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ABSTRACT

In our study of the optical properties of Eu®>*-doped alkaline-earth metal hydride chlorides AE,H;,Cl, (AE = Ca
and Sr) we observe yellow (AE = Sr) and orange-red (AE = Ca) emission. Compared to the emission energies of
Eu?™* -doped fluorides, chlorides and mixed fluoride chlorides, this corresponds to a wide redshift of the Eu?™*
4f°5d'-4f” emission. We explain this observation with the strong polarizability of the hydride anion and
therefore its strong nephelauxetic effect, which shifts the 5d barycenter to lower energy. Furthermore, the
redshift is even significant compared to other known hydride chlorides and hydride oxide chlorides, which is
probably caused by the relatively short AE**/Eu** —H™ distances, or it might also be caused by impurity-
trapped exciton states. We have also investigated the temperature dependence of the photoluminescence life-
times and the thermal stability. Even though the compounds are probably not ideal for phosphor application due
to their low stability against air and moisture, our study underlines the large influence of the highly polarizable
hydride anion on the optical properties of divalent europium and shows that Eu?>* could be used as a probe in
mixed anionic systems to determine the hydride content.

1. Introduction

The crystal chemistry and properties of alkaline-earth metal fluoride
halides, which crystallize with the PbFCl-type structure, have been in-
vestigated elaborately during the course of many years [1-4]. Espe-
cially the BaFX:Eu?™" series (X = Cl, Br, I) has received a lot of atten-
tion, since it can be used as storage phosphor in image plates for X-ray
and neutron detectors [5-7]. A large number of investigations on its
luminescence properties and, most of all, possible storage mechanisms
have been carried out [8-10]. But not only pure halides are known in
these systems. In the attempt to synthesize subhalides of the alkaline-
earth metals, such as the so-called calcium monochloride [11], Ehrlich
et al. discovered the hydride halides [12-14] and later, also the cor-
responding hydride halides of some divalent rare-earth metal ions were
found [15,16]. These hydride halides MHX (M = Ca, Sr, Ba, Eu, Yb, Sm;
X = Cl, Br, I) have since then been thoroughly characterized [17] and
additionally, a number of further compounds in the phase diagram

MH,-MX, (M = Ca, Sr, Ba, Eu; X = Cl, Br, I), such as Ca,H;,Cl, [18],
Ca,HBr [18], SryH;5Xs (X = Cl, Br) [19], SroHal [20], Ba,HaX (X = Cl,
Br, I) [21,22] or Eu,H3Cl [23] have been discovered. While many op-
tical investigations on fluoride halides doped with rare-earth metal
cations have been carried out, the corresponding hydrides have re-
ceived little attention. The only luminescence studies on hydride
chlorides so far have been reported for EuHCl [24] and LiEu,HOCI,
[25]. Yet, luminescence spectroscopy of rare-earth metal ions showing
4f—5d transitions can reveal important information regarding the po-
larizability of the surrounding anions. This is because the 5d levels are
not shielded but fully exposed to the orbitals of the ligands, so that
both, the crystal field splitting as well as the nephelauxetic effect, play
an important role. For instance, Eu®>* ions doped into nitridosilicates
show a significant redshift of the barycenter of the 5d levels and the
emission energies [26,27] compared to less polarizable anions [28].
Another anion with a high polarizability is hydride. Lately, photo-
luminescence [29,30] and thermoluminescence [31] in Eu2+-doped
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hydrides have been studied and it was found that the high polarizability
leads to an extreme redshift of the barycenter of the 5d levels. As a
consequence, it is possible to vary the emission energy by variation of
the hydride content in mixed-anionic hydride fluorides [32-34], which
then corresponds to tuning the polarizability of the chemical environ-
ment. It can therefore be expected that the Eu®>* emission energies in
the hydride halides will show a redshift compared to the fluoride ha-
lides. Here, we study the Eu?* luminescence in the doped hydride
chlorides Ca;H;,Cly:Eu®* and SryH;,Cly:Eu?*.

2. Experimental section
2.1. Synthesis

Due to their moisture and air sensitivity, the starting materials and
products were handled in an argon-filled glovebox (GS Glovebox
Systemtechnik). To ensure a homogeneous distribution of europium
atoms in the alkaline-earth metal (w(Eu) = 0.5mol-%), pieces of
europium (Eu: 99.9%, ChemPur) and the respective alkaline-earth
metal (Ca: 99.98%, Sr: 99%, both Alfa-Aesar) were fused several times
by arc-welding the metals under argon in the glovebox. For the calcium
compound, 165mg of the calcium-europium mixture reacted with
46 mg of sodium amide (Na[NH,]: self-made), 63 mg sodium chloride
(NaCl: 99.99%, Merck) using 130 mg of sodium (Na: ACS grade, Alfa
Aesar) as a flux. To obtain the strontium compound, 211 mg of the
strontium-europium mixture and 47 mg of ammonium chloride
([NH4]CL: for analysis, Merck), strontium chloride (SrCl,: 99.99%, Alfa
Aesar) and sodium each were used. After transferring the reactants into
niobium capsules, which were cleaned prior to use in a mixture of
sulfuric, nitric and hydrofluoric acid, they were arc-welded under he-
lium. To prevent their oxidation, the niobium capsules were enclosed
into evacuated silica ampoules and tempered in a muffle furnace at
900 °C for 24 (CayH;2Cly) or 12h (Sr;H;2Cl,). While up to 2mm long
crystals of the strontium compound were obtained without a special
cooling procedure by just switching off the furnace, the calcium com-
pound only formed in sufficiently large crystals after cooling down
within 72h to room temperature.

Since sodium was used as a flux, it had to be removed by dissolving
it in liquid ammonia using a tensi-eudiometer [35]. The opened nio-
bium capsule was placed in an H-shaped glass tube that could be con-
nected via a flange to the tensi-eudiometer, which was filled with
gaseous ammonia after evacuating. By using an ethanol-dry ice cooling
bath liquid ammonia could be condensed into the H-shaped tube and
the sodium dissolved. Afterwards, the dark blue sodium solution was
poured into the second leg of the H-shaped tube by holding it hor-
izontally. By gentle heating of the sodium solution, the ammonia eva-
porated and the whole procedure was repeated, until the liquid am-
monia merely showed a faint blue color. After evacuating the tube
again, it could be brought into the glove box, where crystals of the
hydride chlorides could be selected for single-crystal X-ray diffraction
and the luminescence measurements.

2.2. Characterization

2.2.1. Single-crystal X-ray diffraction

For both compounds, Ca;H;,Cly:Eu®* and Sr,H;Cly:Eu?", several
single crystals were selected under a light microscope (M60, Leica
Microsystems) in the glove box and put into thin-walled glass capil-
laries (Hilgenberg) with a diameter of 0.1 mm. The so prepared single
crystals could be used to determine unit-cell parameters on a k-CCD
diffractometer (Bruker-Nonius) in order to verify the successful synth-
esis of the desired alkaline-earth metal hydride chlorides.

2.2.2. Optical measurements
Due to air and moisture sensitivity, the crystals were enclosed into
silica ampoules with 5mm diameter for all optical measurements.
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Photoluminescence spectra were recorded with a tunable optical
parametric oscillator pumped by a neodymium-YAG laser (Ekspla
NT342B-SH with 6 ns pulse lengths) together with a Jobin-Yvon HR250
monochromator (600 grooves/mm) and a PI-MAX ICCD camera
(Princeton Instruments) for detection. Samples were excited at 365 nm.
To increase the signal-to-noise ratio, 100 accumulations were collected
per measurement. For temperature dependent measurements, the
samples were placed into a Janis closed-cycle helium cryostat with a
Lakeshore temperature controller. Samples were fixed to the cold finger
using high purity silver paint and copper foil. Decay measurements
were recorded on the same set-up. Data were recorded 50 ns after the
laser pulse and up to 5 ps delays with an integration window of 20 ns.
Photoluminescence excitation spectra at room temperature were re-
corded using a Xe plasma lamp (Energetic EQ99X) with a Jobin-Yvon
HR 250 monochromator (1200 grooves/mm) for excitation and an
Acton Spectra Pro 2150 Dual Grating Monochromator together with a
Pixis 100 CCD camera for emission. All spectra were corrected for lamp
intensity. Further photoluminescence and thermoluminescence mea-
surements were carried out on a Edinburgh Instrument FLS920 spec-
trofluorometer equipped with a double monochromator for the ex-
citation beam (Czerny-Turner, 300mm focal length) and a
monochromator for UV/Vis detection. The sample was excited with a
450 W Xenon lamp and a Hamamatsu R928 photomultiplier tube (PMT)
was used for the emission signal detection. For thermoluminescnce, the
samples were cooled down to 4K, irradiated with 365 nm Hg lamp for
three minutes and then the thermoluminescece was investigated in the
temperature range from 4 K to 297 K. Low temperature measurements
were carried out in an Oxford Instruments liquid helium flow cryostat.

3. Results and discussion
3.1. Crystal structure

The crystal structure of both hydride chlorides AE;H;5Cl, (AE = Ca
and Sr) was already described in Refs. [18,19] and is isostructural to the
ordered variant of the barium fluoride chloride Ba;F;,Cl, in the space
group P 6 [36], where also the structural model for the hydride com-
pounds was taken from because no accurate positions for the hydride
anions in AE;H,,Cl, representatives exist due to the lack of neutron
diffraction studies. Since the coordination spheres of the three crystal-
lographically different alkaline-earth metal cations by the anions are
important for the luminescence studies, they will briefly be discussed
here. All three AE?>* cations are surrounded by nine anions forming
tricapped trigonal prisms. While (AE1)?" is solely coordinated by hy-
dride anions, the coordination spheres of (AE2)%" and (AE3)?" are
built up by seven H™ and two CI™ anions (Fig. 1).

Fig. 1. Coordination polyhedra [(AE1)Ho]”~ (left) and [(AE2/AE3)H,Cl,]"~
(right) in the crystal structure of the hydride chlorides AE;H;,Cl, (AE = Ca and
Sr).
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Fig. 2. Single crystals of Sr,H;,Cly:Eu?* (left) and Ca,H;,Cly:Eu®* (right) under UV light.

3.2. Photoluminescence and absorption

Under UV excitation, SryH;,Cly:Eu®* shows a bright yellow emis-
sion, while the emission of Ca,H;,Cl:Eu®>* is rather orange-red
(Fig. 2). At room temperature, Sr,H;,Cly:Eu®* shows a broad band
emission with a maximum at 595 nm (Fig. 3a), which is assigned to the
Eu®* 4f°5d'-4f” transition. At low temperatures, higher intensities are
observed and the maximum is slightly shifted to lower wavenumbers.
From about 125K onwards, the intensities decrease significantly with
increasing temperature. The broad band emission is due to the existence
of two types of cation sites in the crystal structure, the two similar
cation sites with a coordination by seven hydride and two chloride
anions and the third cation site coordinated exclusively by nine hydride
anions. It can be expected that the emission from the site coordinated
exclusively by hydride anions is redshifted compared to the sites co-
ordinated by seven hydride and two chloride anions. This is because the
impact of the high polarizability of the hydride ligand is expected to be
large [29].

The reason for the slight blueshift with increasing temperature is
probably the existence of the different lattice sites and their possible
different temperature-dependent behavior. In former studies on Eu?™* in
hydridic materials [29] it was shown that the mechanism of thermal
luminescence quenching is likely to be thermally activated photo-
ionization. Here, the emitting 4f°5d" excited state is located just below
the conduction band. The emission is then quenched by thermally

activated ionization from the excited state to the conduction band. This
model is in good agreement with the rather small band gap of hydrides
[37] compared to halides or oxides. Assuming that thermal quenching
occurs at slightly lower temperatures for the cation site surrounded by
nine hydride anions, this might also explain why the peak maximum of
the broad band emission is located at 605 nm at low temperatures and
shifts to 595nm at higher temperatures. The observed broad band
emission can be considered an envelope curve comprising the emission
peaks of both cation sites, which are too close to each other to be clearly
separated. If the intensity of the lower energy emission maximum de-
creases faster with increasing temperatures than the higher energy
emission maximum, this will lead to an apparent blueshift of the total
emission band. Deconvoluted emission curves and further luminescence
spectra can be found in Fig. S1 in the Electronic Supporting
Information.

Another possible explanation is the presence of impurity-ascribed
exciton states. Dorenbos suggests that such a blue-shift, as it is observed
for e. g. CsCaF5:Eu®* and KCaFs:Eu®* [38], is accomplished by thermal
activation from the impurity-trapped exciton state to the 5d state [39].
Eu®?" might be oxidized to Eu®>* with a trapped electron in the sur-
rounding or other defects might be present. In NaCl-type alkali-metal
halides [40] and alkaline-earth metal fluoride halides [41,42] different
types of defects, such as F-centers (electrons trapped at halide-ion va-
cancies), Frenkel defects on the larger halide lattice site, or self-trapped
holes have been observed and modelled. In BaFCl anionic conduction
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Fig. 3. Temperature-dependent photoluminescence emission spectra of a) Eu“-doped Sr,H;,Cl, (0.6 mol-% Eu?*) and b) Ca,H;,Cl, (0.6 mol-% Eu?*).
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via halide vacancies was observed and it was clarified that thermally
generated lattice defects are of Schottky type [43]. For ionic hydrides,
little is known about defect formation, but considering the so-called
hydride-fluoride analogy [44,45] of these compounds, it may be sug-
gested that similar defects also occur in hydrides. Possible defects
might, for example, be an electron trapped on anion vacancies or hy-
dride anions on chloride sites. However, thermoluminescence mea-
surements in the range between 4K and room temperature did not
show any thermoluminescence emission. This may either be explained
by the absence of glow peaks or because only small amounts of small
single crystal samples were available.

In Fig. 3b, the temperature-dependent photoluminescence spectra of
Eu?" in the corresponding calcium hydride chloride are shown. As in
the case of the strontium compound, a very broad band with a max-
imum at 600nm is observed at room temperature. Similar to the
strontium compound, the Eu?* emission peaks from the two different
lattice sites are not clearly separated. The intensities increase with
decreasing temperature. In contrast to the strontium compound, these
two emission peaks start to be separated at very low temperatures.
Starting from 70K, it is possible to clearly distinguish between two
apparent peak maxima at 590 and 615nm. Similar to the strontium
compound, the peak at lower energy is more intense at low tempera-
tures, but its intensity decreases faster with increasing temperatures. As
already discussed for the strontium compound, the two emission peaks
are assigned to the two different local environments, two similar sites
coordinated by seven hydride and two chloride anions and a third site
coordinated exclusively by hydride anions. The observation of several
emission peaks is not unexpected, as a similar behavior of the lumi-
nescence emission spectra is also found for Eu®*-doped Ba,F;,Cl,
[46,47]. In case of the fluoride chloride, the overlaying emission
maxima lead to the total impression of a white-emitting phosphor.

The excitation spectra measured at room temperature for different
emission wavelengths (570, 600, and 650 nm) are shown in the Fig. 4a
and b. While the excitation spectra of Eu®*-doped Ba,F,,Cl;, [46,47]
differ significantly for the different emission wavelengths, the excita-
tion spectra of the hydride chlorides do not show such marked differ-
ences. The intensities slightly differ, but the peak positions still remain
the same. Both compounds show a maximum at 350 nm in their ex-
citation spectra, with small shoulder at 275nm and another one at
400 nm.

In the Fig. 5a and b, the temperature-dependent decay curves are
depicted for Eu®™ in SryH;5Cl, and Ca;H;5Clo. At low temperatures, the
decays show only a slight deviation from single exponential behavior.

With increasing temperature, the lifetimes become significantly
shorter and the deviation from a single exponential decay appears
larger. For the Eu®>* emission in Sr;H;,Cl, a lifetime of 780 ns is found.
The lifetimes become significantly shorter starting from 125K and at
room temperature, 590 ns is finally found (Fig. 6).
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The lifetime of the Eu?>* emission in Ca,H;,Cl, at low temperatures
is 645 ns. Above 125K it decreases rapidly and reaches 400 ns at room
temperature. These values are in the range of the lifetimes found for the
parity-allowed 4f°5d'-4f” (8S;,,) emission of divalent europium in
hydrides [29,48] and somewhat shorter than in other classes of mate-
rials emitting at comparable energies [49]. A possible explanation is the
high refractive index n of hydride compounds [50] compared to other
materials such as fluorides or oxides [51]. It is well known that the
refractive index has a strong influence on the radiative decay rate
[52,53]. Many studies on this dependence have already been carried
out, for example on the changes in the radiative lifetime of 4f-4f
emissions upon changing the particle sizes [54], which corresponds to a
change in the refractive index, or on local field effects influencing the
radiative lifetime of the 5d—4f emission of Ce®*" in different hosts [55].
An increase in the refractive index of the system will lead to a faster
radiative decay rate, which is consistent with the observed shorter
lifetimes for Eu>* emissions in hydride chlorides. The deviation from
single-exponential behavior may be due to the different lattice sites
with different thermal quenching behavior. Additionally, the presence
of defects influencing the optical properties cannot be completely ex-
cluded, but seems unlikely, since no thermoluminescence glow peaks
were observed.

In the Figs. 6 and 7, the temperature dependence of the integrated
intensities and the lifetime of the Eu?* emission in Sr,H;,Cl, and
CayH;5Cl, are shown. The decrease of the intensities and lifetimes with
increasing temperature can be clearly seen, however, a determination
of the exact quenching temperature is hampered, since the different
emission peaks of the three different lattice sites cannot clearly be se-
parated from each other.

For comparison, Table 1 compiles the emission maxima of different
hydride compounds together with the coordination numbers of the
Eu?" cations and the Eu-H distances. It can be seen that the emission
maxima shift to longer wavelengths for decreasing coordination num-
bers of the Eu?>" cations and also for decreasing Eu-H bond lengths,
which is for example true for calcium compared with strontium com-
pounds. It can easily be explained by the smaller ionic radius of Ca®*
compared to the heavier alkaline-earth metal cations and therefore
smaller unit-cell parameters. These effects lead to a larger ligand-field
splitting, which causes a smaller energy gap between the lowest 5d
excited state [Xe]4f°5d' of Eu®>" and the 4f” (887/2) ground state [57].
Due to the strong nephelauxetic effect of the hydride ligand [29], which
leads to a lowering of the barycenter of the 5d orbitals [58], the hy-
dride-rich hydride chlorides AE;H;5Cl, (AE = Ca and Sr) and the pure
alkaline-earth metal hydrides AEH, with comparably small coordina-
tion numbers and Eu-H distances show the most redshifted Eu®*
emissions for all hydrides that have so far been investigated. Compared
to fluorides, chlorides and fluoride chlorides, the redshift observed in
the Eu?" emission is remarkable [57]. For instance, StFCL:Eu?* shows
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Fig. 4. Room-temperature photoluminescence excitation spectra of a) Sr,H;,Cly:Eu®* (0.6 mol-% Eu?™) and b) Ca,;H;,Cly:Eu®™ (0.6 mol-% Eu®™).
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Fig. 5. Temperature-dependent decay curves of a) Eu“—doped Sr,H;5Cl, (0.6 mol-% Eu?™) and Ca,H;5Cl, (0.6 mol-% Eu?™").
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an emission at 388 nm [57,59] and CaFCL:Eu?" at 396 nm [57,60,61].
Also, the Eu®*-doped pure chlorides and fluorides of strontium and
calcium emit in the UV-blue color region [59]. A more detailed over-
view on the so far investigated rare-earth metal ion-doped hydrides and
mixed anionic hydrides can be found in Ref. [62].

Table 1

Comparison of the maximum emission wavelengths, the coordination number
(CN) of Eu?™ and the metal-hydride bond lengths d(Eu-H) in selected hydride
compounds.

Compound Aem, ma/NM  CN(Eu?*)  d(Eu-H)/pm (average)
Eu,H3Cl [23,56] 503 10 240-277 (256)
KMgHF," [33] 505 12 282

EuHCl [24] 515 9 248

KMgH;3" [48] 565 12 285
LiStHz:Eu?**  [29] 570 12 271

EuH,Fs_, [32] 570-685 8 253
LiEu,HOCI, [25] 581 9 261-273 (267)
Sr;H;,Cl, [this work] 595 9 224-284 (257)
CazH;,Cl, [this work] 600 9 223-257 (242)
SrHosF1 5 [33] 600 8 252

SrH, [37]1 728 9 243-284 (260)
CaHy [37] 764 9 205-270 (234)
EusH,0514 [56] 463 8 245, 249 (247)
EuHBr [56] 493 9 250

3 Eu®* presumably on the position of K*.

4. Conclusions

In summary, we have studied Eu®>* photoluminescence in the Eu®"-
doped hydride chlorides AE;H;5Cl, (AE = Ca and Sr) and observed
yellow (AE = Sr) and orange-red (AE = Ca) emission. This corresponds
to a stronger redshift compared to emission energies usually observed
for Eu“-doped fluorides, chlorides and fluoride chlorides, and even
compared to several other hydride chlorides and hydride oxide chlor-
ides. We explain this astonishing observation with the high polariz-
ability of the hydride anion and therefore a strong nephelauxetic effect,
which shifts the 5d barycenter to lower energy. Furthermore, the AE* /
Eu?* —H~ distances are comparably small, which is also expected to
lead to a large crystal field splitting. Consequently, our study confirms
the large influence of the highly polarizable hydride anion on the
emission energies of divalent europium. Thus, it might also be inter-
esting to study mixed hydride fluoride chlorides, such as
AE,H;,_,F,Cl, in order to tune the emission properties in the future.
Even though pure hydrides are not expected to be very air- and ther-
mally stable, Eu>* luminescence might also be used to determine the
hydride content in such mixed anionic systems and it is possible that
some systems with low hydride content show a higher stability.
Especially some hydride oxides (“oxyhydrides") are not sensitive
against air- and moisture. With regard to the use of comparable fluoride
chlorides as storage phosphors and possible defect formation, it might
be worthwhile to also carry out further thermoluminescence studies in
these hydride chloride systems. Such studies — as already done for ni-
tridosilicates [26] — might yield helpful information on so far little
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studied defect formation mechanisms in hydrides.
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