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Aveiro, 3810-193 Aveiro, Portugal

E-mail: nathalie.kunkel@lrz.tu-muenchen.de

Phone: +49 (0)89 289 13109

Page 1 of 30 The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Abstract

We present a case study on the vibrational coupling of lattice phonons to the elec-

tronic 4f7 (8S7/2) - 4f65d1 (eg) transition of divalent europium in the hydrides and

deuterides LiMH3 and LiMD3 (M = Sr, Ba). For low doping concentrations, these com-

pounds show extraordinarily well-resolved vibronic fine structures at low temperatures.

Besides luminescence emission spectroscopy of the europium-doped compounds, we

carried out inelastic neutron scattering experiments of the europium-free compounds.

The phonons coupling to the electronic transition are identified and a good agreement

between the vibronic and the inelastic neutron scattering data is found. The low en-

ergy acoustic modes do not significantly change upon replacing hydride by deuteride,

whereas a decrease by a factor of approximately
√

2 can be observed for the higher

energy optic modes. Furthermore, we compare these experimental results to den-

sity functional calculations performed with the Vienna Ab Initio Simulation Package.

Knowledge of the phonons of a host material is of great importance, because phonons

have a large influence on the optical properties, such as linewidths or luminescence

quenching. Hydride-containing host lattices are an ideal model system, since 1H can

easily be replaced by 2D, so that isotope effects can be investigated.

Introduction

Rare earth-doped compounds play an important role in many optical applications, such as

phosphors and plasma screens,1–4 optical fibers and waveguides,5 bio-imaging and sensors,6–9

or quantum information technology and spectral filtering.10–12 While the 4f electrons are so

well-shielded by the filled 5s2 and 5p6 shells that the crystalline environment can be consid-

ered as a weak perturbation of the free ion level,10,13 the 5d electrons of the excited state

of 4f-5d transitions of ions such as Eu2+, Ce3+, or Yb2+ remain unshielded and can there-

fore show a large energy dependence of the 5d barycenter and the crystal field splitting on

the crystalline environment.14 As a result, very different excitation and emission energies
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are found, for example for Eu2+ or Ce3+, in different host lattices.15,16 Additionally, except

for rare cases of very high lying 5d levels and emission from, for example, the 6P7/2
17,18 or

the 6I7/2
17 state of Eu2+, the absorption and emission bands in these compounds are rather

broad. For such broad 5d-4f emission spectra, it is, even at low temperature, rare that a

well-resolved vibrational fine structure showing coupling to several modes can be observed,

because the coupling strength is usually intermediate, i.e. the Huang-Rhy parameter S has

the value 1 < S < 5.19 However, some rare examples exist for Ce3+, Pr3+, and Tb3+ with well-

resolved spectra that show a coupling to two vibrations in double perovskites.20–22 Recently,

new types of host materials, ionic hydrides,23–27 complex hydrides,28,29 and mixed anionic

compounds containing hydride,30–33 have been studied as hosts for Eu2+-luminescence. Here,

it was found that replacing less polarizable anions by the polarizable hydride anion can lead

to wide redshifts of barycenter of the 5d levels. However, beside the interesting properties

with regard to the centroid shift and crystal field splitting, hydrides as host lattices can

also serve as model systems to study the correlation of the optical properties with lattice

phonons. Already in 1980, Judd predicted that vibronic intensities increase with the degree

of covalency,19,34 which is directly connected to the anion polarizability. Thus, ideal candi-

dates for such studies are compounds with polarizable anions, such as nitrides or hydrides.

Moreover, the replacement of 1H by 2D is an elegant tool for such studies. Knowledge on the

relation between lattice phonons and electronic transitions is of great importance, because

phonons can have a large influence on the optical properties, such as linewidths, luminescence

quenching or the efficiency of up-conversion processes.35–39

Here, we present a case study of LiMH3 and LiMD3 (M = Sr, Ba), which crystallize in

the inverse cubic perovskite structure type in space group Pm3̄m (see Fig. 1).24,40–42 LiEuH3

shows the same structure43 with similar lattice parameters as those observed in LiSrH3 and

we assume that Eu2+ will occupy the M2+ site in doped compounds.
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Figure 1: Crystal structure of LiSrH3 showing the cuboctahedral surrounding of strontium
and the octahedral coordination of lithium.

The Eu2+-doped compounds represent an ideal model system for investigations of the

vibrational coupling. In our previous study,24 where we reported on the luminescence prop-

erties of samples with rather high europium concentrations, we were already able to detect

some vibrational fine structure at low temperature. Here, we use highly diluted samples

(europium concentrations of approx. 0.005 %) in order to obtain a better resolution of the

fine structure. We carried out photoluminescence measurements on the samples with low

europium concentrations as well as inelastic neutron scattering of the europium-free com-

pounds LiBaH3, LiBaD3, and LiSrH3 at 20 K. In an earlier work, we had confirmed the

absence of phase transitions down to 10 K.24 The obtained results are compared with the

phonon dispersion curves and densities of states obtained by first-principle calculations.
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Methods

Synthesis

Eu2+-doped samples LiMH3 and LiMD3 (M = Sr, Ba) for photoluminescence measurements

were prepared by hydrogenation of the alloys. Alloys were synthesized by melting reactions

of the elements (strontium, Alfa Aesar, distilled dendritic pieces 99.8%; europium rod, Alfa

Aesar 99.8%, ; barium rod, Chempur, 99.3% (rest strontium); lithium, Alfa Aesar 99.8%; all

mechanically surface cleaned) in niobium ampoules (at approx. 1100 K, depending on the

metals used). In order to obtain low europium concentrations, samples of Sr:Eu with 0.5

mol% were prepared first and then diluted in order to reach the desired concentrations. Then,

the alloys were hydrogenated in a hydrogen resistant autoclave (Inconel 718) at approx. 750

K and 100 bar H2-pressure for 2-3 days (H2 Praxair 99.8%, D2 Praxair 99.8%). These samples

contained no or only small amounts of the binary hydrides. Large amounts of europium-free

LiMH3 and LiMD3 (M = Sr, Ba) samples for inelastic neutron scattering experiments were

prepared from the binary hydrides (MH2 had been obtained by hydrogenation of the metal

before; starting materials LiH abcr 99.0 %, LiD abcr, 99,4%, barium Chempur, 99.3 %,

strontium, Chempur, 99.0 %). The binary hydrides were mixed and heated in a hydrogen

resistant autoclave (Inconel 718) at approx. 850 K and 20-40 bar for 2-5 days. Some of

these samples contained more than 25% of the binary hydrides (compositions of the samples

are given in the Supporting Information, Table 2). As large amounts of samples are needed

for inelastic neutron scattering, the first synthesis approach was not suitable here and the

presence of unreacted binary hydrides could not be avoided completely. Due to moisture

sensitivity, all starting materials and products were handled in an argon-filled glovebox.

X-ray diffraction

Laboratory XRPD data of the samples used for inelastic neutron scattering (INS) were col-

lected on a Huber G670 diffractometer with Guinier geometry at T = 297(2) K with CuKα1
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radiation. Laboratory XRPD data of the samples used for photoluminescence measure-

ments were collected on a STOE Stadi P powder diffractometer (Stoe & Cie GmbH) with

CuKα1 radiation (Ge(111) monochromator) and Dectris Mythen DCS 1K Detector. For

both cases, flat transmission samples with Apiezon grease between two Kapton foils were

used. Crystal structures were refined using the program TOPAS [TOPAS version 5; Bruker

AXS, www.bruker-axs.com.]. Refined lattice parameters and the amount of residual binary

hydride (deuteride) are given in the Supporting Information, Table 2.

Photoluminescence measurements

Photoluminescence spectra were recorded on a set-up constructed in-house with a tunable

optical parametric oscillator pumped by a Nd:YAG laser (Ekspla NT342B-SH with 6 ns

pulse length) as excitation source, a Jobin-Yvon HR250 monochromator, and a PI-Max

ICCD camera for detection. Samples (enclosed in silica tubes of about 5 mm diameter) were

placed in a closed-cycle helium cryostat (Janis CTI-Cryogenics Model CCS-150, together

with a LakeShore temperature controller) and attached to the sample holder using high

purity silver paint and copper sheets. Decay curves were recorded using a Jobin-Yvon HR250

monochromator and a photomultiplier tube.

Inelastic neutron scattering (INS)

Inelastic neutron scattering experiments were carried out at the high resolution broad band

spectrometer TOSCA (indirect geometry time-of-flight spectrometer)44,45 at the ISIS Facility

at 20 K. The signal was collected by detector banks in forward and backward scattering and

for data analysis, the arithmetical average of those was used. To minimize the background,

short-time high energy neutrons and the Γ-flash were removed by a Nimonic chopper. Addi-

tionally, the tail-cutter of the chopper also removes low energy neutrons in order to prevent

frame overlap. The beam size of the instrument is about 4 x 4 cm. Samples were loaded

into indium-wire sealed, flat-plate aluminum cans in an argon-filled glove box. Since MH2
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and MD2 (M = Sr, Ba) were present in the corresponding samples, spectra of the binary

hydrides were taken from the literature46,47 for subtraction or comparison.

Density functional calculations

Density functional calculations were carried out using the Vienna Ab initio Simulation Pack-

age,48–50 Version 5.4.1 together with PAWs.51,52 The Perdew-Burke-Ernzerhof (PBE) gener-

alized gradient approximation (GGA)53 was used to evaluate the exchange and correlation

energies. PAW potentials with the valence electrons 5s25p66s2 for Ba and 4s24p65s2 for Sr

atoms were used. In order to guarantee the reliability of the results, an optimization of

the cutoff energies as well as the k-point meshes were carried out. For lithium strontium

and lithium barium hydride, convergence for the total energy was obtained with a 9x9x9

Monkhorst-Pack grid centered at the Γ-point, resulting in 35k-points in the first irreducible

Brillouin zone, and a plane-wave expansion cut-off of 1000.0 eV. Lattice parameters and

atomic positions were optimized by the minimization of the Hellman-Feynman forces using

a quasi-Newton algorithm. Criteria of 10−6 eV per Ångström and 10−9 eV were adopted for

the convergence of the total energy and Hellman-Feynman forces, respectively. All performed

calculations were non spin-polarized, since the compounds are known to be non-magnetic.

Phonon dispersion curves were calculated with the PHONOPY code54 using the density

functional perturbation theory (DFPT).

Results

Vibronic transitions

Theoretical considerations

Electron-phonon interactions can give rise to vibronic transitions, which are optical transi-

tions that simultaneously show a change in the electronic state and the vibrational state of
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the system.19 For weak electron-phonon interactions, rather sharp lines can be observed,10

whereas a strong electron-phonon interaction yields broad bands and the influence of phonons

also shows a temperature-dependence.35

For a transition between two electronic states Ψ(electronic ground state, n) and Ψ(electronic excited state, n’)

with different initial and final vibrational states, the matrix element is given as follows:

〈Ψ(electronic ground state, n)|~µ|Ψ(electronic excited state, n’)〉 (1)

with the transition electric dipole operator ~µ.19 The optical transition can consist of a number

of vibronic transitions for the vibrational states n’-n. However, in the present study we

consider the case of low temperature, where we assume that only the lowest vibrational level

of the initial electronic state will be occupied. As a consequence, we only need to consider

transitions between the vibrational states 0-n. The 0-0 transition is the zero phonon line,

ZPL.

A symmetry analysis for the inverse cubic perovskite structure of LiMH3 (M = Sr, Ba)

in space group type Pm3̄m (corresponding to point group Oh in Schönflies notation) yields

one acoustic mode of the irreducible representation T1u and four optical modes,55–58 which

are all triply degenerate. Three of the optical modes belong to the IR active representation

T1u, while one mode is hyper-Raman-active and belongs to the representation T2u. The

representations Γ of the acoustic and optical modes are given by:

Γacoustic = T1u (2)

Γoptic = T2u + 3T1u (3)

Since we can expect Eu2+ to occupy the strontium or barium site 1b, its surrounding

consists of a cuboctahedron and consequently, the lowest lying 5d1 level will be the two-fold-
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degenerate 2Eg state. To determine if an optical transition is electric-dipole-allowed, the

matrix element from Eq.1 can be evaluated as a product of irreducible representations with

~µ transforming as T1u.
19,59 Since in our case the Eu2+ 4f7 - 5d1 transition is parity allowed,

we can assume that this product contains A1g:

[Γelectronic ground state × T1u × Γelectronic excited state] ⊃ A1g (4)

The matrix element of a vibronic transition that couples with phonons belonging to the

representation T1u corresponds to the product:

[Γelectronic ground state × T1u × T1u × Γelectronic excited state × T1u ] (5)

and since

[T1u × T1u] ⊃ A1g (6)

we conclude that the product in Eq. 5 contains A1g and therefore, the vibronic transition is

allowed.

If we repeat this procedure for the hyper-Raman mode that belongs to the representation

T2u, we find that a transition involving a coupling of the electronic transition and the hyper-

Raman mode belonging to T2u is forbidden. In the photoluminescence spectra of the Eu2+-

doped perovskites showing the electric dipole 4f7 (8S7/2) - 4f65d1 (eg) transition , we therefore

expect to only observe a coupling of the electronic transition with the IR-active modes of

the representation T1u.

Photoluminescence emission spectra

As already reported in previous results,24 for M = Sr, the inverse perovskites LiMH3:Eu2+

and LiMD3:Eu2+ show an intense broad band emission in the yellow, whereas the barium
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compounds emit in the green. Below approximately 80 K, a vibrational fine structure starts

to appear, which becomes very well resolved at low temperature. Decay times were in the

range of those reported in literature24 or slightly longer, which is probably due to the low

europium concentrations. In Fig.2, the emission spectra at 20 K under laser excitation at

350 nm are shown.

Figure 2: Photoluminescence emission spectra of Eu2+ (0.005%) in LiMH3 and LiMD3 (M
= Sr, Ba) at 20 K. λex = 350 nm.

Doped with only 0.005 % Eu2+, all compounds show more resolved vibrational fine struc-

tures than observed in previous results with higher doping levels,24 and the resolution is

especially good for M = Sr. As observed before, the vibronic fine structures are more pro-

nounced for the hydrides than the deuterides. To determine the phonon energies, the energy

of the zero phonon line was subtracted from the spectra. The energies of the vibronic lines

are listed in Table 1 and a pictorial assignment is shown for LiSrH3:Eu2+ in Fig.3.

The well-resolved vibronic pattern shows a coupling with at least three vibrations. For

LiSrH3:Eu2+, three lines separated by about 100 cm−1 are repeated at about 370 cm−1.

The 100 cm−1 line is not affected by replacing hydride by deuteride. Upon substitution of

hydrogen by deuterium, we expect vibration frequencies to decrease by the square root of

the reduced mass ratio, e.g. approximately square-root of two, if hydrogen or deuterium

atoms are strongly involved in these modes. We therefore conclude that mainly the metal

atoms contribute to the mode. At approximately 960 cm−1, another strong line is observed,
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which shows replicas separated by approximately 100 cm−1. Additionally, overtones involving

further combinations of the modes are found. We have labeled the lines using the notation

νx−y−z, where x, y and z stand for the number of vibrations involved in the 100 cm−1 (x),

370 cm−1 (y), and 960 cm−1 mode. Based on our considerations regarding the allowed

coupling of modes to the electronic transition in Section Vibronic Transitions - Theoretical

Considerations, we assume that the 370 and 960 cm−1 mode belong to the optical T1u

representations. A comparison with vibrational spectra in the literature58 suggests that one

additional mode belonging to one of the optical T1u representation should be found around

1100 cm−1. However, in this spectral region several lines from different overtones coincide,

so that it is difficult to correctly assign the fourth allowed vibration. Thus, we limited the

assignment to the vibrational couplings we believe that can be safely identified. We repeated

the assignment for LiSrD3:Eu2+ as well as the barium compounds. In the later, we refrained

from assigning the higher overtones, since the spectra are less well resolved.

Figure 3: Photoluminescence emission spectrum of Eu2+ (0.005%) in LiSrH3 at 20 K. λex =
350 nm. Energies ∆E are given with respect to the zero phonon line.
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Table 1: Vibronic transitions in the photoluminescence emission spectra at 20
K for the Eu2+ transition 4f65d1-4f7(8S7/2) in LiMH3 and LiMD3 (M = Sr, Ba)
(Eu2+ 0.005 %). Energies are given with respect to their zero phonon lines.
Assignments in LiSrH3 were made based on very well-resolved spectra, whereas
the spectra for M = Ba are less well resolved, so that larger errors in the correct
assignment may be expected.

Line LiSrH3 [cm−1] LiSrD3 [cm−1] LiBaH3 [cm−1] LiBaD3 [cm−1]
ν1−0−0 105 105 92 92
ν2−0−0 200 200 183 183
ν0−1−0 367 258 340 270
ν1−1−0 468 351 430 366
ν2−1−0 568 440 530 450
ν0−2−0 735 518 715 560
ν1−2−0 835 618 - -
ν0−0−1 956 690 890 630
ν1−0−1 1060 788 990 719
ν2−0−1 1170 894 1080 815
ν0−1−1 1320 950 1226 -
ν1−1−1 1418 1040 - -
ν2−1−1 1515 1127 - -
ν0−2−1 1683 1200 - -
ν0−0−2 1902 1380 - -
ν1−0−2 2000 - - -

Inelastic Neutron Scattering

In contrast to the vibrational coupling in the electronic spectra, no selection rules hold for

inelastic neutron scattering and INS is also not restricted to the center of the Brillouin

zone. Because of the large incoherent neutron scattering cross section of hydrogen, it is an

especially powerful tool for studying hydrides. According to Ref. 60, the incoherent neutron

scattering cross sections for 1H, 2D, natLi, natSr, and natBa are 80.27(6), 2.05(3), 0.92(3),

0.06(11), and 0.15(11) barn. However, since the cross section for 1H is so much larger than

the other elements involved, vibrations involving a high degree of hydrogen motion in the

spectra will lead to enhanced signals, which can act as an effective selection rule.61 Small

amounts of 1H impurities in 2D2 might also have a large influence on the spectral properties.

12
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Furthermore, in INS multiple scattering processes (overtones and combinations) involving

two or more 1-0 transitions are allowed and may also be observed.

In Fig. 4, the INS spectrum of LiSrH3 is displayed. Since the samples contained SrH2 (as

detected by PXRD, see Supporting Information), the spectrum of SrH2 was subtracted from

the measured data.

The frequency distribution measured for LiSrH3 shows vibrational modes at approxi-

mately 100 cm−1, 360 cm−1, 560 cm−1, 650 cm−1, 970 cm−1, and 1160 cm−1. The modes at

100 cm−1, 360 cm−1, and 970 cm−1 are in very good agreement with the data obtained from

the analysis of the vibrational coupling to the Eu2+ 4f-5d transition and can be assigned to

the modes ν1−0−0, ν0−1−0, and ν0−0−1, where ν0−1−0, and ν0−0−1 are optical modes belonging

to the representation T1u. The mode at 560 cm−1 can be assigned to the replica ν2−1−0.

Furthermore, the mode at 1160 cm−1 is assigned to a further optical mode of the repre-

sentation T1u, which cannot be clearly identified in the photoluminescence spectrum due

to overlaying replicas. Consequently, we assign the mode at 650 cm−1 to the optical mode

of the representation T2u with Hyper-Raman-activity, which cannot couple to the electric

dipole transition of Eu2+.

Figure 4: Frequency distributions for LiSrH3 as measured and LiSrH3 after subtracting the
spectra of SrH2 and LiH. Recorded at TOSCA at 20 K.

We also studied LiBaH3 and LiBaD3 by means of inelastic neutron scattering (data are

given in the Supporting Information Figure 1). For both compounds, a mode at 90 cm−1 is
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found, which is in good agreement with the optical spectra. Furthermore, the ν0−1−0 mode

can be assigned at 340 cm−1 for the hydride and 300 cm−1 for the deuteride. For LiBaH3,

also the ν0−0−1 is observed at ∼890 cm−1. However, the quality of the data is not as good

as in case of the strontium compound.

Density Functional Calculations

For further clarifications, we also carried out first-principle calculations using a super cell

approach as described in Section Experimental Details - density functional calculations. The

equilibrium lattice constants determined from Birch-Murnaghan fourth-order equation of

states (EOS) and the corresponding mechanical properties (bulk, shear and Young’s moduli)

are summarized in Table 2. Results are in good agreement with experiment and other

theoretical work.62,63

Table 2: Calculated structural and elastic parameters of BaLiH3, BaLiD3, SrLiH3,
SrLiD3 at zero pressure.

a0 (Å) B (GPa) 1 G (GPa) 2 E (GPa) 3 ν 4

BaLiH3

Present paper 4.020 37.59 39.30 87.43 0.112
mBJ & GGA63 4.005 37.536 38.924 0.115

GGA62 3.989 37.83 39.99 87.48 0.093

Experimental 4.026
BaLiD3

Present paper 4.020 37.25 39.33 87.27 0.109

Experimental 4.008
SrLiH3

Present paper 3.808 42.68 46.11 101.70 0.103
mBJ & GGA63 3.81 42.970 46.019 0.100

GGA62 3.788 34.15 47.14 103.44 0.096

Experimental 3.835
SrLiD3

Present paper 3.808 42.47 46.12 101.59 0.101

Experimental 3.818
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1 Bulk, 2 Shear and 3 Youngs modulus; and 4Poisson’s ratio

Figs. 5 and 6 show the dispersion and the phonon density of states (phonon DOS) of

LiSrH3 and LiSrD3. For both the hydride and the deuteride, a low energy acoustic branch is

observed, which appears at ∼110 cm−1 (0 cm−1 at the Γ-point). This is in good agreement

with the mode found in the inelastic neutron scattering data (100 cm−1). At 360 cm−1,

another intense mode can be found in the calculated LiSrH3 spectra and assigned to the

T1u optical representation. This is also in good agreement with the mode found for the

vibrational coupling to the Eu2+ electronic transition (367 cm−1) and the mode found in

the INS spectra (360 cm−1). In the calculated phonon DOS for the deuteride LiSrD3, the

agreement with the vibronic coupling of this mode is not as good as in case of the hydride;

the calculated mode around 310 cm−1 seems to correspond to the ν0−1−0 mode found at 260

cm−1 in the experimental data. In the calculated spectra, this corresponds to a decrease in

energy of about 13 % from hydride to deuteride. Further modes can be found at ∼620 cm−1,

∼730 cm−1, ∼920 cm−1 and ∼1160 cm−1 in calculated spectra of LiSrH3. The mode at 620

cm−1 likely corresponds to the mode observed at 650 cm−1 by INS. Modes at 920 and 1160

cm−1 are likely to correspond to the 970 and 1160 cm−1 modes found by photoluminescence

and INS measurements.
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Figure 5: Phonon dispersion and density of states of LiSrH3 as calculated by using the VASP
package.
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Figure 6: Phonon dispersion and density of states of LiSrD3 as calculated by using the VASP
package.

Comparison of the calculated spectra of the hydride LiSrH3 and LiSrD3 (Fig. 7) shows

an approximate ratio of
√

2 for the higher energy modes, which is expected for optical
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Figure 7: Comparison of the phonon densities of states of the hydride LiSrH3 and the
deuteride LiSrD3 as calculated by using the VASP package.

The corresponding phonon distributions and phonon densities of states for the barium

compounds are shown in the Supporting Information (Supporting Information Figures 2-4).

Furthermore, the partial phonons DOS for LiBaH3 (a), LiBaD3 (b), LiSrH3 (c), and LiSrD3

(d) are shown in Fig. 8. As expected, the heavy atoms barium and strontium have their

quasi-global contribution to the acoustical region, whereas the contributions of lithium and

hydride are found in the optical region. For deuterides, the lithium vibrations seem to be

more spread to higher optical phonon frequencies.
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Figure 8: Comparison of the partial phonon densities of states for LiBaH3 (a), LiBaD3 (b),
LiSrH3 (c), and LiSrD3 (d) as calculated by using the VASP package.

Discussion

In order to summarize the results obtained by different methods, a comparison of the values

and the assignment of the fundamental modes found in the photoluminescence spectra, the

inelastic neutron spectra and the density functional calculations is given in Table 3. While

the vibrational modes are clearly resolved in the photoluminescence spectra for the strontium

compounds, the resolutions is less good for the barium compounds. Thus, the assignment of

the modes for the barium compounds can be expected to be less exact.
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Table 3: Comparison of the fundamental modes found in the photoluminescence
(PL) emission spectra at 20 K for the Eu2+ transition 4f65d1-4f7(8S7/2), the in-
elastic neutron spectra and the density functional calculations given in [cm−1].

PL INS DFT

LiSrH3

T1u acoustic 105 100 110
T1u optic 367 360 360
T2u optic - 650 620
T1u optic 956 970 920
T1u optic - 1160 1160

LiSrD3

T1u acoustic 105 (-) 110
T1u optic 258 (-) 310
T2u optic - (-) 460
T1u optic 690 (-) 660
T1u optic - (-) 820

LiBaH3

T1u acoustic 92 90 90
T1u optic 340 340 330
T2u optic - 650 650
T1u optic 890 890 890
T1u optic - 950 930

LiBaD3

T1u acoustic 92 90 90
T1u optic 270 300 330
T2u optic - 450 440
T1u optic 630 620 625
T1u optic - 670 650

As already mentioned in Section Results - Photoluminescence spectra, comparison of

the vibrations in the different compounds show that the mode ν1−0−0 and its replicas do

not show any decrease by a factor of
√

2 upon replacing hydride by deuteride. We explain

this observation by the fact that acoustic modes will be less affected by isotopic effects than

optical modes,64 because the isotopic shift will be proportional to the total mass of all the ions

in the unit cell since they all participate in the mode, thus deuteration will have a negligible

effect on the transition energy. However, there is a significant change in the intensity of the
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zero phonon line when hydrides and deuterides are compared. Moreover, the 100 cm−1 mode

in the photoluminescence spectra seems to correspond to an acoustic mode, even though it

is unexpected to observe it in the optical spectra. The nature of these transitions remains

unclear. For the higher energy modes ν0−1−0, ν0−0−1 and their replicas, a decrease by a factor

of
√

2 upon replacing hydride by deuteride can be approximately observed. For example, in

the optical spectra we find about 370 cm−1 for ν0−1−0 in LiSrH3:Eu2+ and only ∼260 cm−1

in the corresponding deuterides. In the optical spectra of the barium compound, the ν0−1−0

mode can be found at 340 cm−1 for the hydride and ∼270 cm−1 for the deuteride. For the

third mode ν0−0−1, ∼960 cm−1 are found in LiSrH3:Eu2+ and 690 cm−1 for LiSrD3:Eu2+.

In the barium compound, ν0−0−1 appears at 890 cm−1 in the hydride and 630 cm−1 in the

deuteride. In conclusion, we assign the optical mode in LiSrH3 at 370 cm−1, which can also

be observed both in INS and photoluminescence data, to a Sr-(LiH3)-stretch mode (T1u)

and the mode at 1160 cm−1, which could only clearly be identified in the INS data, to a

Li-H-stretch mode (T1u). Both assignments are in good agreement with literature data for

cubic perovskites.57,58 For the two remaining modes at 650 (only observed in the INS, not the

optical spectra) and 970 cm−1, which both correspond to Li-H-bending modes, we propose a

different assignment. In contrast to earlier suggestions58 and based on the selection rules for

the coupling of vibrational modes to the electric dipole 4f-5d transition of Eu2+, we suggest

to assign the mode at 650 cm−1 to the T2u representation and the mode at 970 cm−1 to T1u.

The assignment in the deuteride and the barium compounds can be carried out accordingly,

however, the resolution of the optical spectra is not as good as for the strontium compounds

and also the quality of our inelastic neutron scattering data is lower. The low energy modes

assigned to acoustic modes do not show any decrease by a factor of
√

2 upon replacing

hydride by deuteride, while the modes assigned to optical modes do.

Information on the vibrational modes can also be interesting for the understanding of the

optical thermal stabilities of the compounds. A comparison of the luminescence quenching

temperatures for the different perovskites27 obtained from luminescence emission lifetime
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measurements yielded luminescence quenching temperatures (T50%) of 165 K for LiSrH3, 175

K for LiSrD3, 210 K for LiBaH3 and 230 K for LiBaD3. From the luminescence quenching

temperatures (T50%), it is possible to estimate the energy barrier ∆E for thermal quenching

(difference between the relaxed lowest d-states and the conduction band) using the simple

equation:37

∆E =
T50%

680
[eV ] (7)

The phonon energies are directly related to the photoionization behavior, since thermal

quenching in such systems follows an Arrhenius relation, where the temperature dependence

of the luminescence emission intensity is given as follows:27,37

I(T ) =
I(0)

1 + Γ0

Γν
exp(−∆E

kB T
)

(8)

(Boltzmann’s constant kB, energy barrier for thermal quenching ∆ E, radiative decay rate

of the Eu2+ 5d states Γν , attempt rate for thermal quenching Γ0). It is well-known that the

attempt rate has a similar magnitude as the maximum phonon frequency.38 Consequently,

the observed higher phonon energies in hydrides are responsible for the observed slightly

faster thermal quenching in hydrides. The situation is less clear for the substitution of

strontium with barium. It may be suggested that the slightly higher phonon frequencies in

the strontium compounds also play a role, however, the different sizes of the band gaps or

the different position of the conduction bad, respectively, may have a larger impact.

Conclusions

In summary, the combination of highly well-resolved vibrational fine structures in the Eu2+

5d-4f luminescence emission, especially for LiSrH3:Eu2+, inelastic neutron scattering ex-

periments and density functional calculations allowed the assignment of several vibrational
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modes and we observed a decrease in the energies of the optic modes upon replacing hydride

by deuteride. Since substitution of hydride by deuteride leads to a doubling of the anion

mass, hydrides are ideal candidates for such studies and the results show that the combi-

nation of resolved fine structures in rare earth doped samples showing photoluminescence

and INS, as well as calculations, represent a powerful tool for the investigation of lattice

phonons in ionic hydrides. It is also possible to directly relate the photoionization behavior

to the changes in the vibrational frequencies which result from the substitution of hydride

by deuteride. To gain a better overview, it may be worthwhile to extend the combination of

studies using inelastic neutron scattering as well as the determination of optical properties,

such a the luminescence quenching temperature, to other hydride and deuteride containing

host materials as well as other materials with polarizable anions, such as nitrides, in the

future.
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and densities of states for LiBaH3 and LiBaD3:
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Table S1: Wyckoff sites for the inverse cubic perovskite structure type of LiMH3

or LiMD3 (M = Sr, Ba), space group Pm3̄m.

site site sym. atom x y z occ.

1a m3̄m Li 0 0 0 1
1b m3̄m M 1/2 1/2 1/2 1
3d m3̄m H/D 1/2 0 0 1
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Table S2: Refined lattice parameters and interatomic distances (in pm) in
LiMH3:Eu2+ and LiMD3:Eu2+, Eu2+ 0.005% or 0%, respectively (M = Sr, Ba),
space group Pm3̄m, X-ray data were collected on a STOE Stadi P powder diffrac-
tometer (Stoe & Cie GmbH) with CuKα1 radiation or a Huber G670 diffrac-
tometer with Guinier geometry at T = 297(2) K with CuKα1 radiation, as well
as amount of side product MH2 or MD2 in w%. Estimated standard deviations
provided by the program TOPAS are given in parenthesis. Calculated values for
comparison (Vienna Ab Initio Program Package).

LiSrH3:Eu2+ (0.005 mol%) a = 383.461(2)
Eu/Sr – H 271.148(2)

Li – H 191.731(2) SrH2 0 w%
LiSrD3:Eu2+ (0.005 mol%) a = 381.765(2)
Eu/Sr – D 269.948(2)

Li – D 190.882(2) SrD2 0 w%
LiBaH3:Eu2+ (0.005 mol%) a = 402.526(7)
Eu/Ba – H 284.629(4)

Li – H 201.263(4) BaH2 8.8(9) w%
LiBaD3:Eu2+ (0.005 mol%) a = 400.870(2)
Eu/Ba – D 283.458(2)

Li – D 200.435(2) BaD2 0 w%
LiSrH3 a = 382.475(17)

Sr – H 270.451(12)
Li – H 191.238(9) SrH2 25.2 w%

LiBaH3 a = 401.370(3)
Ba – H 283.811(2)
Li – H 200.069(2) BaH2 27.6 w%

LiBaD3 a = 400.840(4)
Ba – D 283.437(3)
Li – D 200.420(2) BaD2 48.2 w%

Calculated values (VASP)

LiSrH3 a = 380.8
Sr – H 269.3
Li – H 190.4

LiSrD3 a = 380.8
Sr – D 269.3
Li – D 190.4

LiBaH3 a = 402.0
Ba – H 284.3
Li – H 201.0

LiBaD3 a = 402.0
Ba – D 284.3
Li – D 201.0
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Figure S1: Frequency distributions for LiBaH3 and LiBaD3 as measured and BaH2 for com-
parison. Recorded at TOSCA at 20 K.
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Figure S2: Phonon dispersion and density of states of LiBaH3 as calculated by using the
VASP program package.
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Figure S3: Phonon dispersion and density of states of LiBaD3 as calculated by using the
VASP program package.
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Figure S4: Comparison of the phonon densities of states of the hydride LiBaH3 and the
deuteride LiBaD3 as calculated by using the VASP program package.
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