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Abstract: The luminescence properties of BaMgF, ceramics synthesized using electron
beam-assisted synthesis were investigated under vacuum ultraviolet (VUV) synchrotron
excitation at a cryogenic temperature of T = 9 K. Their excitation spectra, measured over
the 4-10.8 eV range, and corresponding luminescence spectra revealed a complex multi-
component structure with emission maxima at 3.71, 3.55, 3.33, 3, and ~2.8 eV. The primary
luminescence band at 330 nm was attributed to self-trapped excitons (STE) excited near the
band edge (9.3-9.7 eV), indicating interband transitions and subsequent excitonic relaxation.
Bands at 3 and ~2.8 eV were associated with defect states efficiently excited at 6.45 eV,
8 eV and high-energy transitions near 10.3 eV. The excitation spectrum showed distinct
maxima at 5, 6.45, and 8 eV, which were interpreted as excitations of defect-related states.
These results highlight the interplay between interband transitions, excitonic processes,
and defect-related luminescence, which defines the complex dynamics of BaMgF, ceramics.
These findings confirm that radiation synthesis introduces defect centers influencing lumi-
nescent properties, making BaMgF, a promising material for VUV and UV applications.

Keywords: barium magnesium fluoride; ceramics; VUV excitation

1. Introduction

BaMgF, (barium magnesium fluoride) crystals represent a promising material with
a wide range of applications. BaMgF, exhibits excellent transparency and high radiation
resistance across the ultraviolet/vacuum ultraviolet (UV/VUYV) to infrared (IR) range.
Furthermore, these crystals can undergo periodic poling (PP) to facilitate second harmonic
generation (SHG) using quasi-phase-matching (QPM) techniques [1]. Due to their nonlinear
optical effects, BaMgF, crystals are emerging as promising candidates for tunable laser
materials [2].

BaMgF, has garnered significant interest in the field of multiferroics—materials that
exhibit both ferroelectric and ferromagnetic properties [3,4]. Nd**-doped BaMgFy is a
ferroelectric material with exceptional transparency, making it a potential candidate for
optical devices operating in the UV/VUV and mid-IR spectral ranges [5]. While there has
been some research on the optical properties of BaMgF, doped with divalent and trivalent
europium ions, these studies have predominantly focused on thin films or glass substrates,
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with limited investigations into luminescent or upconversion properties [6,7]. The work
in [8] extends the study of upconversion properties in BaMgF4:Yb%* and Er®* phosphors,
demonstrating a flexible approach to tuning the emission color from green to red.

Among various ferroelectric fluoride crystals, BaMgF, stands out due to its trans-
parency in the deep ultraviolet range. Studies [9] have explored its properties for use in
UV and VUV nonlinear optical applications. However, its transparency decreases as the
wavelength approaches the cutoff around 130 nm, which is attributed to the presence of
scattering centers.

BaMgF, crystals are known for their wide bandgap and ultrafast valence emission
in the 190-220 nm range [10]. There is growing interest in Ce>*-doped crystals, especially
for use in visible-range scintillators and tunable UV lasers [11]. Single crystals of BaMgFy
exhibit intense luminescence with a peak near 205 nm when exposed to X-rays, with an
absolute light yield of 1300 photons/MeV and a bi-exponential decay with lifetimes of
0.57 £ 0.01 ns (70%) and 2.27 & 0.31 ns (30%) at room temperature [12].

The authors of [13] investigated the spectral-luminescent properties of Nd**-doped
BaMgF, using synchrotron radiation in the VUV range. BaMgF, serves as an excellent
matrix for rapid and efficient 5d—4f luminescence of Nd3* ions without suffering from
thermal quenching of luminescence over the 8-300 K temperature range.

In [14], the luminescence of SrMgF, single crystals was studied under synchrotron
radiation excitation in the VUV region. SrMgF,4, which shares a typical fluoride crystal
structure, demonstrated that lattice defects play a key role in these luminescence processes.
Luminescence bands in the 1.8-2.6 eV and 4.2-5.5 eV regions were linked to the relaxation
of excited states associated with these defects.

The potential of metal fluoride crystals in advanced optical applications was further
emphasized by an important study, which successfully grew BaMgF, crystals and con-
ducted detailed investigations of their crystal optical properties [15-27]. The wide variety
of applications for luminescent materials based on metal fluorides has necessitated the
development of various synthesis technologies. The synthesis of BaMgF, with activators is
a complex process requiring precise control of various parameters and temperature. The
challenges in synthesizing metal fluorides are primarily due to the unique properties of
fluorine. As such, the synthesis of metal fluorides involves a complex technological chain
of operations performed at high temperatures.

In our work, we synthesized BaMgF, ceramics using a radiation-assisted method,
employing a powerful electron beam [28-30]. Radiation synthesis occurs without the use
of additives or additional treatments. Compared to other methods, this technique does not
require additional precursors. We studied the electronic excitations and luminescence of the
synthesized BaMgF, ceramics under synchrotron radiation excitation in the VUV region.

The main goal of this work was to investigate the luminescence of intrinsic defects
under vacuum ultraviolet (VUV) synchrotron excitation. This study focused on understand-
ing the luminescence mechanisms associated with deep electronic transitions and defect
states that are often inaccessible with conventional excitation sources, as they play a critical
role in the optical and electronic properties of materials. The results of this investigation
will provide valuable insights into the behavior of intrinsic defects in the material and their
influence on overall luminescent performance.

2. Materials and Methods

BaMgF, ceramics were synthesized using a novel technique called electron beam-
assisted synthesis (EBAS), an advanced method for producing refractory and intricate
compounds. To synthesize BaMgF, ceramics, high-grade barium fluoride (BaF;) and
magnesium fluoride (MgF,) with 4N purity, provided by Hebei Suoyi New Material
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Technology Co., Ltd. (Handan, China), were utilized as raw materials. These ingredients
were accurately weighed in the stoichiometric proportions of 73.84% BaF,; and 26.16%
MgF;. They were thoroughly mixed in an alumina ball mill to achieve a uniform blend,
ensuring even distribution of materials for the ensuing sintering phase.

The synthesis process involved the direct irradiation of the prepared mix using an
electron beam with an energy of 1.3 MeV and a power density of 45 W/cm? for 180
min, employing the ELV-4 accelerator at the Nuclear Technology Park of L.N. Gumilyov
Eurasian National University. Post irradiation, ceramic samples were cooled down to
ambient temperature.

Characterization of the synthesized materials was performed using X-ray diffraction
(XRD) with a Bruker D6 PHASER, and morphological and elemental analyses were executed
using a Tabletop Microscope TM4000Plus II (Hitachi, Tokyo, Japan) equipped with energy-
dispersive X-ray spectroscopy (EDS).

Luminescence experiments were conducted at the Superlumi/P66 beamline at DESY’s
PETRA III synchrotron facility in Hamburg, Germany, as noted in reference [31]. The syn-
chrotron radiation used provided high-intensity, adjustable excitation across the necessary
spectral range, with accurate wavelength selection achieved via a 2 m monochromator with
a spectral resolution of 4 A. This setup precisely excited luminescent states in the ceramic
samples. The luminescence apparatus at DESY has been extremely effective for researchers
focusing on the VUV spectral range [32-35].

Measurements were conducted with a 0.3 m Kymera 328i monochromator (Oxford
Instruments Andor Ltd., Bristol, UK) featuring an F/4.1 aperture, covering a spectral range
of 200-1200 nm, and offering a spectral resolution of 0.4 nm. A Newton 920 CCD camera
(Oxford Instruments Andor Ltd., Bristol, UK) ensured highly sensitive detection across
a broad spectral range, while a Hamamatsu R6358 photomultiplier tube (Hamamatsu
Photonics, Japan) enabled efficient photon counting, particularly in the ultraviolet range.
For luminescence measurements, ceramic samples were carefully cleaved into smaller
pieces with smooth surfaces. All measurements were conducted at a cryogenic temperature
of 9 K using a helium-cooled cryostat to minimize thermal noise and non-radiative losses.
Excitation spectra were calibrated against the sodium salicylate signal, ensuring accurate
and reliable data collection across the entire spectral range.

3. Experimental Results and Discussion
3.1. SEM, EDS, and XRD Analysis

After synthesis, investigations of morphology, energy-dispersive spectroscopy (EDS)
(Figure 1), and X-ray diffraction (XRD) (Figure 2) were conducted. In Figure 1a, obtained
using scanning electron microscopy (SEM) at a magnification of 3000 x (Figure 1a), the
microstructure of BaMgF, ceramics is revealed. The image displays a porous structure,
where dark regions likely correspond to porous or lower-density areas of the material,
while brighter regions represent denser areas. The formation of such a structure may be
attributed to the impact of high-energy electrons, which cause localized changes in material
density, leading to the generation of pores and microcracks. These microstructural features
could also result from the rapid synthesis process, where the formation of dense grains
coexists with areas of lower density.

Pore sizes in BaMgF, ceramics observed in the SEM image ranged from approximately
0.5 to 1 pm. These pores may serve as evidence of fluorine ionization processes or the
volatilization of lightweight fluorine compounds under electron beam irradiation. High-
energy electrons are capable of displacing light fluorine atoms from the lattice, thereby
leading to the formation of defects and voids in the material.
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EDS analysis results are presented in Figure 1b,c. The spectrum confirms the presence
of all constituent elements of BaMgF,, specifically Ba, Mg, and F. However, the intensities
of these peaks indicate variations in elemental content, which may suggest inhomogeneous
distribution within the sample or deviations from ideal stoichiometry. These EDS results
highlight a deficiency of fluorine and its uneven distribution in the ceramic structure.
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Figure 1. SEM image (a), EDS spectra (b), and elemental mapping (c) of BaMgF, ceramics.
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Figure 2. XRD pattern of BaMgF, ceramic (black line—measured diffractogram, blue lines—XRD
peak positions, red lines—reference form PDF database).

The observed fluorine deficiency on the ceramic surface can be attributed to multiple
factors: the synthesis, which is completed within approximately one minute, limits the
diffusion and stabilization of fluorine in the lattice; during high-energy electron beam
synthesis, volatile fluorine compounds may form due to the interaction of the electron
beam with the material, resulting in partial fluorine loss; and conducting synthesis in an
air environment facilitates potential reactions between fluorine and atmospheric oxygen,
leading to fluorine volatilization or oxidation processes.

Structural studies of BaMgF, ceramics were conducted using X-ray diffraction (XRD),
as shown in Figure 2. The XRD analysis confirmed the presence of the primary BaMgF,
phase as the dominant component. Phase identification was carried out using the PDF-4+
2019 database, with phase matching performed against reference cards. Specifically, the
database reference card 04-008-2537 was used for the identification of the BaMgF, phase.

Profile parameters were calculated using the B-spline model for background correction,
with considerations for peak asymmetry and broadening factors to ensure accurate data
refinement. The XRD analysis revealed the following structural and crystallographic
parameters for BaMgF, ceramics: the compound crystallizes in the orthorhombic Cmc2;
space group with lattice constants a = 4.14 A, b = 14.56 A, and c = 5.83 A, along with an
interaxial angle of « = 90°. The calculated unit cell volume is 351 A3, and the material’s
density is 4.490 g/cm?, indicating excellent structural consistency.

The crystallite size was 41.4 nm. Phase composition analysis revealed that the BaMgF,
phase constituted 99.31% of the material, confirming its exceptional phase purity and uniformity.
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The BaMgF, phase exhibited an orthorhombic structure, with lattice parameters that
closely approximated a cubic arrangement due to the proportional relationships between
lattice constants and inherent symmetry.

The orientation parameters and crystalline structure, as well as the calculated space
group, demonstrated excellent agreement with theoretical models and previously reported
data for these phases. These results confirmed the successful synthesis of high-purity
BaMgF, ceramics with well-defined structural and physical characteristics.

One of the key novelties of this study was the ability to synthesize BaMgF, on the ELV-4
installation using high-energy electron irradiation at an energy of 1.3 MeV, combined with
a significantly reduced power density of 45 W/cm? and an extended exposure time of 180
min. This approach stands in stark contrast to previously reported conditions [28-30,36-38],
which were carried out on the ELV-6 installation with an energy of 1.4 MeV, a much higher
power density of 20-25 kW /cm?, and an extremely short exposure time of approximately 1 s.
This methodology not only opens new possibilities for controlling the synthesis parameters of
fluoride materials but also establishes the lower limits of conditions under which successful
ceramic formation can occur by this technology.

3.2. Luminescence Study Under VUV Excitation

To investigate the luminescent properties of the synthesized BaMgF, ceramics, studies
were conducted in the ultraviolet (UV) to vacuum ultraviolet (VUV) regions, covering
an excitation energy range from 4 to 10.8 eV. Results are presented as a 3D mapping
of luminescent characteristics at a temperature of T = 9 K (Figure 3). This study of the
luminescent properties of BaMgF, ceramics at 9 K was primarily driven by the necessity
to minimize phonon scattering and non-radiative losses, which can obscure the intrinsic
luminescent properties of the material. At cryogenic temperatures, relaxation mechanisms
such as phonon interactions are significantly suppressed, allowing for the precise detection
of luminescence arising from self-trapped excitons (STE) and defect-related states.

In the 3D map (Figure 3) of the central graph, the vertical axis represents the excitation
energy (in eV), while the horizontal axis corresponds to the emission wavelength (in
nanometers). Each colored pixel on the graph indicates the luminescence intensity at a
specific combination of excitation energy and emission wavelength.

At low temperatures, BaMgF, ceramics exhibited strong luminescence over a broad spectral
range from 300 to 550 nm. These photoluminescence (PL) spectra revealed distinct maxima
at emission wavelengths of 336, 372, 420, and 470 nm. The overall trends of the luminescence
intensity as a function of excitation energy were as follows: as the excitation energy increased
from 4 to 10.8 eV, the PL intensity gradually changed across the spectrum. In all cases, the
primary maximum was observed at 336 nm. Notably, with increasing excitation energy, the
intensity at 336 nm increased, while the intensity at 420 nm decreased simultaneously.

At higher excitation energies (9.7-10.3 eV), intense peaks were observed for the emis-
sion wavelength 336 nm (Figure 4). Peaks at 9.7 and 10.3 eV were also present for the
emission wavelength 372 nm, but their intensity was notably lower compared to 336 nm,
indicating less efficient excitation of the centers responsible for this emission.

In the mid-energy range (6.45-8 eV) (Figure 4), the excitation spectrum showed pro-
nounced peaks for emission wavelengths 336 nm and 372 nm, suggesting the excitation of
intermediate states or excitonic levels associated with the interaction between the electron-
hole pair and the crystal lattice. For longer emission wavelengths, such as 420 nm and
470 nm, the intensity in this region was significantly lower, indicating a weaker contribution
of these transitions to emission at longer wavelengths.
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Figure 3. BaMgF, ceramics 3D luminescence/excitation mapping: (a) for the range 4-9 eV, (b) for the
range 9-10.8 eV.
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Figure 4. Excitation spectra of BaMgF, ceramics at T = 9 K for various emission wavelengths: 336 nm,
372 nm, 420 nm, and 470 nm. The inset highlights the energy range from 9 to 4 eV (dashed blue and
red lines Gaussian decomposition components).

These observed features highlight the complex excitation dynamics in BaMgF, ce-
ramics, in which the interplay of excitonic transitions, intermediate states, and possible
defect-related levels leads to distinct luminescent responses at different emission wave-
lengths and excitation energies.

A detailed examination of the luminescence of BaMgF, ceramics under excitation at
different photon energies at T = 9 K revealed a multicomponent emission spectrum structure
dependent on the excitation energy (Figure 5). The luminescence spectra, analyzed using
Gaussian decomposition, showed emission maxima at 3.71, 3.55, 3.33, 3, and ~2.8 eV.

Under excitation at 6.6 eV (Figure 5a), the emission spectrum consisted of several
overlapping bands, with the primary maximum located at 3.33 eV. Additional emission
bands were observed at both higher and lower energies, indicating the involvement of
multiple relaxation mechanisms for the excited states. This suggests the presence of
excitonic transitions and contributions from other states within the crystal lattice.

When the excitation energy increased to 9.7 eV (Figure 5b), the luminescence intensity
significantly increased, reflecting the more efficient excitation of transitions near the band
edge and additional excited states. The dominant emission peak shifted to 3.71 eV, while
spectral components observed under lower excitation energy remained present. Notably,
the low-energy components around 3 eV and 2.81 eV became more pronounced.
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Figure 5. Luminescence spectra of BaMgF, under excitation at 6.6 eV (a) and 9.7 eV (b) (black line
-measured spectra, dashed multicolor lines—Gaussian components).

4. Discussion

In BaMgF, ceramics, excitation mechanisms proceed as follows: when photon energy
hv > Eg (approximately 9.5-10.3 eV), an electron is directly excited from the valence band
to the conduction band. Following this excitation, in ionic crystals with a wide bandgap,
excitons often form. Free excitons migrate through the crystal, facilitating energy transfer,
a process known as energy migration. Additionally, in the ionic matrix, excitons may
undergo self-trapping, localizing at fluorine clusters or lattice defects, forming self-trapped
excitons (STE).

Based on the analysis of the luminescence and excitation spectra across various energy
regions, the luminescence mechanism of BaMgF, ceramics can be described as follows.
The bandgap of BaMgF, was estimated to be approximately 10.3 eV, as determined using
the numerically discrete variational (DV-X«) method, according to [39]. The luminescence
bands with maxima at 330, 370, 420, and 470 nm (3.71, 3.55, 3.33, 3, and ~2.8 eV) are
associated with different mechanisms of excitation and relaxation of excited states.
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The primary luminescence band at 330 nm corresponds to excitonic transitions. Exciton
excitation predominantly occurs near the edge of the fundamental absorption at 9.3 eV,
with a maximum light yield observed at 9.7 eV (Figure 4). This indicates the excitation of
interband transitions and the formation of self-trapped excitons (STE), which subsequently
relax and emit in the ultraviolet region. The luminescence band near 370 nm is attributed
to defects in the crystal lattice, as evidenced by its efficient excitation at 6.7 eV and 8 eV,
as well as by high-energy photons at 10.3 eV. Excitation at energies of 6.45 eV and 8 eV,
according to [40-42], is presumably associated with oxygen-related defect centers. The
synthesis of BaMgF, in an ambient air atmosphere inevitably leads to oxygen incorporation
into the structure, forming defects related to oxygen. These oxygen-related defects play a
crucial role in the luminescence behavior of the material. Emission linked to such defects is
observed at wavelengths of 370 nm and 420 nm, where the primary excitation channels
include direct excitation and energy transfer through exciton migration. Figure 6 presents
an energy diagram of BaMgF, ceramics, illustrating the proposed mechanisms of electronic

excitation relaxation.

N

3.71 eV

’VVV" 3.55-2.8 eV
>

STE A Defect—related centers

bl

f

Figure 6. Energy scheme of excitation and relaxation processes in BaMgF, ceramics.

The increase in emission intensity at 370 nm and 420 nm compared to 330 nm under
these excitation energies suggests a dominant contribution of defect centers in this spectral
range (Figure 5). The primary channel for defect excitation involves energy transfer from
excitons via their migration through the lattice. This assumption is supported by the
varying PL intensities at different excitation energies, where the highest luminescence
output is observed near 10.3 eV, corresponding to exciton formation.

In the excitation spectra of 330 nm and 370 nm, extrema at 9.7 eV and 10.3 eV are
observed. At 9.7 eV, the exciton energy is lower than the energy required for direct electron
transition to the conduction band, as part of the energy is expended to form a bound
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excitonic state [14]. The transition at 10.3 eV may correspond to high-energy excitonic states
or electron-phonon interactions. Alternatively, it could result from interband transitions
between various subzones in the conduction and valence bands.

The possible mechanisms for low-energy photon excitation include defect state excitation
and charge-transfer transitions. In BaMgF,, charge transfer between anions (F~) and cations
(Ba?* or Mg?*) can occur at lower energies, contributing to the observed luminescence.

Thus, the dynamics of excitation and luminescence in BaMgF, ceramics are determined
by the combined contributions of interband transitions, self-trapped excitons, and defect
states, which are characteristic of wide-band fluoride materials.

Future research will focus on the detailed determination of the positions of the lu-
minescence bands identified in this work using a comprehensive approach, including
thermally stimulated luminescence (TSL), electron paramagnetic resonance (EPR), and
first-principles quantum chemical calculations.

5. Conclusions

The novelty of this study lies in the first-time investigation of undoped BaMgF,
ceramics under synchrotron excitation in the vacuum ultraviolet (VUV) region. This ap-
proach highlighted unique luminescent properties driven by intrinsic defects and excitonic
processes, which were previously unexplored for BaMgF, in its undoped form. Using syn-
chrotron radiation provided a tunable, high-intensity excitation source, enabling detailed
analysis of electronic transitions and defect-related states. Additionally, this study used
electron beam synthesis with intrinsic defect centers that significantly affect luminescence,
further distinguishing this study from previous work focusing on doped or alternative
fluoride systems.

This investigation of BaMgF, ceramics revealed a complex interplay between inter-
band transitions, excitonic processes, and defect-related luminescence, defining the mate-
rial’s unique optical properties. The primary luminescence band at 330 nm is attributed
to the formation of self-trapped excitons (STE), excited efficiently near the band edge at
9.3-9.7 eV, indicating strong interband transitions and subsequent excitonic relaxation.
The dominance of this band highlights the significant role of excitonic processes in the
ultraviolet region.

In addition to excitonic luminescence, bands at 370, 420, and 470 nm are associated
with defect states, such as F-centers and their configurations (e.g., F» centers). These defect-
related emissions are effectively excited at 6.45 eV, 8 eV, and through high-energy photons
at 10.3 eV, underscoring the impact of structural and oxygen-related defects introduced
during synthesis. The excitation spectrum further reveals distinct maxima at 5, 6.45, and
8 eV, linked to defect-related absorption processes. These findings suggest that energy
transfer mechanisms, such as exciton migration, play a crucial role in exciting defect states,
contributing to the observed luminescent dynamics.

The use of radiation synthesis through high-energy electron beam irradiation has
proven effective in introducing defect centers into the material. These defects not only
enhance luminescence properties but also broaden the potential applications of BaMgF,
ceramics in UV and VUV optical devices. The controlled introduction of defects offers
a pathway to tuning luminescent properties for specific technological needs, such as
scintillators, lasers, and advanced photonic systems.

Overall, the combined contributions of interband transitions, excitonic relaxation,
and defect-related luminescence establish BaMgF, ceramics as a versatile material with
significant potential for applications in ultraviolet and vacuum ultraviolet spectral regions.
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