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The europium(m) sites in SryAl;4O,5: Eu phosphor with blue emission were examined by means of high
frequency (90 and 180 GHz) EPR spectroscopy. The ions occupy two low symmetry sites in the SryAl;4O55
lattice with |D|=0.100 and 0.0907 cm ™' respectively; the ratio |E/D] is estimated to be 1/3 regardless of the
substitution site. This implies that the crystal field surrounding europium(i) ions has non-axial symmetry. EPR
spectral simulation suggests that the europium(i) ions preferentially occupy the site with the larger |D| when
they substitute for strontium ions. Comparison of the EPR spectra of Sr;Al 4055: Eu and SrAl,O,4: Eu,Dy
phosphors shows that the SryAl 4055 Eu is present as an impurity in the non-stoichiometric SrAl,Oy4: Eu,Dy
when prepared with excess amounts of Al,O;. Such materials have been found to have long phosphorescent

characteristics.

Introduction

There has been increasing interest in lanthanides in low
symmetry sites of various types of materials such as glasses,
powders, single crystals and thin films because of potential
applications. However, the understanding of such low
symmetry lanthanide sites by means of EPR spectroscopy
lags far behind that of high symmetry ones. The large zero-field
splittings, because of the low symmetry, cause the wave
functions to mix with each other.! As a consequence the
insufficiently high microwave energy (when compared with the
zero-field splittings) yields complex spectra which are difficult
to analyse utilising simple perturbation theory. Valainis ez al.”
studied the EPR spectra of gadolinium(in) and europium(ir)
doped in polycrystalline YAG : Sc, phosphorus oxynitride and
(Sr,Ba)s(POy4); at microwave frequencies of 4.6, 8.5, 9.5 and
10.5 GHz. However, simulation of the experimental spectra has
not yet been successful. Also, Karthikeyani et al.> have recently
reported complex X-band spectra of europium(i)-doped X-ray
storage phosphor, but the interpretation is too speculative.
We have shown previously that high frequency EPR
spectroscopy is a powerful tool to investigate low symmetry
europium(i) sites for CaALO4: Eu,Nd,* SrA1,04: Eu,Dy* and
BaAl,O4:Eu.’ All are powder phosphors with low crystal-
lographic symmetry and belong to the space groups P2,/n,°
P2,7 and P6522,% respectively. All the EPR spectra obtained
can be interpreted based on their crystallographic data except
for the non-stoichiometric SrAl,O,4:Eu,Dy, which was pre-
pared with an excess amount of Al,O3. Europium(i)-doped
SrAl,O,4 has interesting luminescent characteristics, decay of
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the 520 nm photoluminescence (PL) emission band was found
to depend significantly upon the stoichiometry of the host and
the co-doped impurities.” '! The experimental EPR spectrum®
was simulated by assuming the presence of an extra site for the
non-stoichiometric SrAl,O4:Eu,Dy. This was because the
number of weak satellites appearing on both sides of the
intense signal at about g=2 was more than that found for the
stoichiometric material. However, we were unable to explain
this extra site. As a consequence we re-examined SryAlj4-
O,5: Eu with an Al/Sr ratio 3.5 x larger than that of SrAl,Qy,
and have compared the results obtained with those for
SrAl,O4: Eu,Dy.

Experimental

Sr4Al 14055 : Eu and SrAl,O4: Eu,Dy powder phosphors were
prepared by calcining mixtures of SrCO;, Al,O4 and Ln,O3
(Ln=Eu and Dy) in a reducing atmosphere either at 1300 °C
together with B,O3 as a flux, or at 1400 °C without a flux as
described elsewhere.*> Formation of SrsAl;40,s:Eu and
SrAl,O4: Eu,Dy was checked by X-ray diffractometry and
PL measurements (Figs. 1 and 2). High frequency (90 and
180 GHz) spectra were measured either at room temperature or
at 145 K using a novel quasi-optical induction mode spectro-
meter that was designed and built at the University of St.
Andrews, UK. A Fourier-transform Monte Carlo method*'?
was used for the EPR spectral simulation. The basic powder
pattern was obtained by sampling the spin-Hamiltonian in
1 x 10° directions of the unit sphere, and accumulating the
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Fig. 1 X-Ray diffractograms of SryAl;40,5: Eu (A) and non-stoichio-
metric SrAl,O4: Eu,Dy (B) prepared by calcining a mixture of SrCOs,
AlO; and Ln,O; (Ln=Eu and Dy) under a H,/N, gas flow.

results in 1024 registers in linear relation to the magnetic field
scan.

Results and discussion

Fig. 3 shows the 90 and 180 GHz EPR spectra of SrsA-
1;40,5 : Eu together with the simulated spectrum for 180 GHz.
As can be seen in Fig. 3(A) and (B), the EPR spectra recorded
at 90 and 180 GHz are fundamentally similar to each other
with only a small difference in the intense central resonance at
g=2. At 90 GHz this resonance is split into a triplet, which is
not the case at 180 GHz. This shows that the central resonance
includes frequency dependent signals. From its crossover point
this central resonance’s g-value is calculated to be 1.988.

All the weak satellites observed on both sides of the intense
signal are shoulders, but not divergences. In other words, they
show absorption-like features, but not derivative shapes. The
EPR due to europium(m) with an effective electron spin
quantum number of S=7/2 in non-cubic sites is expected to
show seven fine structure transitions. The energies to second
order are expressed as'>

E(Ms)=GMs+1/2{M2%—1/35(S+1)}{DBcos’ 0—1)
+3Esin? 0cos2¢} +2Ms{2M2+1/4—S(S+1)}

{(D— E cos 2¢)” sin® 0 cos® 0+ (E sin 2¢)* sin” 0} / Gy

+ Ms{2S(S+1)—2M2%—1}{{Dsin® 0+ E cos 2¢(1 + cos® 0)}*
+4(E cos 0sin 2¢)*} /8Gy 1)

in which G and Gy are gfiH and hv, (f§ is the Bohr magneton, H
is the applied magnetic field, / is Planck’s constant and vy is the
microwave frequency), respectively. M is the spin magnetic
quantum number, D and E are the uniaxial and rhombic zero-
field splitting parameters, respectively, and 6 and ¢ are the
Euler angles. From eqn. (1) it is suggested that for the powder
pattern for a 83, ion*!? divergences and shoulders should
appear at around |D|, 2|D| and 3|D| positions and 2|D|, 4|D| and
6|D| positions, respectively, away from the intense signal at
g=2 under axial symmetry of E=0. When the symmetry is
lowered, which means 0 < E<1/3, each divergence splits into a
divergence and a shoulder. The magnetic fields where
divergences appear should depend significantly upon the
applied frequency. In contrast, the shoulders should merge
into the signals at the 2|D|, 4|D| and 6|D| positions under the
extreme condition of |E/D|=1/3, in which E is the rhombic
zero-field splitting parameter. In this case therefore, only three
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Fig. 2 Photoluminescence spectra of SryAl;4O0,s5:Eu (A) and non-
stoichiometric SrAl,Oy4: Eu,Dy (B) recorded at room temperature.
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Fig. 3 EPR spectra of SryAlj4O,5:Eu. (A) and (B) stand for the
experimental spectra recorded at 180 GHz at 145 K and at 90 GHz at
room temperature, respectively. (C) denotes the simulated spectrum at
90 GHz using the zero-field splitting parameters of [ D] =0.102 cm ™,
|E/Dgired=1/3 and |Dyirer =0.092 cm ™!, |E/D,zord = 1/3, respectively.
The intensity ratio of sitel and sitell is 3: 1.
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shoulders on both sides of the intense signal should be
observed.

In Fig. 3(B) the observed EPR spectrum at 90 GHz has six
shoulders on both sides of the triplet, which is twice as many
satellites compared with those for a single site with |E/D|=1/3.
Thus there is the possibility that there are two different
europium(ir) sites with a |E/D| ratio close to 1/3 present in
Sr4Al1405s5. The other possibility is a single site with an
intermediate value of 0 <|E/D| < 1/3. However, spectral simula-
tion excludes this latter possibility. At 90 GHz strong
divergences appear next to the intense triplet at g=2 when
an |E/D| of «1/3 is assumed in the simulation in order to
reproduce the six shoulders at the positions observed in the
experimental spectrum. The shoulders which are split from the
divergences have similar intensities to those at the 2|D|, 4|D| and
6|D| positions. Therefore, two sets of |D| values are estimated
utilising the intervals between the shoulders at 3.04 and 2.8 T
and between those at 3.05 and 2.85T in the 90 GHz EPR
spectrum.

The EPR spectral simulation was carried out assuming a
Lorentzian lineshape with a peak-to-peak linewidth of 0.0070 T
at 90 GHz. The spectrum obtained by overlapping the
calculated spectra of two sets of zero-field splitting parameters
of [D|=0.100 and 0.0907 cm ™! with an intensity ratio of 3:1
(Fig. 3(C)) fits reasonably well with the experimental one
(Fig. 3(B)), in which |E/D| was a constant of 1/3. Consequently
this implies that the europium(i) ions occupy two different
sites. Also, the site with |D|=0.100 cm™! occurs three times
more than that with |[D|=0.907 cm ™.

According to the XRD analysis of SryAl140,5 powder by
Minquan et al. 14 and Nadzhina ef al.,'® Sr4Al;4055 belongs to
the orthorhombic space group Pmma with a=24.765 A,
b=8.478 A and ¢=4.882 A. The structure is built up of
alternating planes consisting of AlOg octahedra and AlO,
tetrahedra, and the strontium ions are in the cavities of the
AlOQ, tetrahedra which interconnect them. The strontium sites
are expressed as 4i.m. and 4j.m. using Wyckoff letters, which
means that the two sites occur equally in the unit cell. In
contrast, the EPR evidence for SryAl;4O,5: Eu presented in this
study suggests that one europium site occurs three times more
than the other. How do we explain what this discrepancy is due
to?

Smets et al. ' observed two PL emission bands centred at 400
and 490 nm for SryAl 40,5 : Eu with a large difference between
their intensities. They interpreted this in terms of energy
transfer arising because of the spectral overlap between the
emission band of 400 nm and the excitation band of the 490 nm
emission. The difference in PL intensity is due to europium(ir)
ions being preferentially substituted for strontium ions in the
one site rather than the other, as well as the energy transfer, if
one takes into account the EPR simulation in this study and the
large difference in the mean Sr—O bond length between the two
sites of 0.18 A. This thesis is supported by the fact that a similar
site preference was observed for CaALO,:Eu? Also, it is
deduced that sites with |[D| of 0.116 and 0.105 cm ™! are assigned
to have mean Sr—O bond lengths of 2.74 and 2.56 A,
respectively.

Fig. 4 shows the 180 GHz EPR spectrum of SryAl;40,5: Eu
together with that of SrAl,Oy4: Eu,Dy. The EPR spectrum of
Sr4Al14055: Eu  constitutes a part of non-stoichiometric
SrAl,O4: Eu,Dy although it would appear that there is a
difference in their g-values. The magnetic field was not
calibrated for the respective EPR measurements because of
the wide scan-width of 2.5 T. This may be the reason why this
apparent difference in g-value was observed. However, because
of this discrepancy the following discussion is limited to a
consideration of the zero-field splitting parameters only.

All the satellites of SryAl140,5: Eu appear at the satellite
positions observed for non-stoichiometric SrAl,Oy4: Eu,Dy,
but not for the stoichiometric material. In particular, quintets
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Fig. 4 A comparison of the 180 GHz EPR spectra of SryAl140,5: Eu
and SrAl,O, : Eu,Dy recorded at 145 K. (A), (B) and (C) stand for non-
stoichiometric SrAl,O14: Eu,Dy, Sr;Al;40,5:Eu and stoichiometric
SrAl,Oy4: Eu, respectively.
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Fig. 5 High frequency EPR spectra of non-stoichiometric SrAl,
O,4:Eu,Dy. (A) and (B) stand for the experimental spectrum recorded
at 178.652 GHz and the simulated one using the zero-field splitting
parameters of  stoichiometric  SrALO.4:Eu,Dy with  |Dgy./]
=0.142cm ™!, |E/Dyie =0.258 and [Dyier]=0.113 cm™ Y, |E/Dgier]
:0306, and of SI'4A114025 with |D“,e[|:()102 cm_l, |E/D_S-,',()1|:1/3
and |Dyirer] =0.092 e~ L, |E/D i = 113, respectively.

next to the intense resonance at g=~2 fit each other well.
Overlapping the two simulated spectra for stoichiometric
SrAl,O4:Eu,Dy and SryAlj4O,5:Eu with an appropriate
intensity ratio of 5:1 yields a spectrum with quintets on
both sides of the intense signal (Fig. 5). This implies that the
long phosphorescing non-stoichiometric SrAl,O,: Eu,Dy, pre-
pared with a little excess of Al,O3 compared to SrCOs3, contains
Sr4Al14055: Eu as an impurity.

In our previous paper* we reported that non-stoichiometric
SrAl,O.4:Eu,Dy has three sites that are available for
europium(1) ions, in contrast to two sites in stoichiometric
SrAl,O.4: Eu,Dy. The presence of this extra site was based on
the EPR spectral simulation although there was a slight
difference between the simulated and experimental spectra. The
speculation was based on the fact that there is little indication
of the formation of aluminates with different compositions in
the XRD pattern (Fig. 1). For SryAl;4O,5: Eu strong diffrac-
tion lines are observed at 20=25.4 and 31.4°, while for non-
stoichiometric SrAl,O.4:Eu,Dy no diffraction lines are
observed. Also, the broad PL spectrum of non-stoichiometric



SrAl,O4: Eu,Dy is too unresolved to prove the presence of
Sr4Al14055: Eu (Fig. 2). For this reason non-stoichiometry due
to the Al/Sr ratio >2 should form vacancies somewhere in the
SrAl,O4 tridymite structure, and that one of the three sites for
europium(m) ions is related to these vacancies.

Conclusion

Europium(ir) ions are in two low symmetry sites of Sry-
Al4055 : Eu with |D|=0.100 and 0.0907 cm ™", in which |E/D| is
1/3 for both sites. Two different strontium sites occur equally in
a unit cell of the host; europium(m) ions substitute in one
strontium site in preference to the other. This is attributed to
the large difference in the mean Sr—O bond length between
these sites. From the comparison of the EPR spectra of
Sr4Al14055: Eu and SrAl,O.4: Eu,Dy it is clear that for non-
stoichiometric SrAl,O14: Eu,Dy the signals assigned previously
as an extra site are due to those of europium(i) in
SI'4A114025 :Eu.
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