J. Phys. Chem. R003,107,11539-11546 11539

Importance of Fourth-Order Zero-Field Splitting Terms in Random-Orientation EPR
Spectra of Eu(ll)-Doped Strontium Aluminate
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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(ll)-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 froMstiel/2 <

—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 paramet&) (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(ll)-doped strontium aluminates.

of the spin Hamiltonian considering all fourth-order terms. The
parameters were refined by invoking computer simulation of

In material and biological sciences, random-orientation the x- and W-band EPR spectra based on a hybrid-eigenfield

el_ectron paramagnetic resonance (EPR) spectroscopy has beeé?pproach, which we have proposed as a practical method for
widely used to explore electronic and molecular structures of gpgp spectral simulatioh?1112To elucidate the importance of
spin systems that are hard to obtain in a single-crystal féfm.  {he fourth-order terms, the parametrization was also carried out
In random-orientation EPR spectroscopy, only dominant interac- py ysing the spin Hamiltonian without them. Comparing the
tions in the spin Hamiltonian are generally considered in spectral yyo results, it is demonstrated that omission of the fourth-order
anglyses, for simplicity. Although the h|gher?order zero-ﬂleld terms results in a misestimation of the second-rank ZFS
splitting (ZFS) terms are essential for h|g£1-sp|n systems _fEnth components,D and E. The importance of parametrization
> 2, they have been frequently neglectéd” The terms arising  ¢onsidering the fourth-order terms is also discussed in relation
from the hlgher-orQer spirorbit perturbation are justifiably 4 an off-axis extra line from thtls = 1/2 < —1/2 transition
omitted for hlgh-.Spll’ll states of hydrocarbons because of small gpserved in the W-band spectrum. This is the first report of the
spin—orbit couplings: On the other hand, it has been shown  gimyjation completely considering the fourth-order terms as well
that the terms are crucial parameters for analyzing single-crystal 35 the central line structure due to the extra line.
EPR speptra opserved for high-spin lanthanoid ions with large Once a reliable second-rank ZFS tensor is obtained by a
Sr?'n_t?rb't couphngsb Neverltheledss, somfe Workﬁrs have aSSléimEdsimuIation considering the fourth-order terms, the orientation
that the terms can be neglected even for such ions in random-u¢ he principal-axis can be determined. Theoretical interpreta-
orientation EPR spectroscoﬁyf? This ar_tlcle demons_trate; that tion of the ZFS for S-state ions has been a long-standing 1$sue.
the terms are crucial parameters even in random-orientation EPRy variety of mechanisms contributing to the ZFS have been
spectroscopy. _ _ proposed so far: the spirspin interactior}? the overlapping
Powder samples of Eu(ll)-doped strontium aluminates were and covalent effects15the relativistic effecté and the spir-
used as a model system. Their luminescent properties are alsgrhit interactiont’ The exact treatment is complicated due to
of great interest, and will be published elsewh€r@he ZFS  the competition and mutual cancellation of these mechanisms.
parameters were evaluated directly from the experimental On the other hand, the superposition model (SPM) is a
W-band EPR spectrum with the help of a perturbation treatment straightforward manner to explain ZFS of S-state its. this
article, the principal-axis orientation is determined in the frame
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components. They confirmed the validity of the analysis by (a)
comparing with single-crystal EPR studies. Koopmans et al. also Exp.
demonstrated a parametrization procedure by the combined use

of Abraham’s approach and computer simulation based on (b)
numerical diagonalization of the spin Hamilton®#nOn the Sim.1
other hand, we reported another approach using the hybrid-

eigenfield method instead of the numerical diagonalization. (©)
In this work, the approach was extended by considering all Sim.2
fourth-order terms, and it can be addressed for o8wer 7/2
systems. ‘ ‘ . .

0.0 02 0.4 0.6
Materials and Methods Magnetic Field / T

Preparation and EPR MeasurementsThe particular size ~ Figure 1. (a) X-band EPR spectra observed for the Eu(ll) ions doped
of sample partcle was obtained by sievifighhe size distribu- 2 SN0 EHEEIE B  T CE anparameters in
tion of the particle varies from 0.3 to 74m, in which about Table 1. (c) Sim.2: X-band spectra calculated with the spin-Hamiltonian
70% of the components are smaller than &@. The mean  parameters in Table 2.
particle diameter is 6.8im. The particle shows the broad
emission band centered at 490 AhiThe 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 - ‘2.5' - '3.0' - '3.5‘ - '4.0' - '4.5'
is to execute direct numerical computations of resonance fields o
without any iteration procedure, based on the eigenfield method Magnetic Field /T

originally developed by Belford et & The second part is to  Figure 2. (a) W-band EPR spectra observed for the Eu(ll) ions doped

calculate the corresponding transition probabilities by numeri- in strontium aluminates at= 94.08930 GHz and 40 K. The transitions

cally diagonalizing the eigen-energy matrix with the obtained &rising 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

resonance fields. We have proposed and developed this elgenfﬁe spin-Hamiltonian parameters in Table 1. (c) Sim.2: W-band spectra

field and eigen-energy methdd;'"*?and termed the *hybrid  cacjated with the spin-Hamiltonian parameters in Table 2.
eigenfield approach®® The transition probability can be also
calculated directly by the original eigenfield method. However, whereé, ¢, andp stand for the Euler angles. We have to perform
since the direct calculation requires solving a generalized the integration over only one octant for orthorhombic, two
eigenvalue problem of a complex matrix much larger than the octants for monoclinic, and four octants for triclinic symmetries.
eigen-energy maitrix, an enormous computing time is consumedTo save computing time, the Igloo method developed by Belford
for acquiring the eigenvector with proper accuracy. For a large et al. was utilized as an angular grid metiéd.Here, the
spin quantum number such 8s= 7/2, the direct calculationis  spectrum patters(d, ¢, B) is given by
impractical for random-orientation fine-structure EPR spectros-
copy. In addition, the accuracy depends on an algorithm — _ pre ]
employed for solving the complex eigenvalue problem. The S0.4.8) Zf(B BI10.9).AB,) fp.(9.¢ﬂ/1) dy (2)
hybrid approach enables us to calculate both resonance fields
and transition probabilities in terms of both reasonable com- whereB®° stands for resonance field&By, for the line width
putational time and proper accuracy with eigenvectors. It also at half-height,P; (0, ¢, v) for the transition probability, antl
facilitates the consideration of the Boltzmann distribution in the for an appropriate line shape. The Gaussian function, Lorentzian
simulation. Cugunov et al. also independently described the function, and a convolution of them (Voigt function) can be
same idea, focusing only on the computing time (termed employed as the line shape.
“combined method” in their papefy.

The theoretical powder-pattern EPR specti®(B) is obtained Results

:)eysm(;?:?rtz“t?% zﬂ;{;‘ctr;ﬁasp;]iﬁgaﬁfé?dmirgndom orientations with X and W-Band EPR Spectra Observed for Eu(ll) lons
P 9 T Doped in Strontium Aluminates. Figures 1a and 2a show the

. . experimental X and W-band EPR spectra, respectively. The
S(B) = LL(S’ 0,0,B)sin6 dogp @) X-band spectrum exhibited an asymmetric spectral pattern due
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to the relatively larger zero-field splitting (ZFS) term that is (a) (-1/2,1/2)

comparable to the X-band microwave energy. On the other hand, (3/2,172)  (-1/2,-3/2)

the W-band spectrum exhibited a symmetrical pattern that we (5/2,312) (-3/2,-5/2)
(7/2,5/2) (-512,-712)

can assign with ease, where the Zeeman term is considerably

larger than the ZFS term. In the following, the parametrization L e _I?il_“_éf
procedures to extract the ZFS parameters directly from the : i ! Dely ! : i
W-band spectrum are described. A
Estimation of the ZFS Parameters Based on Perturbation E DA A i
Treatment of the Spin Hamiltonian. Fine-structure EPR Pl L pen ]
spectrum observed for a spin system wBh> 2 can be : ; : ! ! ' i
interpreted by the following spin Hamiltonian: N N B O O | N
A T e
A=pSgB+ kabgog (k=24,6ank=|q) (3) ! b ] oo ;
where the first term stands for the electron Zeeman interaction, (b) A R .
and the remaining terms for the ZFS. Thigvalues represent E | ; ZQDHE) E i :
the ZFS parameter, an® is the Stevens operator (see (_Z’ﬁ?
Appendix). Since the operators at higher degree ttaha#e 5 i : E : :
zero matrix elements, the terms up to fourth-order reqBire 4D
2 and 5/2 system and those up to sixth-order regBire 7/2. i i ; B | i |
The scaling factordy are chosen to be independent gpfas ! i %g—> ! 5
follows:
f,=1/3, f, = 1/60, ;= 1/1260 ol o]
Since the scaling factors of the sixth-order terms are sufficiently 2.5 3.0 35 4.0 4.5
small, they are neglected here. Magnetic Field/ T

Observable peaks in a random-orientation EPR spectrum arerigure 3. (a) Canonical peaks of allowed transitions arising from an
generally called canonical peaks, which are assigned to transi-s = 7/2 spin system obtained at 95 GHz using given valueg, &,
tions observed witB oriented along the principal axix( Y, b2, b, b2, andbj. The seven allowed transitionsls — 1 <> Ms, are
and 2) of the second-rank ZFS tensor. In the high-field designated byMs— 1, Ms). The transitions arising from tfiecanonical
approximation, seven allowed-transition peaks arise from the orieniaii_on %re dshor\]/vré kl)_y the (i‘)’”g lines, ar|1d thokse ffrolr;w\(tbacr;(:nical_t_

. . : . orientation ashed lines. anonical peaks of allowed transitions
Eu(ll) ion with S - _7/2 for each canonical line. T_hen twenty- arising from )almSZ 712 spin system obtaingd at 95 GHz using given
one allowed transition peaks can be expected in the random-, 5 s ofg, S, andb?
orientation EPR spectrum. The stick diagram in Figure 3a shows
the field positions of the canonical peaks obtained for given TABLE 1. Spin Hamiltonian Parameters Determined by the
values ofg, b2 12, b?u bi, and bﬁ at 95 GHz. Here, the solid Analysis Incorporating the Fourth-Order Terms

lines correspond to thg canonical peaks and the dashed lines Eu(l) Eu(2) Eu(3) Eu(4)

to theY canonical peaks. For simplicity, canonicpeaks are o 1.9938 1.9930 1.9921 1.9930
not shown here. Also, the seven allowed transitidhg— 1 < g 1.9934 1.9912 1.9917 1.9952
Ms, are designated byVs — 1, Ms) on top of Figure 3. Under bYcmr —0.1435 0.1180 0.1043 0.1036
the first-order approximation, the six field separations shown bycm* 0.1225 0.1001 0.1011 0.0874
by the arrows in Figure 3a are given by egs A7 and A8 in the bycm? <10 0.0002 0.0053 —0.001
Appendix. Using these equations, the six parameters can be bycm 0.0012 0.0084 —0.0022  0.0025
determined uniquely by adjusting those sticks to the peaks of bycm™ 0.0093  —0.0019 —0.0012 —0.0064
the experimental W-band spectrdfi2! The approximate ZFS ~ intensity ratio 5 5 1 1

parameters of the sample were determined in this manner and., . S
then were refined with the help of the hybrid eigenfield method. fied spin Hamiltonian:

Assuming four non-equivalent Eu(ll) crystal sites in the sample, . 1

all peaks observed in the W-band spectrum were reproduced H=p3S9B+ Dl§ - §S(S+ 1)] +E[S - Sf] 4)
by the stick diagram. The determined parameters are shown in

Table 1. The signs of thé)g values were determined by

0 2
analyzing the temperature dependence of the W-band spéctra. where the ZFS parameteiscorrespond td, andE to 1/3,

. which are described in eq 3. The conventional spin Hamiltonian
As can be seen in eq A7, only tHg value among the eq 4 has been used by some workers in analyses of powder-
fourth-rank ZFS components influences the field positions of pattern EPR spectra arising frdd 7/2 spin system&:8 Under
theZ canonical peaks. On the other hand, the field positions of the first-order approximation based on eq 4, the field separation
Y canonical peaks depend on all of the fourth-rank ZFS petween the two inner intense sidelines forZreanonical peaks
components. Therefore, an erroneous rhombic paranteter ( is given by 4D|/gfe., as shown by solid lines in Figure 3b. Also,
1/3b§) would be given by omitting the fourth-order terms in the separation between the two inner lines for Yheanonical
spectral analysis. To examine the issue, the second-rank ZFSeaks is given by 2D| — 3E)/gfe, as shown by dashed lines
components were estimated independently by using the simpli-in Figure 3b. Consequently, approximate ZFS parameters were
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TABLE 2: Spin Hamiltonian Parameters Determined by the (a)

Analysis Omitting the Fourth-Order Terms Ms=12 < -1/2 Exp.
Eu(l) Eu(2) Eu(3) Eu(4)
(o/a] 1.9930 1.9904 1.9887 1.9902
g 1.9954 1.9894 1.9887 1.9932
bY/cm —0.1433  0.1194 0.1070  0.1042
bg/cm’l 0.0197 0.01045 0.0979 0.0822
intensity ratio 5 5 1 1

determined from the two separations in the obtained spectrum.
Assuming four non-equivalent Eu(ll) sites, the approximate i
parameters were refined with the help of the hybrid-eigen field , , ‘ |
method. The determined parameters are shown in Table 2. Here, 338 340 342 i3m4
it should be noticed that the derived ZFS parameters were in (b) Magnetic Field /
disagreement with those in Table 1. In particular, there is the :
significant discrepancy between thg 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.

=1

[
=1

Theta / Degrees
o I
(=3 (=3

Discussion

x®
(=1

Examination of the Reliability of the Determined ZFS
Parameters Based on the Spectral SimulationFigure 2b

—
o
-

(=}

- Sim.2
shows the W-band EPR spectrum calculated with the parameters 20 | "
in Table 1, which was obtained by superimposing the spectrum v
of four non-equivalent Eu sites with the intensity ratio of 5:5: — =445

1:1. The calculated spectrum reasonably reproduced the ob-
served one. From the photoluminescence meaurement it was
shown that the sample stoichometrically contained SDal
Eu,Dy and SjAl14O.5:Eu,Dy with the ratio of 5:20 It was
indicated by comparing with Nakamura’s redtf that the Eu-
(1) and Eu(2) sites are substituted for the two Sr sites in the Magnetic Field / T
SrAlL,O, host crystal and that the Eu(3) and Eu(4) sites are Figure 4. (a) Experimental and theoretical W-band spectra corre-
substituted for the two Sr sites in thes8k4025 host crystal. ~ sponding to the area surrounded by dashed lines in Figure 2. Only the
These facts strongly support the assignment superimposing theé¥is = 1/2 <> —1/2 transition appears in the field region. (b) Angular
. . . ; ; . variation of the resonance fields calculated with the parameters in Table

spectrum of four non-equivalent Eu sites with the intensity ratio 1,0 < 6 < 7/2 ande = a1/2. (c) Angular variation of the resonance
of 5:5:1:126:27.33 fields calculated with the parameters in Table 25 ® < 7/2 andg =

We also performed the spectral simulation of the correspond- /2. The solid lines represent the calculations for the Eu(1) site and
ing X-band spectrum in order to examine the reliability of the the opened circles for the Eu(2) site.
parameters in Table 1. The result is shown in Figure 1b, which
was in good agreement with the observed spectrum again. Onfield position the same manner as do the second-rank ZFS
the other hand, as shown in Figures 1c and 2c, the theoreticalcomponents.
spectra based on the parameters in Table 2 were in disagreement Figure 4a corresponds to the area surrounded by dashed lines
with the corresponding experimental spectra. As mentioned in Figure 2. Only theMs = 1/2 <> —1/2 transition appears in
above, the largest discrepancy is between the theoretical andhe field region. The angular variation of the resonance field
experimental results for the outermost peaks. For example, thecalculated with the parameters in Tables 1 and 2 are also shown
two peaks indicated by dotted lines in Figure 2a and 2b are in Figures 4b and 4c, respectively. The solid lines and opened
missing in Figure 2c. As described in the Supporting Informa- circles represent the angular variations calculated for the Eu(1)
tion, a similar discrepancy was found in the simulation analysis and Eu(2) sites, respectively. As shown in the figure, the
for the higher frequency (180 GHz) spectra reported by structure of the spectrum arises from the extra lines. It should
Nakamura et &.As a result, it was shown that the experimental be noticed that the structure due to the extra lines was observed
spectra are not completely reproduced by the spectral simulationeven in higher frequency (180 GHz) EPR spectra, as shown in
unless the fourth-order terms are considered. Moreover, it wasthe Supporting Information. The misevaluation Bf and E
revealed that the omission of the terms results in the misevalu-values reflected the position of the extra lines in a sensitive
ation of theE value. manner. As shown in Figure 4, the calculation with the

Off-Principal-Axis Extra Peaks. To demonstrate the neces- parameters in Table 1 reasonably reproduced the observed extra
sity of considering the fourth-order terms, we also examined lines, but the parameters in Table 2 did not give the proper
off-principal-axis extra lines, which correspond to the transition position of the lines. Therefore, it is concluded that the second-
observed with the magnetic field oriented along the directions rank ZFS components cannot be precisely determined by the
of off-principal axes. It was shown by one of the authors that spectral analysis without incorporating the fourth-rank ZFS
electronic high-spin systems with odd spin quantum numbers components. The extra line analysis during the spectral simula-
always give a characteristic peak of the extra line arising from tion gives a useful testing ground for the accuracy of experi-
theMs = 1/2 <> —1/2 transition-25 As shown in the Appendix, mentally determined ZFS components, particularly for the
the fourth-rank ZFS components do not directly influence the systems characterized by odd spin quantum numbers.

Theta / Degrees
P
(=] (=]
N
Il
'
S

0
S

3.38 3.40 3.42 3.44 3.46 3.48
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(a)

Figure 5. Projection of SrAJO, crystals in the bc plan®:?’ The Sr

ions lie in cavities composed of AlQetrahedra. For the simplicity,

Al atoms are not shown here. The nearest neighbor distance between
Sr ions is about 0.4 nm.

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- Figure 6. Spatial distribution of ligands around Eu(ll) ions: (a) Eu-
nents were precisely determined in terms of the spectral analysed?) Site (prolate distribution); (b) Eu(2) site (oblate distribution). Only

nsidering the fourth-order terms. Therefore. th mpirical oxygen atoms nearer than 0.31 nm from the metal ion are considered
considering the tourth-order terms. erefore, the empincal pore The local site structures (a) and (b) correspond to those at the

superposition model (SPM) is applicable to give the principal- gy(1) and Sr(2) sites in Figure 5, respectively. The principal axis
axis orientation of the second-rank tensor. Also, the difference orientations of the second-rank ZFS tensors determined by the SPM
in signs of theD values for the Eu(1) and Eu(2) sites is discussed are illustrated on the right-hand side of the structures.

with the help of the SPM. .
. . . . . TABLE 3: Theoretical Second-Rank ZFS Components
The essential assumption made in the SPM is that the ZFS isg55ed on the SPM

produced by sums of individual contributions from neighboring

ligands!® In the context of the SPM, theoretical second-rank Eu (1) Eu(@
ZFS components are given as bYcm —0.1422 0.1192
by/cm 0.1227 0.0999
_ = bo(Ro)/ cmt —0.1443 —0.1387
b = 5KH(6,4)B(R) ®) (R .
n 8.4
where the summation is taken over all ligandand KJ(6;, ¢i) Ro/nm 0.2684 0.2746

stands for the so-c_a!led “coqrdination_factor_”, Whi(.:h (_jepends TABLE 4. Direction Cosines of the Second-Rank ZFS

on the angular positions of ligands, abdR) is the intrinsic  Tensors Determined for the Eu(1) and Eu(2) Sites Based on
parameter defined in the Appendix. Nakamura et al. also appliedthe SPM

the SPM to an Eu(ll)-doped strontium alumin&teTheir
analysis, however, did not succeed because they used the SPM

parameters determined for other samples. As mentioned above, Eu (1) é 8%% :g'iggg _06854239

the Eu(1) and Eu(2) sites are substituted for two Sr sites in the Z —0.6243 —0.7435 0.2149
SrAl,O4 host crystal. The projection of the crystal in the bc Eu (2) X ~0.3433 —0.5535 0.7588

plane is shown in Figure %:2’ The two Sr sites are denoted by Y —0.8160 —0.2243 —0.5328

closed and open circles, which are termed Sr(1) and Sr(2). The z —0.4651 0.8021 0.3746
nearest neighbor distance between Srions is about 0.4 nm. Sincéhe Sr(1) and Sr(2) sites, respectively. This is the first assignment
Eu(ll) ion has nearly the same ionic radius as Sr(ll) ion, we relating the ZFS parameters and the local structures for Eu(ll)-
can assume that there are no crystallographic distortions due todoped strontium aluminates with the help of the SPM. Moreover,
the substitution of the Eu(ll) ions. The validity of this assump- the principal-axis orientations of the second-rank ZFS tensors
tion is also supported by crystallographic data for DAEU 28 were for the first time determined in the frame of the SPM.
Therefore, we employed the X-ray powder diffraction (XRD) Figure 6 shows the local structures around the Eu sites and the
data of SrA}O, by Matsushima et & for the angular position. relative orientations anticipated from the SPM analysis. In Table
Theoretical ZFS parameters for the Eu(1) and Eu(2) sites were4, their direction cosines are shown. Since the intrinsic parameter
determined by eq 5 together with the crystallographic data, as b(R) is given to be negative for both sites, it is concluded that
described in the Appendix. Table 3 shows the theorebcahd the signs of theirD values depend on the structural factor
E values. The result was in good agreement with the experi- (3cog6; — 1) within the SPM. The different sign & can be
mental values. Assuming the negative intrinsic paramiater explained by the geometrical picture as shown in Figure 6: (a)
(R) (see Appendix), we assigned the Eu(1) and Eu(2) sites to the negativeD value of the Eu(1) site corresponds to the prolate

a b c
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(3cog0 i — 1 > 0) spatial distribution of ligands and (b) the parameterdy as follows:
positive D value of Eu(2) site corresponds to the oblate

distribution (3co%®); — 1 < 0). Dyy Dyy Dy,
- =1

Conclusions D =|Dxv Dyy Dy e

. . o Dyz Dyz Dz

In this work, the necessity of considering the fourth-order o o 5 L
terms was discussed with the help of multifrequency EPR —2(b; — by) 2D, b
spectroscopy. The ZFS parameters were determined by the 2b;2 —2(b2+ bg) bgl (A6)
combined use of the perturbation treatment of the spin Hamil- b bl s
2 2 2

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 includingWhereDxx = — (D/3) + E, Dyy= — (D/3) — E, Dzz = 2D/3,

the extra lines arising from thils = 1/2 <> —1/2 transition. andDxx + Dyy + Dzz = 0.

Moreover, the omission leads to the misevaluation of Ehe General Expression for Resonance Fields of Canonical
values. It is concluded that the fourth-order terms are crucial Peaks Arising from S = 7/2 Spin System under First-Order

for the precise determination of the second-rank ZFS compo- ApprOXimation. Because tensorial entities gl’eater than rank two
nents. The empirica| SPM was app“ed in order to determine are not expl’essible as matrices, their angular variation cannot
the orientation of the principal-axes of the second-rank ZFS be calculated as simply as the conventiddaénsor. Therefore,
tensors with the respect to the crystallographic axes. For thethe following derivation was carried out with the help of the
first time, the relative orientations were determined for the Eu- transformation property of the Stevens operat®ralso, for

(I1) ions doped in strontium aluminates. Also, the ZFS param- Simplicity, we assumed an isotropicvalue below. The shifts
eters were related to the local structures around the Eu(ll) ions Of the resonance field for thés <~ Ms —1 and— Ms < —Ms

with the help of the crystallographic data of the host crystal. 11 transitions are given within a first-order approximation, in
the case oB Il Z as

Acknowledgment. We thank Prof. S. Matsushima of Ki- .
takyushu National College of Technology, Japan, for supplying Del, = B(+7/2<> +5/2) — B(=5/2< —7/2)
the crystallographic data for Sr&b,. We are also very grateful _ 0
to Professor T. Nakamura of Shizuoka University, Japan, for =— (120, + 40b2)/gﬂe
providing valuable o_hscgssmn. This work has been _p_artly Del, = B(+5/2 < +3/2) — B(~3/2<> —5/2)
supported by Grants-in-Aid for JSPS Fellows from the Ministry
of Education, Culture, Sports, Science and Technology, Japan. =— (Sbg — ZObZ)/gﬂe
One of the authors (H.M.) acknowledges Research Fellowships
of the Japan Society for the Promotion of Science for Young Del; = B(+3/2< +1/2) — B(—1/2< —3/2)

Scientists. 0
= — (4b; — 240))/gp, (A7)
Supporting Information Available: EPR spectra of the
sample calculated at 180 GHz, where the importance of the whereB(Ms <= Ms —1) stands for the resonance fields of the
fourth-order terms and the occurrence of the extra line are Ms <= Ms —1 transition. In the case d [ Z, the shifts are
demonstrated. This material is available free of charge via the given as

Internet at http://pubs.acs.org. Del, = B(+7/2<> +5/2) — B(~5/2< —7/2)
=

Appendix 0 o 5 )
_ _ _ = [6b, — 15b, — (6b; — 5bj)cos2p —

Stevens Operators. There are some inconsistencies of 4 o 4.
notation for the Stevens operators in the literature as is Sb,cos4p + b, “sin 2p — 5b, "sin 4pl/gp,
comprehensively described by Rudowf€z? In this work, _ - B2 —

Newman’s notatiotf® is utilized: Del; = B(+5/2<> +3/2) — B(=3/2 5/2)
o150 2,52 5.4
= |4b) — b — (4b3 + 2 +3 -
0)=3% — §S+ 1) (A1) [Afb2 5 D4 (4b2 2b4)coszp 2b40034¢

Sbi?sin 2 + 2, sin 4p|/gp,

Del, = B(+3/2 <> +1/2) — B(—1/2< —3/2)

0F=%S +) (A2)

0 =358 — (308(S+ 1) — 25)S” — 6S(S+ 1) +
3S(S+ 17 (A3) = [2b) — 9b] — (2b5 +23b§)cos2p + 3bjcos4p —
3b, *sin 2 + 3, “sin 4p)/gB, (A8

Oi=%{7§-38+1)-5}(81+83)+ 4 2 4 4(t’]gﬂe( )

1 where¢ is the polar angle between the static magnetic field

S+ NS — S+ 1) -5} (Ad) and the X principal axis of the second rank ZFS tensor.

4 Equations A7 and A8 are applicable$e= 7/2 spin systems in
any symmetry fields. As is obvious from eq A8, the parameters
b,? and b,* hardly influence the resonance fields of the
canonical peaks because of their sine coefficients. Also, the
The remaining operators are given in the literaf$felso, the remaining fourth-rank ZFS components sucrbiljs which we
conventional D tensor can be expressed by the Stevens must consider in the case of symmetry fields lower than

ol = %(si +h (A5)
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0f to the prediction based on eq A10, the figure demonstrates that
10 the field position is almost independent of the fourth-order terms.
Superposition Model (SPM).In the frame of the SPM, the
20 | second-rank ZFS components is given by
8 30 1
g a0t b9 = 5|Z(3oo§ei —1)b,(R)=D (A11)
g 50
£ 60} » 3¢ . .
b5 = —ZSmZGicostibz(Ri) =3E (A12)
70 24
80 o g 1 . =
% b , , b, =3 sin2,cospb,(R) = 6D,, (A13)
3.35 3.40 3.45 !
Magnetic Field / T by =3 sinsingb,R) =6D,,  (A14)
I

Figure 7. Angular variation of resonance fields calculated for the Eu-
(1) site; 0< 6 < @/2, ¢ = 7/2. The calculation with the complete set
of the parameters in Table 1 is illustrated by solid lines, which P 3 . . _
correspond to those in Figure 4b. A calculation with an incomplete b,”= —ZSIH29i3|n2¢ib2(R) = 3ny (A15)
set, neglecting the fourth-rank ZFS components in Table 1, is illustrated 24
by open circles.
whereDy, = —D/3 + E, Dyy = —D/3 — E, D,,= 2D/3, and the

monoclinic, do not influence of the resonance fields. These structural factor is the function of the real spherical harmonics
parameters may be determined by careful analysis of extra linesy}(6;, ¢;). Here, the intrinsic parameter depends on the bond
observed in the X-band spectrum. Recently, estimation of the lengthR between the ligands and the metal ion. According to
bs value from extra lines was discussed fBstate ions in Newman et al’® the distance dependence is described as
trigonal symmetry by Priem et &l In this work, however,
significant shift caused by the odd terms was not seen in the = _ Ro|™ Ro|"
observed X-band spectrum. b(R) =—A R +B R (A16)
General Expression for Resonance Field oMs = 1/2 <
—1/2 Transition Arising from S = 7/2 Spin System under  where the exponents) andn, are empirical parameters. Also,
Second-Order Approximation. To derive the general expres-  the average distance between the ligands and metal ion in each
sion for the resonance field dds = 1/2< —1/2 transition, the site was used as the reference distéRg& he parameteBk(Ro)
spin Hamiltonian eq 3 is rewritten as commonly used in the literature is equal teA + B).32 It is
R empirically known that the parameteg(By) produces nearly
H= g8 .MSB + kabﬂ(e,qb)oﬂ(k =24q <k (A9) the same value among systems with the same combination of
q the metal and ligand$. Therefore, we assumesd 0.17 < by-
(Ro)/lcm™t < —0.07, according to the Newman’'s restt.
Here, bi(6,¢) stands for angular-dependent ZFS parameters, Moreover, we assumed tha(R) exhibits the identical distance
which can be calculated by using the transformation property dependence between the two Eu sites because they exist in the
of the Stevens operatof$From the second-order perturbation same host crystal.
treatment of the spin Hamiltonian, the general expression was
derived for the first time in this work: References and Notes
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