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Abstract.  Single crystals of the new host Bdr19Cls doped with EG* were grown and studied by
electron paramagnetic resonance (EPR) and luminescence emission spectroscopy. Three different
Ew?* sites were observed. Two of them had orthorhombic point symmetry while the last one was
monoclinic. Physico-chemical and symmetry arguments allowed us to establish correspondence
between the different Ei centres and the host cation lattice sites. All three centres presented

in their ground state important crystal field splitting. The 80 K luminescence emission spectrum
consisted of one broad unsymmetrical f-d band peaking at 22 708.cNp 4f—4f transitions of

the E* ion were observed between room temperature and 80 K.

1. Introduction

Alkaline earth fluorohalides and fluorides are important host materials for rare-earth ions
(REIs) in view of their use as solid state lasers [1]. Many of these matrices doped with
transition metal ions (TMIs) [2] further proved to have model character for the investigation
of magnetic and optical properties of the impurities. Mixed matlockites containirfg Bare

the first materials to show reversible and stable optical hole-burning at room temperature [3].
Another important aspect is the photo-stimulated luminescence (PSL) exhibited by the BaFBr
compound doped with Ei (see e.g. [4-6] and references therein). This enabled its use in
imaging screens for two-dimensional x-ray radiography [7]. Another much less investigated
aspect of these materials is that several of this class present luminescence emission properties of
considerable practical interest when doped with TMI or REI. Though much practical knowledge
has accumulated in this field there is still much research to be done on specific systems, in
particular on fundamental issues regarding structures and mechanisms involved in the high
efficiency emitters.

Recent studies of the (BaFBaCl) phase diagram brought new compounds [8, 9] which
show new and promising optical properties as hosts for RE impurities. Details of the structure of
the local REI complexes have to be known for advanced insight into the REI-host interactions
involved in the excitation transfer. In particular this involves acquiring knowledge of the
location of the RE ion and the influence of the ligand field on the electronic structure. For
these reasons, a detailed spectroscopic study of the europium impurity in the new host was
undertaken. This paper presents results on the crystal growth and on the electron paramagnetic
resonance (EPR) and optical luminescence spectroscopy of this ion (grouritbgtia the

T Author to whom correspondence should be addressed.

T Present address: Professor F Kubel, Technische Unaenditen, Inst. &ir Mineralog., Kristallogr. und
Strukturchem., Getreidemarkt 9, Vienna, Austria.

0953-8984/99/387301+09$30.00 © 1999 IOP Publishing Ltd 7301



7302 JMRey et al

Balelg(_:|5 host. This compound crystallizes in the non-centrosymmetric hexagonal space
group P62m (No 189) witha = b = 140848 andc = 427.33 pm [8].

2. Experiment

Single crystals of BgF;oCls were grown using either the Bridgman or the Czochralski method.
The BaF19Cls samples used for the EPR and optical experiments were doped with 1 mol%.
of EuR,. The starting materials, BakMerck, suprapure), Bag(Merck, suprapure, dried at
180°C under high vacuum) and EpFCerac, 99.9% pure), were handled in an oxygen- and
water-free pp, < 10 ppm) glove box. In atypical Czochralskirun, 0.2 mol of Bal=2 mol of
BaFClI (pre-crystallized from BaFand BaC}) together with the Euj-were melted (1100C)

in a pyrolitic graphite crucible under 0.2 atm of argon (quality 5N7). The nominal temperature
of the crucible was lowered to about 975 before starting the pulling at approximately
0.5 mm . A typical size of the single crystals obtained was 5 x 3 mn?. The samples
used for the EPR and optical experiments were oriented with the aid of a polarizing microscope
and by the Laue x-ray technique.

The EPR spectra were obtained at 36 GHz on a home-built superheterodyne Ka-band
spectrometer with low temperature equipment of our design. Data analysis and the computer
simulations were performed with our SPINHAM program [10]. Luminescence and optical
excitation measurements were carried out with a home-built spectrophotometer already
described elsewhere [10].

3. Results

3.1. EPR experiments

Most of the EPR spectra were recorded at 78 K. But a few experiments were performed at
4.2 K to determine the absolute signs of tifeparameters. Three mutually independentEu

EPR spectra were observed. The associated europium sites are denoted in the following No 1,
No 2 and No 3 respectively. The spectrum recorded with the magnetidHipktallel to the:

crystal axis is shown in figure 1. It consists of groups of seven fine-structure §nes7(2),

each with a typical full width at half maximum (FWHM) of about 400 MHz. This quite large
FWHM is mainly a consequence of the unresolved hyperfine structure due to the isotopes
151y and®3Eu. As the overall spectrum is complex, it was necessary to study its angular
variation in several crystallographic planes and with an angular increment of diilyThe
angular variation obtained witB || (ab) evidently reflects the hexagonal symmetry of the
crystal. The angular variations witB || (ac) andB | (b*c), respectively, show that:p) is

a mirror plane for all three sites. Thus whén|| ¢ each site will contribute one set of seven
lines whereas wheB || a each one will produce two sets.

Site No 1 presented its maximum fine structure splitting vistii a. The stick-diagram
labelled (1) in figure 1 marks the corresponding set of EPR lines. The experimental angular
variations of this spectrum obtained whBrwas rotated in theap) and @c) planes are given
in figures 2(a) and 2(b), respectively. These two plots show #hgtdnd @b) are mirror
planes. Thus the Eticentre No 1 has orthorhombic symmetry with the maximum splitting
of its EPR spectrum parallel to anaxis.

Site No 2 gave an experimental angular variation of the EPR spectrum inihpléne
which is presented in figure 3. For clarity, only th&/; — M) = 5/2 — 3/2 and
—3/2 — —5/2 transitions are shown there. The extremum of the fine structure splitting
was observed at4.7° from thea axis. As before, the stick-diagram (labelled 2) in figure 1
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Figure 1. Ka-band global EPR spectrum of B#&19Cls:Eu (1%0) with B || a (T = 78 K,
v = 36 GHz). Each centre produces two spectra. The stick-diagrams (1), (2) and (3), respectively,
label the spectrum with the larger splitting for each of the three (see text).

marks only the set of lines of this spectrum showing strongest splitting. The angular variations
in the @c) and ¢*c) planes further demonstrated that ordp) is a mirror plane for this site.

The E* centre No 2 has thus monoclinic symmetry with a maximum splitting in @t (
plane, att4.7° from thea axis.

Site No 3 produced an EPR signal of comparatively lower intensity. The EPR lines
corresponding to this site are labelled by the stick-diagram 3 in figure 1. In spite of the low
intensity it was possible to follow the angular variation of the lines near the principal axis of
the crystal field tensor. The result is that the largest fine structure splitting was observed for
B || a and that ¢c) and @b) are mirror planes. Thus, the Euwcentre No 3 has orthorhombic
symmetry with the principal crystal field axis aloag

3.1.1. Parametrization. Due to the very complex angular variations of the overall spectrum,

the detailed symmetry analysis presented above was mandatory before useful spin Hamiltonian
parameters could be determined. The further procedure used is already described elsewhere
[10]. The angular variations of the orthorhombic sites, No 1 and No 3, were parametrized with
the following spin Hamiltonian:

H = gBoB - S+ (bS039 +b202) + (h302 + b302 + b307). (1)
For the monoclinic site (No 2), the spin Hamiltonian was:
H = gBoB - S+ (b3039 +b303 +b503) + (b303 + b;0; + b20% + b3 03 + b;07). (2)

The 07" represent Steven’s operator equivalents [11, 12] and the other symbols have their usual
meaning. Formally, thég' terms have to be included. But as the spectral components have
typical FWHM of 400 MHz the residual error of approximately 150 Midaint was already
attained by fitting equations (1) and (2) to the angular variations. The inclusionZff tieems
resulted in marginal improvement of the fit and the values obtained were zero within the error
limits. The EPR lines corresponding to site No 3 were weaker, and fewer points were available
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Figure 2. Experimental angular variations of the Ka-band EPR spectrum for site No 1 (crosses)
(T =78 K, v = 36 GHz) (a) in the4b) plane and (b) in thea() plane. The full lines represent
the results of the simulation (see text).

for the parametrization. The inclusion of thg andb3 terms was sufficient to describe the
spectrum near the principal axis.

The constants of the corresponding spin Hamiltonian were obtained for each site with
the aid of this optimization procedure. The results are given in table 1. The indicated errors
correspond to the variation needed to increase the residual error of the fits by a factor of 2.
Some of the parameters (for ebg.of site No 2) showed an important error margin. But setting
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Figure 3. Experimental angular variation in the) plane of theM; = 5/2 — 3/2 and

Mj; = —3/2— —5/2 EPR lines for site No 2. The full lines represent the results of the simulation
for these levels (see text)T (= 78 K, v = 36 GHz).

Table 1. Spin-Hamiltonian parameters (in 1H[cm~1]) for the EL?* EPR centres in BaF19Cls

at 78 K.
No 1 No 2 No 3

Sisorropic 1.987 (8) 1.989(12)  1.990 (12)

b3 —340+7 296+ 9 —-374+6

b} — 21+55 —

b3 148+ 14 343+ 19 59+ 13

b3 0.16+013 —0.11+0.16 —

b} — 0.46+1.9 —

b2 0.14£057 -0.17+0.98 —

b3 — 0.71+58 —

by —0224£090  033+13 —
Anglé? (°) 0 +4.7(5) 0

a Angle between the crystal axis and the axis of the local EPR referential. The ERRaxis is
parallel to ther crystal axis.

them to zero distinctly decreased the quality of the fit. The absolute sign of the crystal field
parameters was determined by analysing the relative intensities at 4.2 K. Theoretical angular
variations were calculated with the aid of equations (1) and (2) and by using the constants of
table 1. The results are shown as full lines in figures 2 and 3.b§la@db3 parameters were

the most important ones for all three #wentres. This was often observed in low symmetry
complexes [2,10, 13].

3.2. Optical experiments

Optical emission and excitation spectra were obtained at room temperature-edii@from
the same BaF19Cls5:Eu (1%0) samples previously studied by EPR. The 80 K emission spectrum



7306 J M Rey et al

(excited at 31 200 crmt) is presented in figure 4(a). It exhibited one broad unsymmetrical band
with unresolved structure, with a maximum at 22 700éniThe excitation spectrum at 80 K
(detected at 24 700 cm) (figure 4(a)) consisted of three large structures (maxima: 29 700,
36200, 40900 cmt) formed by several partly resolved bands. Efforts to identify*Hn
these crystals gave negative results.

4. Discussion

4.1. EPR experiments

Three different barium environments are presentin the puygFBgCls structure [8]. All have
coordination number nine as shown in figure 5.

Cluster (A) (see figure 5(a)) has point symmetry graégpand is formed by five fluorine
and four chlorine ions surrounding the barium ion. Four fluorine ions (2 F2 and 2 F3) form
a rhombus which can be considered as the base of the cluster whereas the four chlorine ions
(4 CI1) subtend above the Ba ion a larger rectangle rotated barkind the axis. The last
fluorine ion (F5) located on the Gxis is capping the chlorine frame. It has the shortest Ba—F
distance (250 pm). This arrangement around the barium ion is similar to the one found in the
BaFClI structure [14]. But note that the local point symmetry of the barium ion in this last
mentioned host i€,,.

The barium ion of cluster (B) haS,, point symmetry too (figure 5(b)). The structural
differences between this cluster and (A) are that here the frame forming the base is heavily
deformed as it consists of two fluorine (2 F2) and two chlorine ions (2 Cltiaims positions
whereas the second one consists of only fluorine ions (4 F1). The fluorine ion F4 caps this
latter frame and is on the,Gymmetry axis.

The lower symmetryCs of cluster (C) (figure 5(c)) with respect to (A), (B) is due to the
fact that the ‘upper’ distorted rhomboid is made up by two fluorine (2 F4) and two chlorine
ions (2 CI2) incis positions whereas the base consists of four fluorine ions (F1, 2 F2 and F3).
The fluorine ion (F1) caps the former frame. The mirror plane is parallelitpand contains
the ions F3, 2 F1 and Ba.

The experimental fact that in many alkaline earth halide and double halide host’the Eu
ion introduced as an impurity always occupies the cationic lattice sites is well established
(see e.g. [2,15-18]). This is in agreement with ionic radius and iso-charge arguments. The
present EPR results demonstrate that this rule is fulfilled here too. Indeed,hsitEs No 1
and No 3 have orthorhombic symmetry, as do thé*Bsites of clusters (A) and (B) of the
perfect Ba,F1oCls structure. For this reason we assign the EPR centres No 1 and No 3'to Eu
located on these cation lattice sites. Note that@hgsymmetry does not impose identical
positions of the Et and the B&" as the only constraint for the Elis to stay on the gaxis.
Therefore a slightly displaced position of this ion is expected. Symmetry arguments alone
cannot decide whether centre No 1 or No 3 corresponds to the (A) site etc. To clarify this
point more experiments e.g. ENDOR would be needed. The remaining EPR centre, No 2, has
monoclinic symmetry. We assign this one to?Eipcated on (C) cluster host cation lattice
sites. Of course, a shifted position (in theane) of this impurity is again expected.

Common to the three Eticentres is their sizeable ground state crystal field splitting. In
particular thehg parameter is much more important than the corresponding quantity observed
in BaFCI:EU#* [15] wherebd = 11.4 x 10~ [cm~2]. As the symmetry around the Etions
is lower in Ba,F19Cls, there is no evident partial compensation between ‘cubic’ and ‘axial’
contributions to the ligand field. Therefore the strong host dependertdenbierved [16] in
the matlockite-type hosts does not seem to apply here.
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Figure 4. (a) Optical emission spectrum with excitation at 31 200 érand excitation spectrum
with detection at 24 700 crit of a BayaF19Cls:Eu (1%0) single crystalT = 80 K). The emission
band was decomposed into three Gaussians of equal widths (dashed lines). (b) Optical emission and
excitation spectrum of BaFCI:Eti(T = 80 K). Luminescence excited at 29 325 ¢h Excitation

spectrum detected at 26 180 ch Also shown is the Gaussian (dashed curve) used to fit the d—f
emission band. The f—f emission peaks &&00 times stronger.

4.2. Optical experiments

We assign the broad emission band t854f — 4f7 transitions of the E&i ions, similar to
the situation in many E&i doped alkali and alkaline earth halide and double halide crystals
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Figure 5. The different host cation environments in the perfecifBasCls structure. In each
case thedb) mirror plane is parallel to the paper and contains the central barium cation. (a) Local
coordination (A), point symmetrg,y (see text); (b) local coordination (B), point symme@y,

(see text); (c) local coordination (C) point symmetfy(see text).

(see[18] andreferencestherein). The band shows anill resolved structure but can be completely
decomposed into three Gaussians (see figure 4(a)). Figure 4(b) further shows for comparison
the excitation—emission spectrum of BaFCPE(one single cation lattice site as confirmed

by EPR) recorded at80 K [17, 19, 20]. This emission spectrum consists of one very nearly
Gaussian curve superposed by the well known f—f transitions between 27 300 and 27600 cm

By assuming that each one of the threé'Eentres in the BaF14Cls structure contributes only

one d—f emission band three Gaussians can be assigned to the three sites. Itis well known that
the ligand field has stronger effects on the 5d levels than on the 4f ones and it can be expected
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that the 4f5d' configurations of the three centres are affected mutually differently. The
structure of the excitation spectrum is probably much more difficult to interpret as the complex
level structure is determined by several factors: the mutually not strongly separated multiplets
of the configuration (£('F,), 5d') (total splitting~1100 cnT?), the important ligand field

and the comparatively strong electron—phonon couplihg (24 for the observed bands). As

no intra-f-shellfP;, —8 Sy, transitions were observed (in contrast to the BaFCltEase,

figure 4(b)) the 4%5d" level structure reaches energies below the lowest excitetahs for

all three centres.

5. Conclusion

The EPR and luminescence studies presented above show thaithgB& compound doped

with 1 mol%o. EuR leads to three different Eticentres. Two of them have orthorhombic point
symmetry while the last one is monoclinic. The association between tHeBRR spectra and

the barium lattice sites has been partly possible, thanks to symmetry arguments. All ofthe Eu
EPR centres show an important ground state splitting. A ligand field of this importance tends
to lower the bottom of the 46d band and promotes the inter-configuration 4f 454"
emission [21]. As a result, the Elions in the Ba,F1oCls host do not show f—f transitions

at 80 K in contrast to the BaFCI case where the comparatively weak ligand field allows their
observation.
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