrated a parametrization procedure by the combined use
of Abraham’s approach and computer simulation based on
numerical diagonalization of the spin Hamiltonian.20 On the
other hand, we reported another approach using the hybrid-
eigenfield method instead of the numerical diagonalization.21

In this work, the approach was extended by considering all
fourth-order terms, and it can be addressed for otherS ) 7/2
systems.

Materials and Methods

Preparation and EPR Measurements.The particular size
of sample particle was obtained by sieving.10 The size distribu-
tion of the particle varies from 0.3 to 70µm, in which about
70% of the components are smaller than 10µm. The mean
particle diameter is 6.8µm. The particle shows the broad
emission band centered at 490 nm.10 The X-band CW EPR
measurement was carried out at low temperature using a Bruker
ESP300 spectrometer equipped by an Oxford 910 helium gas-
flow temperature controller. Q- and W-band EPR measurements
were carried out by Bruker E500 and E680 spectrometers,
respectively. Temperature was controlled by an Oxford CF935
helium gas-flow cryostat.

Spectral Simulation. An EPR spectral simulation program
based on a hybrid-eigenfield approach was constructed using
MATLAB 6.5 provided by The MathWorks Inc. In this program,
one can consider zero-field splitting (ZFS) terms up to sixth
order, electronic Zeeman terms, nuclear Zeeman terms, hyper-
fine interaction terms, and nuclear quadrupole terms. In this
work, the simulation program was run on a conventional
personal computer with dual Intel Xeon 2.4 GHz processors.
In the following, the principle of our spectral simulation
algorithm is briefly described.

This program is composed of two major parts. The first part
is to execute direct numerical computations of resonance fields
without any iteration procedure, based on the eigenfield method
originally developed by Belford et al.22 The second part is to
calculate the corresponding transition probabilities by numeri-
cally diagonalizing the eigen-energy matrix with the obtained
resonance fields. We have proposed and developed this eigen-
field and eigen-energy method,1,9,11,12and termed the “hybrid
eigenfield approach”.1,9 The transition probability can be also
calculated directly by the original eigenfield method. However,
since the direct calculation requires solving a generalized
eigenvalue problem of a complex matrix much larger than the
eigen-energy matrix, an enormous computing time is consumed
for acquiring the eigenvector with proper accuracy. For a large
spin quantum number such asS) 7/2, the direct calculation is
impractical for random-orientation fine-structure EPR spectros-
copy. In addition, the accuracy depends on an algorithm
employed for solving the complex eigenvalue problem. The
hybrid approach enables us to calculate both resonance fields
and transition probabilities in terms of both reasonable com-
putational time and proper accuracy with eigenvectors. It also
facilitates the consideration of the Boltzmann distribution in the
simulation. Cugunov et al. also independently described the
same idea, focusing only on the computing time (termed
“combined method” in their paper).23

The theoretical powder-pattern EPR spectrumS(B) is obtained
by integrating all of the spectra from random orientations with
respect to the static magnetic field, i.e.,

whereθ, φ, andψ stand for the Euler angles. We have to perform
the integration over only one octant for orthorhombic, two
octants for monoclinic, and four octants for triclinic symmetries.
To save computing time, the Igloo method developed by Belford
et al. was utilized as an angular grid method.3,24 Here, the
spectrum patterns(θ, φ, B) is given by

whereBi
res stands for resonance fields,∆B1/2 for the line width

at half-height,Pi (θ, φ, ψ) for the transition probability, andf
for an appropriate line shape. The Gaussian function, Lorentzian
function, and a convolution of them (Voigt function) can be
employed as the line shape.

Results

X and W-Band EPR Spectra Observed for Eu(II) Ions
Doped in Strontium Aluminates. Figures 1a and 2a show the
experimental X and W-band EPR spectra, respectively. The
X-band spectrum exhibited an asymmetric spectral pattern dueS(B) ) ∫θ∫φ

(s,θ, σ, B) sin θ dθφ (1)

Figure 1. (a) X-band EPR spectra observed for the Eu(II) ions doped
in strontium aluminates atν ) 9.60479 GHz and 4 K. (b) Sim.1:
X-band spectra calculated with the spin-Hamiltonian parameters in
Table 1. (c) Sim.2: X-band spectra calculated with the spin-Hamiltonian
parameters in Table 2.

Figure 2. (a) W-band EPR spectra observed for the Eu(II) ions doped
in strontium aluminates atν ) 94.08930 GHz and 40 K. The transitions
arising from the Eu(1), Eu(2), Eu(3), and Eu(4) sites are denoted by 1,
2, 3, and 4, respectively. (b) Sim.1: W-band spectra calculated with
the spin-Hamiltonian parameters in Table 1. (c) Sim.2: W-band spectra
calculated with the spin-Hamiltonian parameters in Table 2.

s(θ,φ,B) ) ∑
i

f(B - Bi
res(θ,φ),∆B1/2) × ∫Pi(θ,φ,ψ) dψ (2)
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to the relatively larger zero-field splitting (ZFS) term that is
comparable to the X-band microwave energy. On the other hand,
the W-band spectrum exhibited a symmetrical pattern that we
can assign with ease, where the Zeeman term is considerably
larger than the ZFS term. In the following, the parametrization
procedures to extract the ZFS parameters directly from the
W-band spectrum are described.

Estimation of the ZFS Parameters Based on Perturbation
Treatment of the Spin Hamiltonian. Fine-structure EPR
spectrum observed for a spin system withS g 2 can be
interpreted by the following spin Hamiltonian:

where the first term stands for the electron Zeeman interaction,
and the remaining terms for the ZFS. Thebk

q values represent
the ZFS parameter, andOk

q is the Stevens operator (see
Appendix). Since the operators at higher degree than 2S have
zero matrix elements, the terms up to fourth-order requireS)
2 and 5/2 system and those up to sixth-order requireS ) 7/2.
The scaling factorsfk are chosen to be independent ofq as
follows:

Since the scaling factors of the sixth-order terms are sufficiently
small, they are neglected here.

Observable peaks in a random-orientation EPR spectrum are
generally called canonical peaks, which are assigned to transi-
tions observed withB oriented along the principal axis (X, Y,
and Z) of the second-rank ZFS tensor. In the high-field
approximation, seven allowed-transition peaks arise from the
Eu(II) ion with S ) 7/2 for each canonical line. Then twenty-
one allowed transition peaks can be expected in the random-
orientation EPR spectrum. The stick diagram in Figure 3a shows
the field positions of the canonical peaks obtained for given
values ofg, b2

0, b2
2, b4

0, b4
2, andb4

4 at 95 GHz. Here, the solid
lines correspond to theZ canonical peaks and the dashed lines
to theY canonical peaks. For simplicity, canonicalX peaks are
not shown here. Also, the seven allowed transitions,MS - 1 T
MS, are designated by (MS - 1, MS) on top of Figure 3. Under
the first-order approximation, the six field separations shown
by the arrows in Figure 3a are given by eqs A7 and A8 in the
Appendix. Using these equations, the six parameters can be
determined uniquely by adjusting those sticks to the peaks of
the experimental W-band spectrum.19,21 The approximate ZFS
parameters of the sample were determined in this manner and
then were refined with the help of the hybrid eigenfield method.
Assuming four non-equivalent Eu(II) crystal sites in the sample,
all peaks observed in the W-band spectrum were reproduced
by the stick diagram. The determined parameters are shown in
Table 1. The signs of theb2

0 values were determined by
analyzing the temperature dependence of the W-band spectra.10

As can be seen in eq A7, only theb4
0 value among the

fourth-rank ZFS components influences the field positions of
theZ canonical peaks. On the other hand, the field positions of
Y canonical peaks depend on all of the fourth-rank ZFS
components. Therefore, an erroneous rhombic parameter (E )
1/3b2

2) would be given by omitting the fourth-order terms in
spectral analysis. To examine the issue, the second-rank ZFS
components were estimated independently by using the simpli-

fied spin Hamiltonian:

where the ZFS parametersD correspond tob2
0 andE to 1/3b2

2,
which are described in eq 3. The conventional spin Hamiltonian
eq 4 has been used by some workers in analyses of powder-
pattern EPR spectra arising fromS) 7/2 spin systems.4-8 Under
the first-order approximation based on eq 4, the field separation
between the two inner intense sidelines for theZ canonical peaks
is given by 4|D|/gâe, as shown by solid lines in Figure 3b. Also,
the separation between the two inner lines for theY canonical
peaks is given by 2(|D| - 3E)/gâe, as shown by dashed lines
in Figure 3b. Consequently, approximate ZFS parameters were

Ĥ ) âeS‚g‚B + ∑
k,q

fkbk
qOk

q (k ) 2,4,6 andk g|q|) (3)

f2 ) 1/3, f4 ) 1/60, f6 ) 1/1260

Figure 3. (a) Canonical peaks of allowed transitions arising from an
S ) 7/2 spin system obtained at 95 GHz using given values ofg, b2

0,
b2

2, b4
0, b4

2, andb4
4. The seven allowed transitions,MS - 1 T MS, are

designated by (MS - 1, MS). The transitions arising from theZ canonical
orientation are shown by the solid lines, and those from theYcanonical
orientation by dashed lines. (b) Canonical peaks of allowed transitions
arising from anS ) 7/2 spin system obtained at 95 GHz using given
values ofg, b2

0, andb2
2.

TABLE 1: Spin Hamiltonian Parameters Determined by the
Analysis Incorporating the Fourth-Order Terms

Eu(I) Eu(2) Eu(3) Eu(4)

g⊥ 1.9938 1.9930 1.9921 1.9930
g| 1.9934 1.9912 1.9917 1.9952
b2

0/cm-1 -0.1435 0.1180 0.1043 0.1036

b2
2/cm-1 0.1225 0.1001 0.1011 0.0874

b4
0/cm-1 <10-4 0.0002 0.0053 -0.001

b4
2/cm-1 0.0012 0.0084 -0.0022 0.0025

b4
4/cm-1 0.0093 -0.0019 -0.0012 -0.0064

intensity ratio 5 5 1 1

Ĥ ) âeS‚g‚B + D[Sz
2 - 1

3
S(S+ 1)] + E[Sx

2 - Sy
2] (4)
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determined from the two separations in the obtained spectrum.
Assuming four non-equivalent Eu(II) sites, the approximate
parameters were refined with the help of the hybrid-eigen field
method. The determined parameters are shown in Table 2. Here,
it should be noticed that the derived ZFS parameters were in
disagreement with those in Table 1. In particular, there is the
significant discrepancy between theb2

2 values as predicted
above. Also it is reasonable that the outermost peaks obtained
by the methods based on the different approximation do not
coincide with each other.

Discussion

Examination of the Reliability of the Determined ZFS
Parameters Based on the Spectral Simulation.Figure 2b
shows the W-band EPR spectrum calculated with the parameters
in Table 1, which was obtained by superimposing the spectrum
of four non-equivalent Eu sites with the intensity ratio of 5:5:
1:1. The calculated spectrum reasonably reproduced the ob-
served one. From the photoluminescence meaurement it was
shown that the sample stoichometrically contained SrAl2O4:
Eu,Dy and Sr4Al14O25:Eu,Dy with the ratio of 5:1.10 It was
indicated by comparing with Nakamura’s result4c,4dthat the Eu-
(1) and Eu(2) sites are substituted for the two Sr sites in the
SrAl2O4 host crystal and that the Eu(3) and Eu(4) sites are
substituted for the two Sr sites in the Sr4Al14O25 host crystal.
These facts strongly support the assignment superimposing the
spectrum of four non-equivalent Eu sites with the intensity ratio
of 5:5:1:1.26,27,33

We also performed the spectral simulation of the correspond-
ing X-band spectrum in order to examine the reliability of the
parameters in Table 1. The result is shown in Figure 1b, which
was in good agreement with the observed spectrum again. On
the other hand, as shown in Figures 1c and 2c, the theoretical
spectra based on the parameters in Table 2 were in disagreement
with the corresponding experimental spectra. As mentioned
above, the largest discrepancy is between the theoretical and
experimental results for the outermost peaks. For example, the
two peaks indicated by dotted lines in Figure 2a and 2b are
missing in Figure 2c. As described in the Supporting Informa-
tion, a similar discrepancy was found in the simulation analysis
for the higher frequency (180 GHz) spectra reported by
Nakamura et al.4 As a result, it was shown that the experimental
spectra are not completely reproduced by the spectral simulation
unless the fourth-order terms are considered. Moreover, it was
revealed that the omission of the terms results in the misevalu-
ation of theE value.

Off-Principal-Axis Extra Peaks. To demonstrate the neces-
sity of considering the fourth-order terms, we also examined
off-principal-axis extra lines, which correspond to the transition
observed with the magnetic field oriented along the directions
of off-principal axes. It was shown by one of the authors that
electronic high-spin systems with odd spin quantum numbers
always give a characteristic peak of the extra line arising from
theMS ) 1/2 T -1/2 transition.1,25As shown in the Appendix,
the fourth-rank ZFS components do not directly influence the

field position the same manner as do the second-rank ZFS
components.

Figure 4a corresponds to the area surrounded by dashed lines
in Figure 2. Only theMS ) 1/2 T -1/2 transition appears in
the field region. The angular variation of the resonance field
calculated with the parameters in Tables 1 and 2 are also shown
in Figures 4b and 4c, respectively. The solid lines and opened
circles represent the angular variations calculated for the Eu(1)
and Eu(2) sites, respectively. As shown in the figure, the
structure of the spectrum arises from the extra lines. It should
be noticed that the structure due to the extra lines was observed
even in higher frequency (180 GHz) EPR spectra, as shown in
the Supporting Information. The misevaluation ofD and E
values reflected the position of the extra lines in a sensitive
manner. As shown in Figure 4, the calculation with the
parameters in Table 1 reasonably reproduced the observed extra
lines, but the parameters in Table 2 did not give the proper
position of the lines. Therefore, it is concluded that the second-
rank ZFS components cannot be precisely determined by the
spectral analysis without incorporating the fourth-rank ZFS
components. The extra line analysis during the spectral simula-
tion gives a useful testing ground for the accuracy of experi-
mentally determined ZFS components, particularly for the
systems characterized by odd spin quantum numbers.

TABLE 2: Spin Hamiltonian Parameters Determined by the
Analysis Omitting the Fourth-Order Terms

Eu(I) Eu(2) Eu(3) Eu(4)

g⊥ 1.9930 1.9904 1.9887 1.9902
g | 1.9954 1.9894 1.9887 1.9932
b2

0/cm-1 -0.1433 0.1194 0.1070 0.1042

b2
2/cm-1 0.0197 0.01045 0.0979 0.0822

intensity ratio 5 5 1 1

Figure 4. (a) Experimental and theoretical W-band spectra corre-
sponding to the area surrounded by dashed lines in Figure 2. Only the
MS ) 1/2 T -1/2 transition appears in the field region. (b) Angular
variation of the resonance fields calculated with the parameters in Table
1; 0 e θ e π/2 andφ ) π/2. (c) Angular variation of the resonance
fields calculated with the parameters in Table 2; 0e θ e π/2 andφ )
π/2. The solid lines represent the calculations for the Eu(1) site and
the opened circles for the Eu(2) site.
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Determination of the Principal-Axis Orientation of the
Second-Rank ZFS Tensor Based on the Superposition
Model. In the previous section, the second-rank ZFS compo-
nents were precisely determined in terms of the spectral analyses
considering the fourth-order terms. Therefore, the empirical
superposition model (SPM) is applicable to give the principal-
axis orientation of the second-rank tensor. Also, the difference
in signs of theD values for the Eu(1) and Eu(2) sites is discussed
with the help of the SPM.

The essential assumption made in the SPM is that the ZFS is
produced by sums of individual contributions from neighboring
ligands.18 In the context of the SPM, theoretical second-rank
ZFS components are given as

where the summation is taken over all ligandsi. And Kk
q(θi, φi)

stands for the so-called “coordination factor”, which depends
on the angular positions of ligands, andbhk(Ri) is the intrinsic
parameter defined in the Appendix. Nakamura et al. also applied
the SPM to an Eu(II)-doped strontium aluminate.4b Their
analysis, however, did not succeed because they used the SPM
parameters determined for other samples. As mentioned above,
the Eu(1) and Eu(2) sites are substituted for two Sr sites in the
SrAl2O4 host crystal. The projection of the crystal in the bc
plane is shown in Figure 5.26,27The two Sr sites are denoted by
closed and open circles, which are termed Sr(1) and Sr(2). The
nearest neighbor distance between Sr ions is about 0.4 nm. Since
Eu(II) ion has nearly the same ionic radius as Sr(II) ion, we
can assume that there are no crystallographic distortions due to
the substitution of the Eu(II) ions. The validity of this assump-
tion is also supported by crystallographic data for SrAl2O4:Eu.28

Therefore, we employed the X-ray powder diffraction (XRD)
data of SrAl2O4 by Matsushima et al.27 for the angular position.
Theoretical ZFS parameters for the Eu(1) and Eu(2) sites were
determined by eq 5 together with the crystallographic data, as
described in the Appendix. Table 3 shows the theoreticalD and
E values. The result was in good agreement with the experi-
mental values. Assuming the negative intrinsic parameterbhk-
(Ri) (see Appendix), we assigned the Eu(1) and Eu(2) sites to

the Sr(1) and Sr(2) sites, respectively. This is the first assignment
relating the ZFS parameters and the local structures for Eu(II)-
doped strontium aluminates with the help of the SPM. Moreover,
the principal-axis orientations of the second-rank ZFS tensors
were for the first time determined in the frame of the SPM.
Figure 6 shows the local structures around the Eu sites and the
relative orientations anticipated from the SPM analysis. In Table
4, their direction cosines are shown. Since the intrinsic parameter
bhk(Ri) is given to be negative for both sites, it is concluded that
the signs of theirD values depend on the structural factor
(3cos2θi - 1) within the SPM. The different sign ofD can be
explained by the geometrical picture as shown in Figure 6: (a)
the negativeD value of the Eu(1) site corresponds to the prolate

Figure 5. Projection of SrAl2O4 crystals in the bc plane.26,27 The Sr
ions lie in cavities composed of AlO4 tetrahedra. For the simplicity,
Al atoms are not shown here. The nearest neighbor distance between
Sr ions is about 0.4 nm.

Figure 6. Spatial distribution of ligands around Eu(II) ions: (a) Eu-
(1) site (prolate distribution); (b) Eu(2) site (oblate distribution). Only
oxygen atoms nearer than 0.31 nm from the metal ion are considered
here. The local site structures (a) and (b) correspond to those at the
Sr(1) and Sr(2) sites in Figure 5, respectively. The principal axis
orientations of the second-rank ZFS tensors determined by the SPM
are illustrated on the right-hand side of the structures.

TABLE 3: Theoretical Second-Rank ZFS Components
Based on the SPM

Eu (1) Eu (2)

b2
0/cm-1 -0.1422 0.1192

b2
2/cm-1 0.1227 0.0999

bh2(R0)/ cm-1 -0.1443 -0.1387
m 5.5
n 8.4
R0/nm 0.2684 0.2746

TABLE 4: Direction Cosines of the Second-Rank ZFS
Tensors Determined for the Eu(1) and Eu(2) Sites Based on
the SPM

a b c

Eu (1) X 0.2132 -0.4593 -0.8623
Y 0.7523 -0.4860 0.4449
Z -0.6243 -0.7435 0.2149

Eu (2) X -0.3433 -0.5535 0.7588
Y -0.8160 -0.2243 -0.5328
Z -0.4651 0.8021 0.3746

bk
q ) ∑iKk

q(θi,φi)bhk(Ri) (5)
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(3cos2θ i - 1 > 0) spatial distribution of ligands and (b) the
positive D value of Eu(2) site corresponds to the oblate
distribution (3cos2θi - 1 < 0).

Conclusions

In this work, the necessity of considering the fourth-order
terms was discussed with the help of multifrequency EPR
spectroscopy. The ZFS parameters were determined by the
combined use of the perturbation treatment of the spin Hamil-
tonian and a spectral simulation based on the hybrid-eigenfield
approach. A spectral analysis neglecting the fourth-order terms
does not reproduce the whole experimental spectra including
the extra lines arising from theMS ) 1/2 T -1/2 transition.
Moreover, the omission leads to the misevaluation of theE
values. It is concluded that the fourth-order terms are crucial
for the precise determination of the second-rank ZFS compo-
nents. The empirical SPM was applied in order to determine
the orientation of the principal-axes of the second-rank ZFS
tensors with the respect to the crystallographic axes. For the
first time, the relative orientations were determined for the Eu-
(II) ions doped in strontium aluminates. Also, the ZFS param-
eters were related to the local structures around the Eu(II) ions
with the help of the crystallographic data of the host crystal.
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Appendix

Stevens Operators. There are some inconsistencies of
notation for the Stevens operators in the literature as is
comprehensively described by Rudowicz.29,30 In this work,
Newman’s notation18b is utilized:

The remaining operators are given in the literature.18b Also, the
conventional D tensor can be expressed by the Stevens

parametersbk
q as follows:

whereDXX ) - (D/3) + E, DYY ) - (D/3) - E, DZZ ) 2D/3,
andDXX + DYY + DZZ ) 0.

General Expression for Resonance Fields of Canonical
Peaks Arising from S ) 7/2 Spin System under First-Order
Approximation. Because tensorial entities greater than rank two
are not expressible as matrices, their angular variation cannot
be calculated as simply as the conventionalD tensor. Therefore,
the following derivation was carried out with the help of the
transformation property of the Stevens operators.30 Also, for
simplicity, we assumed an isotropicg value below. The shifts
of the resonance field for theMS T MS -1 and- MS T -MS

+1 transitions are given within a first-order approximation, in
the case ofB | Z as

whereB(MS T MS -1) stands for the resonance fields of the
MS T MS -1 transition. In the case ofB ⊥ Z, the shifts are
given as

whereφ is the polar angle between the static magnetic fieldB
and the X principal axis of the second rank ZFS tensor.
Equations A7 and A8 are applicable toS) 7/2 spin systems in
any symmetry fields. As is obvious from eq A8, the parameters
b4

-2 and b4
-4 hardly influence the resonance fields of the

canonical peaks because of their sine coefficients. Also, the
remaining fourth-rank ZFS components such asb4

(1, which we
must consider in the case of symmetry fields lower than

O2
0 ) 3Sz

2 - S(S+ 1) (A1)

O2
2 ) 1

2
(S+

2 + S-
2 ) (A2)
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monoclinic, do not influence of the resonance fields. These
parameters may be determined by careful analysis of extra lines
observed in the X-band spectrum. Recently, estimation of the
b4

3 value from extra lines was discussed forS-state ions in
trigonal symmetry by Priem et al.31 In this work, however,
significant shift caused by the odd terms was not seen in the
observed X-band spectrum.

General Expression for Resonance Field ofMS ) 1/2 T
-1/2 Transition Arising from S ) 7/2 Spin System under
Second-Order Approximation. To derive the general expres-
sion for the resonance field ofMS ) 1/2 T -1/2 transition, the
spin Hamiltonian eq 3 is rewritten as

Here, bk
q(θ,φ) stands for angular-dependent ZFS parameters,

which can be calculated by using the transformation property
of the Stevens operators.30 From the second-order perturbation
treatment of the spin Hamiltonian, the general expression was
derived for the first time in this work:

The resonance field depends mainly on the square of each ZFS
parameter differently from the positions of the other transitions.
Therefore, as predicted in the previous work,25 it is obvious
that the field position of theMS ) 1/2 T -1/2 transition is
hardly influenced by the fourth-order terms. This is also
supported by exact numerical calculation. Figure 7 shows the
angular variation of resonance fields calculated for theMS )
1/2 T -1/2 transition arising from the Eu(1) site. Solid lines
in Figure 7 correspond to those in Figure 4b. Also, open circles
stand for the angular variation calculated for the Eu(1) site by
using onlyg and second-order ZFS terms in Table 1. In addition

to the prediction based on eq A10, the figure demonstrates that
the field position is almost independent of the fourth-order terms.

Superposition Model (SPM).In the frame of the SPM, the
second-rank ZFS components is given by

whereDxx ) -D/3 + E, Dyy ) -D/3 - E, Dzz) 2D/3, and the
structural factor is the function of the real spherical harmonics
Yk

q(θi, φi). Here, the intrinsic parameter depends on the bond
lengthRi between the ligands and the metal ion. According to
Newman et al.,18 the distance dependence is described as

where the exponents,m andn, are empirical parameters. Also,
the average distance between the ligands and metal ion in each
site was used as the reference distanceR0. The parameterbhk(R0)
commonly used in the literature is equal to (-A + B).32 It is
empirically known that the parameter bhk(R0) produces nearly
the same value among systems with the same combination of
the metal and ligands.18 Therefore, we assumed- 0.17< bh2-
(R0)/cm-1 < -0.07, according to the Newman’s result.32

Moreover, we assumed thatbhk(Ri) exhibits the identical distance
dependence between the two Eu sites because they exist in the
same host crystal.
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