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ABSTRACT: Europium-doped crystalline Ba7F12Cl2 phosphors have been
prepared at temperatures between 650 and 900 °C using alkali chloride fluxes,
yielding both disordered (with the incorporation of small amounts of Na) and
ordered crystal modifications. The white emission spectrum excited in the near UV
consists roughly of two broad emission bands at about 450 and 590 nm, as well as
weak sharp Eu2+ 4f−4f emission bands around 360 nm. The incorporation of Eu2+

is further studied using EPR spectroscopy on single crystals and reveals a significant
zero field splitting. The emission spectrum can be significantly tuned by varying the
excitation wavelength between 300 and 390 nm. Fine tuning may also be achieved
by chemical substitutions to form Ba7−xMyF12Cl2−zBrz (M = Na, Ca, Eu).
Quantitative measurements of the light produced using commercial near UV LEDs
show that the color temperature ranges between 4000 and 9700 K with CIE
chromaticity coordinates close to the ideal values of x = y = 0.333. The best color
rendering index (CRI) found was 0.83 and the highest light to light conversion yield was 171 lm/W. These results show that the
title compound is a very promising candidate for white light generation using near UV LED excitation.

■ INTRODUCTION

Light-emitting diodes (LED) are very energy efficient light
sources compared to incandescent and fluorescent lamps.1

However, in order to obtain white light emission, a phosphor
layer must be added to expand the spectral range of the emitted
light. The requirements for a good white phosphor material are
CIE (International commission on Illumination) coordinates of
x = 0.333 and y = 0.333, a color temperature (CCT) in the
range of 2500−6500 K and a color rendering index (CRI)
above 80.2

Typically, a combination of rare earth ions (e.g., Ce3+ +
Tb3+)3 or rare earth ions and transition metals (e.g., Eu2+ +
Mn2+)4−6 or only transition metals7 are used to generate white
light by the addition of the respective emission spectra. It is
difficult to achieve a good CRI index; for this reason, some
phosphors contain three rare earth ions such as Dy3+-, Tb3+-,
and Eu3+-doped LaPO4

8 or Tm3+-, Tb3+-, and Eu3+-doped LaF3
nanoparticles.9 Ce3+, Mn2+, and Tb3+ codoped phosphors have
also been reported.10

In this work, we present a single compound near-UV excited
tunable white phosphor material, which requires only one
dopant rare earth ion, namely, Eu2+. Eu2+-doped Ba7F12Cl2 is
easy to prepare and is stable up to 800 °C. It is stable for years
under ambient conditions and is only slightly soluble in water.
The spectroscopic properties of this material are presented, and
the performance as potential white phosphor material is
demonstrated.

Structural and Chemical Properties of Ba7F12Cl2.
Ba7F12Cl2 can be obtained in two crystalline modifications, an
ordered (with space group P6 ̅) and a disordered (with space
group P63/m).

11,12 In the ordered modification, there are three
different Ba sites (which can potentially be substituted by Eu),
while in the disordered modification there are only two
different Ba sites (see Figures S1 and S2). The disordered
modification is stabilized by the presence of small amounts of
Na.13 The crystal structure can further be modulated (Figure
S3) by chemical substitutions for instance when partially
replacing Ba by Ca and Cl by Br.14−16 Several methods are
available to obtain these Ba7−xMyF12Cl2−zBrz compounds (M =
Na, Ca, Eu) with x,y ≤ 1, 0 ≤ z ≤ 2,11−17 such as direct solid
state reaction of the two binaries BaF2, BaCl2, or flux
dissolution of BaF2 in alkali fluorides/chlorides. This latter
method allows to obtain needle-shaped single crystals.
Initially, needles of Ba7F12Cl2 had been obtained in our

Bridgman crystal growth equipment (Figure S4).

■ EXPERIMENTAL SECTION

Synthesis. Crystals of Ba7F12Cl2 have been prepared from
the melt of mixtures of alkali halides and BaF2.
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The disordered modification was typically obtained starting
from 8 g BaF2 + 1.77 g of NaCl. EuF3 (typically less than 1 mol
% with respect to Ba) was added. The reaction mixtures were
heated in graphite crucibles under a nitrogen atmosphere up to
950 °C and slowly cooled (in 14 h) to 750 °C before cooling to
room temperature. The resulting products showed the presence
of needle-shaped crystals. Washing with warm water removed
most of the remaining alkali halide flux material. This procedure
yields about 90% pure phosphor, with mainly BaF2 as impurity.
The ordered modification is obtained either from BaF2 and

LiCl, or BaF2 and LiCl + KCl; however, the resulting solid
contains also significant amounts of LiBaF3. Needle-shaped
single crystals of Ba7F12Cl2 can nevertheless be separated
mechanically from the solidified melt. A typical size of the
single crystals obtained was 0.15 × 0.15 × 3 mm3. The ordered
modification can also be obtained by heating the disorded
modification (prepared as above) to 800 °C.13

The typical procedure to synthesize the ordered modification
with the crystal growth equipment under thoroughly controlled
conditions was as follows. Purest available BaF2 (Merck
Suprapur, 99.99% pure), BaCl2 (99.995% pure), and EuCl2
and EuF2 (both Cerac, certified purity 99.9%) were beforehand
degassed in a high vacuum line including a coldfinger at −196
°C. The temperature was stepwise increased from RT to T =
140 °C. Typical batches of 45 g total weight were prepared and
filled into an ultrapure carbon crucible (Le Carbone nuclear
purity) in a glovebox (8 ppm residual O2 content). The
stoichiometric mixture included 0.1−2 mol % of EuF2 + EuCl2.
The batch was introduced into the furnace and degassed under
high vacuum for approximately 12 h with a liquid nitrogen trap
(T = −196 °C) connected, while heating slowly up to 240 °C.
The solid state reaction was initiated after Ar (6N; in some
runs, +0.2% H2 (6N)) had been entered into the chamber
containing the crucible. The temperature was then increased to
about 805 °C. After about 26 h at this temperature, the heater
was switched off. This reaction cycle was repeated twice.
Between two cycles, the content of the crucible was ground for
1 min in the glovebox using an agate mortar. The ordered
luminophor Ba7F12Cl2 was obtained with a purity of more than
96.8%.
This furnace (Figure S4) and a Kyropoulos equipment

served further for a quantitative production (totally ca. 1 kg of
the product) of ordered Ba7F12Cl2 under very thoroughly
controlled conditions.
The samples used for the EPR experiments were oriented

with the aid of a polarizing microscope and by the Laue X-ray
technique.
Spectroscopic Experiments. Optical Measurements.

Luminescence and optical excitation measurements at medium
resolution were carried out with a home-built spectropho-
tometer18,19 as well as with a Fluorolog F 3−22 instrument.
For optical measurements at high resolution, the excitation

setup consisted of a xenon lamp (500 W, ILC Tech.) and a
monochromator (H20, ISA). The luminescence was analyzed
with a monochromator (SPEX 1403). The detection consisted
in a cooled (≈−40 °C) photomultiplier (Burleigh C31034-
A20), followed by a discriminator (Hamamatsu C3866) and a
photon-counting unit (SR400, Stanford Research). Part of the
excitation light was redirected on a photodiode (Hamamatsu
S1226) in order to correct the spectra for the intensity variation
of the Xe lamp.
The luminescence decays were measured after excitation with

a nitrogen laser (KX2, Oxford Laser, pulse length < 20 ns,

wavelength 337.1 nm). A photodiode (Hamamatsu, S5973)
with a frequency cutoff of 1.5 GHz was used to trigger the
decay. The emission was analyzed with a Cary14 mono-
chromator and two types of detectors were used, a photodiode
(Hamamatsu S3883, frequency cutoff 300 MHz) and a
photomultiplier (Hamamatsu H6240−01). The signals were
collected and averaged with a digital oscilloscope (LeCroy
9420, bandwidth 0−350 MHz).

EPR. The EPR spectra were obtained at 36 GHz on a home-
built Ka-band spectrometer with low-temperature equipment of
our design. Data analysis and computer simulations were
performed with our SPINHAM program.18,19

Prototype White Light Generation Using Commercial UV
LEDs. Several quantitative experiments of white light generation
were performed with two consecutively improved set-ups. The
second one is illustrated in Figure S5: The LED is placed below
the sample, which consists of the phosphor material (with a
silicone binder), and the system is covered by an integrating
sphere. This setup allows to control accurately the thickness of
the tested phosphor layer.

■ RESULTS AND DISCUSSION
Figure 1 presents typical emission and excitation spectra of
disordered Ba7F12Cl2:Eu

2+ at room temperature. These spectra

consist basically of two broad bands that cover a very large part
of the visible spectrum.
The 80K emission spectra (excited at 280 nm) for ordered

Ba7F12Cl2 are presented in Figure 2. They exhibit several

Figure 1. Emission spectra excited at 340 nm (red traces) and
excitation spectra monitored at 580 nm (blue traces) for disordered
Ba7F12Cl2:Eu

2+ (full line) and the ordered form (dashed line) at 300 K.

Figure 2. Emission (excited at 280 nm) and excitation (detected at
410 nm) spectra of ordered Ba7F12Cl2:Eu at 80 K. The inset represents
an enlargement of the f−f emissions with a better resolution.
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unresolved 4f65d1 → 4f7 bands covering the entire visible
spectrum. The emission of the ordered form shows three
emission band with maxima at 437 nm (22900 cm−1), 510 nm
(19600 cm−1), and about 595 nm (16800 cm−1; see Table 1).

The excitation spectrum at 80K (detected at 410 nm; Figure 2)
consists of large features also formed by several unresolved
bands. Lowering the temperature to 10 K decreases the width
of the emitted bands and allows to obtain the excitation
spectrum of the individual band (Figure S6). Each band has a
different excitation spectrum but all of them are confined
between 40000 and 26000 cm−1, as illustrated also by the room
temperature transmittance spectrum of a single crystal of
ordered Ba7F12Cl2 doped nominally with 0.5% of Eu2+ in Figure
3 (as well as in Figure S7, which shows an absorption spectrum

measured on a film prepared with the ordered modification
dispersed with ethylcellulose). The thickness of this crystal was
about 0.25 mm. At 365 nm, the transmittance is about 50%.
Both the emission and excitation spectra show narrow lines

due to 4f−4f ( f−f) transitions of the Eu2+ at 80 K. A high
resolution spectrum of the 4f−4f emission in the Ba7F12Cl2:Eu
(ordered) is presented in the inset of Figure 2. The lines can be
separated into two groups with the aid of their excitation
spectra. The first group (A) has three resolved lines. A careful
analysis showed that one of them is broader and contains two
unresolved lines. The second group (B) has four lines with a
stronger splitting. The position of each line is given in Table 1.
As can be seen from the values in Table 1, the successive
separations of the sublevels are quite irregular, as can be
expected for a low local symmetry of the Eu2+ ion.20

Decay times of the emission in the ordered and disordered
forms are very similar. At 80 K after excitation at 29660 cm−1,
the decay is not single exponential, and the form of the decay
varies with the position of the detection. In the high-energy part
of the emission spectrum, the decay is fast (≈0.8 μs at 23500

cm−1) and becomes longer when the detection is moved to the
low energy part (≈2 μs at 16500 cm−1). At room temperature,
the decay times are only slightly shorter, indicating also that the
emission quantum yield is quite high. Figure 4 shows the

integrated emission intensity (above 415 nm) upon excitation
at 370 nm as a function of temperature between −100 and
+250 °C. This experiment shows that the emission is not
significantly quenched, at 200 °C about half the emission
intensity is observed. This experiment is important, as the
current near UV LED’s still produce appreciable heat which can
potentially quench the emission of the phosphor.
The decay of the f−f lines is single exponential. The

characteristic time for all the lines of the (A) group is 0.28(5)
ms. The second group of lines (B) shows a longer lifetime
(2.35(5) ms). The 80 and 10 K emission spectra show three
4f65d → 4f7 unresolved bands. The 5d component of the
excited state is responsible for the strong electron vibration
interaction which broadens the transition and forbids the
observation of zero-phonon lines. The emission band at 23500
cm−1 (425 nm) resembles somewhat the emission band
observed for Eu2+ in Ba12F19Cl5,

17 which locally has similar
Ba coordinations.17,22 Each f−d emission has an large Stokes-
shift (≈8000 cm−1). Two emission bands are shifted to the low
energy side of the visible spectrum. Different mechanisms for
such an emission displacement were proposed. In the oxides,
CaO:Eu23 and SrO:Eu,24 the Stokes-shift is small and the red-
shift of the emission was attributed to the covalency of host.
The large Stokes-shift and the red displacement observed in
BaF2:Eu were assigned to an impurity trapped exciton.25 Red
shifts and large Stokes-shift of the Eu2+ emission in structures
containing columns of alkaline earth ions were explained by a
preferential orientation of an Eu2+ 5d orbital by the metal
columns.26−28 In Ba7F12Cl2:Eu, large Stokes-shifts and columns
of barium are present. Both mechanisms, the exciton and the
preferential orientation of the 5d orbital, can explain the red-
shift of the emission. Nevertheless, the large Stokes-shifts
indicate that the excited state of Eu2+ is delocalized and couples
strongly with the host crystal.
The millisecond decay of the narrow emission lines allows

their assignment as 6P7/2 →
8S7/2 intra f-shell transitions.

29 Two
different groups of f−f transitions were observed (see Table 1).
Each one corresponds to one type of Europium and has four
lines due to the ligand field splitting of the 6P7/2 level. Center B
has a very large ligand field splitting of the 6P7/2 level (198

Table 1. Positions of the f−f Lines (Top Lines) and f−d
Maxima (Bottom Lines) Emission for the Ordered
Ba7F12Cl2:Eu (1°/0) at 80 and 10 K

site T (K) position (cm−1)

A 80 27′624 27′621 27′600 27′588
A 10 27′600 27′588
B 80 27′898 27′843 27′782 27′700
B 10 27′844 27′786 27′704
f−d 80 22′900 19′600 ca. 16′800
f−d 10 22′700 19′400 ca. 16′500

Figure 3. Room temperature absorption spectrum of a single crystal of
ordered Ba7F12Cl2:Eu.

Figure 4. Emission intensity as a function of temperature of ordered
Ba7F12Cl2:Eu(0.89%). Heating (upper trace) and cooling (lower trace)
experiments are shown.
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cm−1) in comparison with other Eu2+ doped halides.19,29,30 As it
is the case for the splitting of the 8S7/2 ground-state (see the
EPR results below), the large ligand field splitting is due to the
high density of Ba7F12Cl2 and to the low local symmetry of the
Eu2+ sites. Lowering the temperature increases the f−f emission
at the expense of the f−d ones for both sites. This shows that
the 6P7/2 levels of these two Eu2+ are at lower energy than the
bottom of the 4f65d1 structure.
As in many Eu2+-doped halides,31 the excitation spectrum is

likely due to the lowest levels of the 4f65d1 excited
configuration. This structure is in part caused by the exchange
interaction between the 4f6 and the 5d1. Another contribution
to the overall structure comes from the quite important ligand
field which affect more strongly the 4f65d1 configuration than
the 4f7 one.
Compared to the ordered form of Ba7F12Cl2:Eu

2+, the
disordered one exhibits a much less defined f−d emission
pattern. Due to a distribution of different Eu2+ surroundings
present in the structure, the emission spectrum of the
disordered form consists of a superposition of bands impeding
any meaningful assignment.

■ COLOR TUNING
Due to the presence of different Eu sites with different
excitation spectra, the emission color can be tuned by choosing
the excitation wavelength, as illustrated in Figure 5. The

increasing intensity with decreasing excitation wavelength
reflects the excitation spectrum shown in Figure 1. Some of
the resulting color temperatures are indicated in Table 2.
In order to evaluate the optimum Eu2+ concentration,

samples of both ordered and disordered modifications were
prepared with nominal Eu2+ concentrations of 0.1 to 10 mol %
(with respect to Ba). The most intense emission was observed
for the 3% doped sample; however, its intensity was only about
25% larger than the one doped with 1%. Figure 6 compares the
emission spectra for the ordered samples excited at 337 nm.
Note that crystal structure of single crystals isolated from the
10% sample were refined for the composition Ba6EuF12Cl2.

28

With increasing Eu concentration, the blue emission band shifts
to the red and its relative intensity decreases. This can be either
explained by an increase of energy transfer between Eu ions in
the crystal with increasing concentration (the lifetime measured
at 450 nm is shorter than the one at 570 nm) and by a
differentiated solubility of Eu2+ in the different Ba sites of the
crystal. In the single crystal structure determination for

Ba6EuF12Cl2,
32 Eu was located exclusively in the fluoride

channels.
Modulation by Solid Solutions. It is possible to prepare

solid solutions starting from Ba7F12Cl2 in both ordered and
disorded forms.14−16 Figure S3 collects the lattice parameters of
several compounds, which have been characterized by single
crystal X-ray diffraction.
In this case, the emission spectra change only slightly: for

instance, replacing Cl by Br leads to a blue shift of about 20 nm
of the 590 nm band, while the blue band remains at practically
the same position (see Figure S8).15 The chemical substitutions
(using Na, Mg, Ca, Sr, and Cl and Br) offer the possibility of
fine-tuning the emission spectrum. More detailed studies
(crystallographic and spectroscopic) on specific (different)
individual mixed crystals are in progress.

■ EPR EXPERIMENTS
Most of the EPR spectra were recorded at 78 K; a few
experiments were performed at 4.2 K to determine the absolute
sign of the bl

m parameters. Note that a typical spectrum of the
Eu2+ ion consists of a pattern of seven groups of lines, as its

Figure 5. Emission spectra of disordered Ba7F12Cl2:Eu
2+ at different

excitation wavelength (measured at 300 K).

Table 2. Summary of Some Prototype Experiments

UV LED
(nm) sample

CIE
coordinates

color temperature
(K)

efficiency
(lumen/W)

350 Oa 0.2755,
0.3028

9762 n.d.

350 Da 0.3264,
0.3670

5733 n.d.

356 Oa 0.2854,
0.3869

8361 n.d.

356 Da 0.3397,
0.3192

5270 n.d.

360 Ab 0.311, 0.302 6899 89
Bb 0.310, 0.296 7066 171

375 Ab 0.327, 0.316 5763 59
Bb 0.426, 0.530 3944 107

385 Ab 0.401, 0.456 4519 29
Bb 0.366, 0.399 4011 66

395 Ab 0.363, 0.39 4560 30
Bb 0.331, 0.323 5560 32

aThe first four results were measured by the Swiss Federal Office for
Weights and Measures (METAS) in Wabern/Berne on an ordered
(O) and disordered (D) sample. bThis work. Phosphor material
Ba7F12Cl2:Eu

2+ (disordered modification). Sample A: 300 mg of 4.4%
ethylcellulose + 95.6% xylene + 500 mg phosphor; sample B: 50%
silicone paste (Invisil 4632A + Invisil 4632 B 1:1) + 50% phosphor.

Figure 6. Room temperature emission spectra of ordered Ba7F12Cl2
excited at 337 nm. The relative intensities have been arbitrarily
normalized for clarity.
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8S7/2 ground state is split by the ligand field and the hyperfine
structure (151Eu and 153Eu, both I = 5/2).33,34 But, in the
present case, no resolved hyperfine structure was present. The
spectra of two different Eu2+ EPR sites were observed in both
the ordered and disordered form of Ba7F12Cl2:Eu. Figure S9
shows recorded spectra of the two forms, obtained with the
magnetic field B parallel to the a crystal axis. The labels (1) and
(2) in Figure S9 mark those septets of each center, which show
the largest respective splitting. The lines of the ordered form
have a typical Full Width at Half Maximum (fwhm) of about
400 MHz and are about 500 MHz for the disordered form.
Both forms of Ba7F12Cl2:Eu show complex overall spectra, as
the symmetry of these Eu2+ sites is lower than the factor group
of the crystal. It was necessary to study the angular variations of
the spectra in several crystallographic planes and with an
angular increment of only 2.5°. Due to the small size of the
single crystals studied, many accumulations were necessary to
obtain an acceptable signal over noise ratio (S/N).
Ordered Form. The experimental angular variation of site

No 1 obtained with B rotated in the (ab) plane is represented
by the (+) symbols in Figure 7. It evidently reflects the

hexagonal symmetry of the crystal. The angular variation within
an (ac) plane proved that (ab) is a mirror plane. This applies
for both sites. The site No. 1 presents a maximum fine structure
splitting when B is parallel to the a axis. But the low S/N and
the numerous overlapping lines do not allow to identify
unambiguously the point group (D2h, C2v, C2h, or Cs). The site
symmetry of Ba(1) and Ba(2) is Cs.

12 The site No. 2 has its
largest splitting at 15° from the a axis in the (ab) plane. Figure
8 shows the experimental angular variation in the (ab) plane for
this site. The identification of the point group is not possible for
the same reasons as mentioned above.
Disordered Form. The angular variations of the two

paramagnetic centers in the disordered and ordered forms are
similar. But the splittings between the lines and the orientation
of the principal crystal field axis of the respective site 2 are
clearly different. In the disordered form, the largest splitting is
observed with the magnetic field along an a axis for site 1 and at
13° from an a axis for site 2. As is the case in the ordered form,
(ab) is a mirror plane for the two sites and it is not possible to
refine further the point group.
Parametrization. The procedure used to determine spin

Hamiltonian parameters was already described elsewhere.18,19

The angular variations of all sites were parametrized with the
following spin Hamiltonian:

β= · + +H B Sg (b O b O )0 2
0

2
0

2
2

2
2

(1)

where the O2
0 and O2

2 represent Steven’s operator
equivalents.33,34 The other symbols have their usual meaning.
Formally, the O4

m and O6
m terms of appropriate symmetry

have to be included. But as the spectral components have
typical fwhm larger than 400 MHz, a residual error of
approximately 160 MHz/point was already attained by fitting
this equation to the angular variations. The inclusion of the
other terms resulted in marginal improvement of the fit. It is
often observed that the b2

0 and b2
2 parameters are the most

important ones to parametrize angular variations of low
symmetry situations.18,21,35 The optimized parameters for all
sites are given in Table 3. The indicated errors correspond to

the variation needed to double the residual error of the fits. The
absolute sign of the crystal field parameters was determined by
analyzing the relative intensities at 4.2 K. Theoretical angular
variations calculated with the aid of the constants of Table 3 are
shown as full lines in Figures 5 and 6.
Eu2+ ions occupy the Barium lattice sites in many Barium

halides and related compounds, in agreement with isocharge
arguments. This was demonstrated in barium halides with the
aid of EPR18,21,35,36 and by X-ray diffraction of highly doped
crystals.32,37,38 Table S1 lists spin Hamiltonian parameters of
Eu2+ in different barium fluorohalides. Three different barium
sites (of point symmetry m, m and C3h) are present in the
ordered Ba7F12Cl2 structure. But the EPR results show only two
different Eu2+ ions, both of low symmetry. No hexagonal
spectrum was found. X-ray diffraction of Ba7F12Cl2 heavily
doped with Europium has, however, shown that europium
substitutes barium at this site.32 To explain the absence of
hexagonal EPR spectra, the following reasons are considered.
We assume equal probabilities for the Eu2+ to substitute any

of the three sites. The low symmetry part of the EPR spectrum
is produced by 2 × 3 Eu2+ over the ensemble of the unit cells
involved, whereas only one Eu2+ is expected to generate a

Figure 7. Experimental angular variation in the (ab) plane of the EPR
spectrum No1 for the ordered Ba7F12Cl2:Eu (crosses). The full lines
represent the results of the simulation (see text; T = 78 K and υ = 36.7
GHz).

Figure 8. Experimental angular variation in the (ab) plane of the EPR
spectrum No2 for the ordered Ba7F12Cl2:Eu (crosses). The full lines
represent the results of the simulation (see text; T = 78 K and υ = 36.7
GHz).

Table 3. Spin Hamiltonian Parameters for Eu2+ in Two Sites
in Ordered (O) and Disordered (D) Ba7F12Cl2

a

site b2
0 (10−4 cm−1) b2

2 (10−4 cm−1) angle splitting (cm−1)

O1 392 ± 9 −328 ± 20 0° ± 2 1.64
O2 −297 ± 8 67 ± 17 15° ± 2 1.09
D1 428 ± 8 −289 ± 16 0° ± 2 1.72
D2 −294 ± 7 141 ± 18 13° ± 2 1.13

aFor all four spectra, g = 1.99(1).
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hexagonal one. The many wide EPR lines of the low symmetry
centers produce important overlaps which may strongly
complicate the identification of the weak third center.
Another argument comes from X-ray diffraction results in

conjunction with considerations regarding the structure of eq 1.
X-ray diffraction32 showed a large vibration ellipsoid along the c
axis for the hexagonal Eu2+ in highly doped crystals The
possibility of Eu2+ moving in a double-well along c has thus to
be considered, in agreement with ionic radius arguments (the
ionic radius of Eu2+ is smaller than the one of Ba2+). The local
symmetry of the Eu2+ is C3h on the hexagonal lattice site, but it
is C3 when shifted along the c axis. In the former situation the
crystal field part of eq 1 contains U2

0, U4
0, U6

0 (U6
6 + U6

−6),
whereas the symmetry C3 includes in addition the terms (U4

3 −
U4

−3), (U6
3 − U6

−3) (we set Un
m = bn

m*On
m). In the event that

Eu2+ switches through thermal activation between the two wells
with a jump rate of the order of the EPR microwave frequency,
these additional terms become time-dependent perturbations.
Such a dynamic process could broaden and weaken the EPR
lines, making their identification more difficult.
The third possibility takes into account the tendency for local

disorder (again related to the different ionic radii) which is at
the origin of the large inhomogeneous width of the low
symmetry EPR lines. The Eu2+ concentration is nominally 0.4%
and no pair EPR was observed. Statistically the Eu2+ ions are
thus mutually well separated. If part (or all) of this ion shift in
the mirror-plane away from C6 and form with their fluorine
neighbors a local cluster of symmetry m, their EPR spectrum
will be of the same symmetry as the one of the sites 1 and 2.
Due to the strong inhomogeneous broadening, the resulting
EPR spectrum will consist of large lines with unresolved fine
structure and an intensity 1/7 (see above). Again, but of course
not for the same reasons, their identification would be difficult.
Endor experiments might be appropriate in this situation. An
interpretation along this line would reconcile rather coherently
the different experimental results reported here.
The spin Hamiltonian parameters of Table 3 allow to

calculate the ligand field splitting in the ground state. The total
splitting for the four EPR centers are given in Table 3. All of
them are larger than 1 cm−1. Such splittings are very large for
the ground state of Eu2+ in halides.18,19 This is due to the high
density of the Ba7F12Cl2, which causes short distances between
the Eu2+ and their ligands.12 The low symmetry of the Eu2+

sites also contributes to enlarge the splitting by preventing
partial compensation between individual ligand contributions,
as is the case in BaFCl.39

■ POTENTIAL DEVICE TESTING
Pellets of Ba7(o) (sample 8170, nominally 1.1% Eu2+) and
Ba7(d) (sample 8172) were submitted to the Swiss Federal
Office for Weights and Measures (METAS) in Wabern/Berne
for the determination of the color temperature and coordinates
(at excitation wavelengths 350 and 356 nm).
Further experiments were done with the setup illustrated in

Figure S4 on powders of disordered Ba7F12Cl2 mixed with a
binder. The powder was obtained by manual grinding in an
agate mortar, the particle size and size distribution were not
measured. This sample was chosen as it emits a rather warm
white (color temperature 4000−7000 K). The results of the
tests are summarized in Table 2. The near-UV LEDs used were
emitting at 360, 375, 385, and 395 nm. The highest efficiency
was obtained using the 360 nm LED emission, with 171 lm/W
(light to light conversion). A commercial phosphor should have

about 3 times this value. Considering that the ordered
modification has a stronger absorption in the near UV than
the disordered modification, as well as the fact that our sample
was manually ground and may thus not have an optimal grain
size and grain size distribution, there appears to be room for
improvement. This sample has also a good CRI of 83. With
increasing wavelength, the efficiency decreases, which can be
related to the decreasing absorption coefficient as seen also in
the excitation spectrum of Figure 1. The CIE color coordinates
confirm that all compounds have practically white emission
with coordinates rather close to the ideal value of x,y =
0.333,0.333. The table shows also the change of color
temperature with changing wavelength, ranging from 3944 to
9762 K. Typically, with increasing wavelength (with the
exception of the values at 395 nm), the color temperature
decreases, in agreement with the emission spectra shown above
(Figure 3).

■ CONCLUSIONS

The phosphor Ba7F12Cl2:Eu
2+ presents a broad emission

spectrum in the visible that can be excited by near UV
illumination. The substitution of Ba2+ by Eu2+ on three different
lattice sites (for the ordered modification) leads to the
superposition of three emission spectra which covers large
parts of the visible spectrum. This crystallochemical property is
the key to obtain a single compound phosphor material. The
superposition of different emission spectra also allows to tune
the emission color with the excitation wavelength, as the
excitation spectra are inherently different. The EPR spectra
show two different sites with significantly different zero field
splitting which can be assigned to the Ba(1) and Ba(2) sites of
the crystal. This can also be associated with the observation of
relatively well separated emission bands (at 425 and 500 nm).
The nonobservation of the third EPR spectrum suggests that
the electronic degeneracy in the excited 4f55d1 energy level
structure is lifted and possibly associated with a Jahn−Teller or
pseudo Jahn−Teller effect.
The emission properties can be tuned chemically by

choosing one of the two crystal modifications, partial
replacement of Ba by other ions, substitution of chloride by
bromide as well as dopant Eu-ion concentration. Furthermore,
the emission can also be tuned by the choice of excitation
wavelength. Prototype tests with UV LEDs as excitation source
show good UV to visible conversion efficiencies and also good
CRI, which show good promise for illumination applications.
However, the presently available UV LEDs show very poor
efficiencies of conversion of electric into UV energy, which is
currently the major impediment for commercial lighting
applications.
The concept of making a dedicated crystallochemical search

for host materials with significantly different sites for the same
constituent (in our case Ba) will allow to prepare new
interesting phosphors in the future.
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