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This study successfully grew a series of mixed-valence Eu?t/Eu’* co-activated alkaline-earth fluoride single crystals
(CaF,, SrF,, BaF;, Cag 5Sr( sF,, and the medium-entropy Cag 33519 33Bag 33F;) using the vertical Bridgman method. Dur-
ing the high-temperature growth process, Eu>" undergoes spontaneous reduction to form Eu2*. X-ray photoelectron spec-
troscopy (XPS) confirmed the coexistence of both valence states, and their relative ratio exhibits a strong host-dependence;
for instance, Eu?™ is predominant in SrF;, while Eu3" is dominant in BaF;. Under ultraviolet excitation, all crystals simul-
taneously exhibit the broadband emission of Eu?* (400-550 nm) and the narrow-line emission of Eu3™ (585-710 nm). The
Eu?* emission peak systematically red-shifts from 440 nm in CaF, to 485 nm in BaF, as the host cation radius increases.
Efficient resonant energy transfer from Eu?* to Eu>" is evidenced by spectral overlap and opposing fluorescence lifetime
trends. By controlling the host’s composition, the emission chromaticity of the crystals can be continuously tuned from the
deep-blue of CaF, (0.1720, 0.0382) to the warm-white of BaF, (0.4135, 0.3516) under 299 nm excitation. Notably, the
medium-entropy Eu: Cag 33Srg.33Bag 33F, crystal can achieve a shift in emission tone from neutral white to warm white
simply by changing the excitation wavelength. These findings provide a new design strategy for developing single-activator,

wide-gamut, tunable luminescent materials for next-generation solid-state lighting and display technologies.

Keywords: matrix effect, Eu?t/Eu3t, energy transfer, multicolor emission, Eu:AeF, crystals
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1. Introduction

Eu-doped luminescent materials have attracted consider-
able attention owing to their distinctive optical properties, and
have therefore been extensively investigated in host matrices
such as alkaline-earth metal fluorides, silicates, and alumi-
nates. These phosphors have been widely explored for ap-
plications in LED displays, temperature sensing, and optical
communication.!'~#] In most compounds, europium occurs as
Eu’* and Eu?*. Eu?" exhibits a broad 4f5d! — 4f”emission
band extending from ultraviolet to near-infrared.*~!?! The po-
sition of this band is strongly governed by the crystal-field
strength generated by the ligands, which in turn depends on
factors such as the charge, ionic radius, and bonding charac-
ter of the host matrix and of any co-dopants. Consequently,
appropriate choice of the host enables precise tuning of Eu>*
luminescence. 13151

For Eu?* ions, electric dipole transitions primarily occur
at wavelengths between 610-620 nm, while magnetic dipole
transitions are centered near 590 nm.!'6-18] Compared with

fCorresponding author. E-mail: 25310031 @tongji.edu.cn
fCorresponding author. E-mail: wqingguo_83 @yahoo.com.cn
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Eu?t, Eu3* luminescence is less sensitive to the host matrix.
Europium ions are typically introduced via compounds such
as EuF3 or EuyO3, with Eu?* being the dominant form. The
reduction of Eu’* to Eu?* often requires high-temperature
reducing atmospheres (e.g., N2, Hy or CO),[1%31 making it
In Eu:AeF, (Ae = Ca, Sr, Ba,

Cag 5519 5, Cag 33Srg.33Bag 33), Eu?* ions achieve charge com-

challenging to obtain Eu*.

pensation through interstitial fluoride ions.[3>~33] These inter-
stitial ions can either maintain cubic symmetry when distant
or alter the local symmetry when in proximity. Consequently,
the luminescent spectra can be tuned by varying the Eu’*
concentration and selecting different matrices.?*~%! Further-
more, there is spectral overlap between the excitation spectra
of Eu** and the emission spectra of Eu>", enabling efficient
Eu’t — Eu?* energy transfer,[*'=#1 which can significantly
influence the emission spectra of Eu:AeF,.

Systematic investigations of high-quality Eu?>*/Eu** co-
doped single crystals are still lacking, and single-crystal sys-
tems can eliminate interference from extrinsic factors such as
grain boundaries and surfaces. In addition, the application of

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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medium-entropy design principles to tune the redox equilib-
rium and energy transfer in fluoride single crystals has not yet
been reported.

Eu:AeF2 (Ae = Ca, SI‘, Ba, Cao,5Sr0.5, Cao,33$r0.33Ba0‘33)
single crystals were grown by the vacuum vertical-Bridgman
method. Under 299 nm excitation, they display the broad
Eu?* 4f%5d! — 4f band (400-550 nm) together with the sharp
Eu’t Dy — ’F; lines (585-710 nm). The Eu?t maximum
red-shifts from 440 nm in CaF, to 485 nm in BaF, as the
host polarizability increases, while Eu>* emission concomi-
tantly intensifies, enabling chromaticity tuning from deep-blue
(x=0.172, y = 0.038) to warm-white (x = 0.414, y = 0.352).
Substantial spectral overlap between the Eu?* emission and
Eu’" excitation bands, together with opposite trends in their
lifetimes 7 Eu”>* shortens while T Eu’t lengthens with in-
creasing Eu content, confirms efficient resonant Eu?t — Eu3*t
energy transfer. These results demonstrate that host-dependent
Eu?*/Eu’* co-luminescence affords a single-activator route to
excitation-tunable multicolor emission in fluoride single crys-
tals.

2. Experimental methods

AeF, (Ae = Ca, Sr, Ba, Cay5Sry5, Cag33Srg33Bags3)
single crystals were grown with different molar Eu fractions
(X = 0.3 %mol, 0.6 %mol, 1 %mol) by the vertical Bridg-
man technique. High-purity CaF,, SrF,, BaF, (99.999 %mol),
and EuF3 (99.999 %mol) powders served as starting materials.
The powders were thoroughly mixed, loaded into a porous
graphite crucible, and grown under near-vacuum conditions
(~ 2 Pa) to suppress oxidation. All crystals were produced
in the same growth run to ensure consistency, and were then
polished into 1 mm-thick circular slices for measurement.

X-ray diffraction (XRD) patterns were recorded on a
Bruker diffractometer (Cu Ky, A = 0.154060 nm). Induc-
tively coupled plasma atomic-emission spectroscopy (ICP-
AES) quantified the dopant concentrations. X-ray photoelec-
tron spectroscopy (XPS) was performed on an ESCALAB 250
(energy resolution 0.5 eV) after argon-ion etching (2 kV, 10 s).
Fluorescence spectroscopy measured excitation and emission
spectra and fluorescence lifetimes on an Edinburgh FLS920,
using a xenon-lamp excitation source and a PMT detector.
Identical testing conditions were maintained for all samples
to ensure comparability.

3. Results and discussion

The grown Eu:AeF, (Ae = Ca, Sr, Ba, CaysSrgs,
Cag.33Srg33Bag33) single crystals are shown in Fig. 1(a).
Samples for spectroscopic measurements were processed into
1 mm-thick, double-sided polished circular slices. Using SrF;
as an example, the crystal structure of Eu:SrF, was visual-

ized with VESTA software, as shown in Fig. 1(b). Alkaline-
earth fluoride crystals belong to the cubic crystal system, with
a face-centered cubic (FCC) configuration and space group of
Fm3m.

Each Ae?" ion is surrounded by eight F~ ions, forming an
anion-centered cubic coordination polyhedron. Each F~ ion is
surrounded by four Ae?T ions, creating a cation-centered tetra-
hedral coordination. The Ae*>* ions occupy face-centered ma-
trix sites, forming a closely packed structure. Both Eu>* and
Eu’* ions substitute at Ae>" matrix positions.
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Fig. 1. (a) Photograph of Eu:AeF; (Ae = Ca, Sr, Ba, Cag 5Srq5) single crys-

tals; (b) crystal structure of Eu:SrF, rendered with VESTA software; (c) pow-

der XRD patterns of Eu:AeF; single crystals and enlarged view of the (111)

reflection for Eu:AeF, (Ae = Ca, Sr, Ba, Ca 551 5) single crystals.

Sla
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3.1. XRD pattern and ICP results

Powder XRD was carried out on Eu:AeF, crystals to eval-
uate how Eu concentration influences the host matrix. As
shown in Fig. 1(c), all diffraction peaks coincide with the stan-
dard PDF patterns, confirming that Eu incorporation does not
change the crystal phase. The (111) reflection was selected
to investigate the effect of Eu content on the unit-cell pa-
rameter. With increasing Eu concentration, the (111) peak
of Eu:AeF, (Ae = Sr, Ba) shifts to higher 20 values, the
(111) peak of Eu:CaF; shifts toward lower 20 angles, indi-
cating lattice expansion. The diffraction angle of Cag s5Srg sF»
lies between those of CaF; and SrF,. This is governed by
two competing factors. First, Eu** and Eu’*t substitute for
Ae*™ ions in the matrix [r(Eu’") = 1.08 A < r(Ca?") =
112 A < r(Bu*t) =125 A < r(Sr?*) = 1.26 A < r(Ba®") =
1.42 A].% Second, non-isovalent Eu®* substitution intro-
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duces charge-compensating interstitial F~ ions, which can ex-
pand the matrix. The observed peak shift therefore reflects
the balance between these effects. Although XRD provides a
qualitative indication of the Eu?t/Eu®" ratio, precise values
were obtained from XPS.

Table 1. Main ion ratio and ICP concentration.

Proportioning Actual concentration

Sample concentration (Eu %mol) (Eu %mol)
0.3 %mol Eu:CaF, 0.3 0.26
0.6 %mol Eu:CaF, 0.6 0.51
1 %mol Eu:CaF, 1 0.76
0.3 %mol Eu:SrF, 0.3 0.24
0.6 %mol Eu:SrF, 0.6 0.45
1 %mol Eu:SrF, 1 0.77
0.3 %mol Eu:BaF, 0.3 0.28
0.6 %mol Eu:BaF, 0.6 0.56
1 %mol Eu:BaF, 1 0.93
1 %omol Eu:Cag 5Sro 5F> 1 0.98
1 %mol Eu:CaO_33Sr0_33BaO_33F2 1 0.92

For Eu:Cay 5Sr¢ 5F», all diffraction peaks match those of
pure SrF;, and its matrix constant is closest to that of SrF,,

suggesting that the mixed crystal structurally resembles SrF,.
Overall, all samples crystallize in the cubic Fm3m space group
and remain single-phase after Eu-doping.

ICP-AES results (Table 1) show that the doping con-
centrations of Eu?t, Eu?t ions in AeF, (de = Ca, Sr, Ba,
CagsSrg5, Cag33Srg33Bagss) crystals basically match the
theoretical doping concentrations, demonstrating good doping
uniformity.

3.2. XPS analysis

XPS spectra were collected to determine the valence
states and relative concentrations of Eu?*/Eu’* ions in
Eu:AeF; (Ae = Ca, Sr, Ba) single crystals and are shown in
Fig. 2. To accurately determine the relative proportion of
Eu?t and Eu’t, we performed detailed curve fitting of the
Eu 3d spectra using a combination of a Shirley background
and Gaussian—Lorentzian (GL) line shapes. The fitting pro-
cess considered both the 3ds /2 and 3d, /2 components.

1%Eu:CaF,

Eu?t 3d5/2

1%Eu:SryF

Eudt 3d3/2 |Ii

Eu2+ 3d3/2

1%Eu:BaF,

Eu3+ 3d5/2 L,

1170 1160 1150 1140 1130
Binding energy (eV)

1120 1170 1160 1150
Binding energy (eV)

1140 1130 1120 1170 1160 1150 1140 1130 1120
Binding energy (eV)

Fig. 2. X-ray phot electron spectroscopy (XPS) curves of 1 %mol Eu:AeF, (Ae = Ca, Sr, Ba) sample.

It can be observed that the sample exhibits four photo-
electron peaks, located at 1164.3 eV, 1154.6 eV, 1133.2 eV,
and 1124.8 eV, which are consistent with reported values in
the literature.[’'>31 These peaks correspond to the spin-orbit
splitting energy levels of (Eu’* 3d3)5), (Eu** 3d3)5), (Eu’*
3ds)), and (Eu®* 3ds /2)- The spontaneous reduction of Eu’*
to Eu?" in the as-grown alkaline-earth fluoride (AeF,) single
crystals is attributed to a charge compensation mechanism that
occurs during the high-temperature crystal growth. In this pro-
cess, trivalent europium ions from the EuF3 substitute for the
divalent Ae’>* cations in the host lattice. To preserve overall
charge neutrality, the incorporation of Eu’* ions necessitates
the formation of cation vacancies (V},), which act as electron
donors. Under thermal excitation, electrons from these va-
cancy defects are transferred to the Eu?* ions, resulting in their
reduction to the divalent Eu”* state.

In europium-doped alkaline earth fluorides, the equilib-
rium between Eu?* and Eu’* oxidation states is highly de-
pendent on the host matrix type and the total doping concen-
tration (Table 2). This dependency is governed by a complex
interplay of ionic radius mismatch, the need for charge com-

pensation, and interionic interactions. Crystal-chemical com-
patibility is a decisive factor: the close ionic radius match be-
tween Eu?t (1.25 A) and Sr?>* (1.26 A) enhances the stability
of Eu?t in the SrF, matrix, whereas the significant size mis-
match in BaF, favors the incorporation of the smaller Eu’*
(1.08 A) ion to reduce local matrix strain. Furthermore, as
the total europium concentration increases, the proportional
concentration of Eu®" rises while that of Eu>* correspond-
ingly decreases, a trend consistent with previous reports in the

literature. 343

Table 2. Relationship between the concentrations of Eu?>* and Eu?*
ions and the variation in Eu ion concentration.

Sample Eu?t (%mol) Eu’* (%mol) Ratios of Eu’t/Eu?*

0.3 %mol Eu:CaF, 70.90 29.10 0.41
0.6 %mol Eu:CaF;, 62.76 37.24 0.59

1 %mol Eu:CaF, 57.18 42.82 0.74
0.3 %mol Eu:SrF, 84.38 15.62 0.18
0.6 %mol Eu:SrF, 76.33 23.67 0.31

1 %mol Eu:SrF, 70.10 29.90 0.42
0.3 %mol Eu:BaF, 24.32 75.68 3.11
0.6 %mol Eu:BaF, 15.56 84.44 5.42

1 %mol Eu:BaF, 8.72 91.28 10.46
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3.3. Luminescent properties of Eu:AeF, single crystals

In Fig. 3, it is clear that the characteristic f—f absorption
bands of Eu** overlap with the broad 4f—5d band of Eu**

within the 280-420 nm range in 1 %mol Eu:AeF, single crys-
tals (Ae = Ca, Sr, Cag 5Srg s5), indicating that Eu>* and Eu’*

can be excited simultaneously by wavelengths in this region.

(a) [ CaF, —Aem =425 nm Eu?+| (b)

— Aem = 594 nm Eudt

SI‘FQ

394 nm

£
=
<
>
)

Intensity
Intensity
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Fig. 3. Excitation spectra of Eu** (monitoring Aey = 425 nm) and Eu** (monitoring Aep, = 594 nm) in 1 %mol Eu:AeF, single crystals

(Ae = Ca, Sl‘, Ca0A55r0,5).
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Fig. 4. (a) Normalized emission spectra of Eu:AeF, single crystals

(Ae =Ca, Sr, Cag 5Sry 5, Cag.33Sr( 33Bag 33) excited at 317 nm; (b) vari-
ation of the emission intensity at 594 nm for Eu:AeF, single crystals
(Ae = Ca, Sr, Cag 551y 5, Cag.335r0.33Bag 33).

The room-temperature excitation spectra of Eu:AeF,
(Ae = Ca, Sr, Cag 5Sr( 5) single crystals are shown in Fig. 4(a).
Under 317 nm excitation, all specimens display the character-
istic 4f°5d — 4f broadband of Eu?* (400550 nm) together
with the sharp SDg — F; lines of Eu3* (585-710 nm). The
Eu?* maximum migrates from 440 nm in CaF, to 455 nm
in SrF, and to 485 nm in BaF,, a red shift with increas-
ing cationic radius. Although the cubic AeF, matrix field
(CN = 8) weakens from CaZt to Ba2t, the 5d level is low-
ered and the transition energy decreases. In Fig. 4(b), the

Eu?* lines mirror this trend, the dual-cation Cag 5Sry sF» and
the medium-entropy Cag 33519 33Bag 33F, single crystals ex-
hibit a markedly broadened Eu>* band with a multi-peak pro-
file. Random occupation of the cation submatrix generates
a distribution of local Eu-F bond lengths and thus a spec-
trum of micro-crystal fields, leading to broadened emission.
The data evidence a monotonic red shift and intensity gain of
Eu’t emission with increasing host polarizability, a progres-
sive strengthening of crystal field splitting from CaF; to BaF,,
and pronounced entropy-induced line broadening in multi-
cation fluorides.

3.4. Changes in the local matrix structure of Eu ions

The Dy — ’F) transition of Eu?* is a magnetic-dipole
transition and is comparatively insensitive to the local environ-
ment, whereas the Dy — ’F, transition is an electric-dipole
transition that is highly environment-sensitive. The intensity
ratio R = I(°Dg — "F,)/I(°Dy — "Fy) reflects the strength of
the chemical bonds and the symmetry around Eu?* ions.[56-37]
A higher R value indicates a higher degree of disorder and
lower symmetry in the surrounding matrix, which enhances
4f—4flevel splitting and gives a stronger emission intensity. As
shown in Fig. 5, the R values obtained from Eu:AeF, (Ae = Ca,
Sr, Ba) increase with rising Eu content, indicating that local

—=— BaF,
—o— SroF
—— CaF,

0.30
0.25
0.20
=

0.15

0.10

0.05 = T T T T T T T
0.3 04 05 06 0.7 0.8 09 1.0

Eu ion concentration (at.%)
Fig. 5. Integrated intensity ratio R = I(°’Dg — "F,)/I(*>Dg — "F}) of
Eu:AeF; single crystals (Ae = Ca, Sr, Ba).
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symmetry around Eu3*t decreases as the Eu concentration in-
creases in AeF,. Regarding the host effect, Eu3t experiences
lower symmetry in BaF, than in CaF, or SrF.

3.5. Fluorescence lifetime

The fluorescence lifetimes of the Eu’t Dy and Eu?*
emitting levels in Eu:AeF, single crystals (Ae = Ca, Sr, Ba,
Ca 5Sr( 5) were measured at room temperature, For Eu:AeF,,
the Eu** Dy decay curves are well described by a single-
exponential function

1) = Iyexp (j) (1)

where I(¢) is the luminescence intensity at time ¢ after the ex-
citation is switched on, Iy is the initial intensity ( = 0), and 7
is the lifetime.

The Bu?t decay curves are non-exponential, and the ef-

fective average lifetime 7 is derived using>7->®!

oo

t1(t)de
Tavg = 00-%
/ I(r)dr
0

From Fig. 6 and Table 3, it is evident that, as the Eu concentra-

2

tion increases, the Eu>* decay lifetime changes in the opposite

17
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Fig. 6. (a) Fluorescence lifetime variation tendencies of the Eu®* 5D,
energy level in Eu:AeF; single crystals (Ae = Ca, Sr, Ba). (b) Fluores-
cence lifetime variation tendencies of the Eu>t energy level.

direction to that of Eu3*. The Eu?* lifetime decreases from
106.3 ns to 84.4 ns in CaF, and from 168.7 ns to 114.2 ns in
SrF,; decreases from 143.9 ns to 114.5 ns in BaF,.

In contrast, the fluorescence lifetime of the Eu?t ions,
shown in Fig. 6(b), displays an opposite and decreasing trend
across the same host crystal series. This behavior is com-
pelling evidence of an efficient energy transfer (ET) mecha-
nism from Eu?* to Eu®*. This enhancement in ET efficiency
is likely governed by the improved spectral overlap between
the donor (Eu?") emission and acceptor (Eu**) absorption.
The expansion of the matrix from CaF, to BaF, modifies the
crystal field environment, which can lower the energy of the
broad 495d! excited state of Eu>*, causing its emission band
to better overlap with the "Fy — >D; absorption lines of Eu®™.

Table 3. Eu:AeF, single crystals (Ae = Ca, Sr, Ba) fluorescence life-
times.

Fluorescence Fluorescence
Sample lifetimes 2+ ifeti S 3+
ifetimes (Eu“™) lifetimes (Eu”™)

0.3 %mol Eu:CaF, 106.3 ns 11.38 ms
0.6 %mol Eu:CaF, 93.7 ns 12.26 ms
1 %mol Eu:CaF, 84.4 ns 14.31 ms
0.3 %mol Eu:SrF, 168.7 ns 13.02 ms
0.6 %mol Eu:SrF, 132.5 ns 14.21 ms
1 %mol Eu:SrF, 114.2 ns 15.38 ms
0.3 %mol Eu:BaF, 143.9 ns 13.36 ms
0.6 %mol Eu:BaF, 121.6 ns 14.72 ms
1 %mol Eu:BaF, 114.5 ns 16.42 ms

3.6. Energy transfer process between Eu** and Eu*

The emission (Aey = 594 nm) and excitation (Aex =
299 nm) spectra of 1 %mol Eu:AeF; single crystals (Ae =
Ca, Sr, Ba, Cag5Srps) are shown in Fig. 7. All four hosts
display considerable spectral overlap between the Eu’* f—
f bands and the Eu’" 4f—5d band, and the opposite life-
time trends of Eu’t and Eu?t confirm Eu’t — Eu’t en-
ergy transfer. In Fig. 7, this overlap is especially pronounced
for Eu:Cag 5Sry sF,, whose mixed matrix enhances 4F~ level
splitting for both valence states, intensifying their emissions
and strengthening the transfer process.

Aex =299 nm

Ao = 594 nm — 1%Eu:CaF,

— 1%Eu:SrFy

1%Eu:Cag 5Srg 5F2

— 1%Eu:CaF,
1%Eu:SrFy
1%Eu:Cag 5Sro5F2

Intensity

Nl

300 360 420 480 540 600 660 720
Wavelength (nm)

Fig. 7. Emission spectra under 299 nm excitation and excitation spectra
monitored at 594 nm for 1 %mol Eu:AeF; single crystals (Ae = Ca, Sr,
Cayg 5Sr0.5, Cag.33510.33B20.33).
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Fig. 8. Schematic illustration of Eu>* — Eu®* energy-transfer pathways.

Based on these observations, two energy-transfer chan-
nels are proposed and summarized in Fig. 8. Under 290 nm
UV excitation, Eu?* ions in Eu-doped AeF, single crystals
(Ae = Ca, Sr, Cay5Srq5) are promoted from the 4f7 ground
state to the parity-allowed 4f°5d' configuration and relax non-
radiatively to the lowest 5d crystal-field sublevel. Two decay
pathways then emerge: (1) an intrinsic 4f%5d! — 4f7 transi-
tion that yields a broad blue emission band centred at 425 nm,
and (2) resonant Eu>" — Eu®" energy transfer enabled by
the spectral overlap between this band (390-470 nm) and the
Eu’t 5D172 absorptions. The transferred energy in Eu3* re-
laxes from D, to the long-lived 5Do level, which emits nar-
row Dy — 7FJ (J = 0-4) lines at 573 nm, 586 nm, 618 nm,
650 nm, and 698 nm, thereby converting near-UV photons into
red light.

As an efficient energy transfer (ET) from a donor (Eu*)
to an acceptor (Eu’*) introduces a competing decay channel, it
invariably shortens the donor’s fluorescence lifetime, making
this parameter a direct probe of ET efficiency. Table 4 pro-
vides compelling quantitative evidence for this phenomenon
by presenting the ratio of the Eu?" lifetime at higher dopant
levels (0.6 %mol and 1 %mol) relative to a 0.3 %mol base-
line. Across all host matrices (CaF,, SrF;, and BaF,), the
data reveals a systematic decrease in this ratio as the total Eu
concentration increases; for example, in the SrF, host, the life-
time ratio drops from 0.78 at 0.6 %mol Eu to 0.67 at 1 %mol

Eu. This consistent and marked reduction in the Eu’* life-
time proves that the energy transfer efficiency is substantially
boosted at higher doping levels, a result attributed to the de-
creased average distance between donor-acceptor ions and the
increased population of Eu?* acceptors, which greatly accel-
erates the transfer rate.

Table 4. Ratio of the Eu** lifetime at higher dopant levels (0.6 %mol

and 1 %mol) relative to a 0.3 %mol baseline of Eu:AeF; single crystals
(Ae = Ca, Sr, Ba) 7(Eu*™).

Sample 7(Eu?™)/7(Bu?* 0.3 %mol Eu doping)
0.6 %mol Eu:CaF, 0.88
1 %mol Eu:CaF, 0.79
0.6 %mol Eu:SrF, 0.78
1 %omol Eu:SrF, 0.67
0.6 %mol Eu:BaF, 0.84
1 %mol Eu:BaF, 0.79

3.7. CIE chromaticity coordinates of Eu:AeF, samples

Excitation (Aex = 299 nm) spectra of 1 %mol Eu:AeF,
single crystals (Ae = Ca, Sr, Ba, CaysSrys) are shown in
Fig. 9(a). Under 299 nm excitation, all Eu-doped alkaline-
earth fluorides exhibit the broad Eu?* 4f°5d' — 4f7 band
superimposed on the sharp Eu’* °Dy — ’F; lines, yet the
Eu?*/Eu** emission ratio varies markedly with host. In SrF,,
the Eu?" band is both strongest and narrowest, indicating the
optimal stabilization of Eu>* by the Sr** matrix. CaF, like-
wise favors Eu’>" emission, though with a slightly broader
profile. Introducing cation disorder progressively suppresses
Eu®* in Cag 5Sr( 5F; the blue band widens and weakens while
Eu3" lines emerge, and in the fully mixed Cag 33519 33Bag 33F>
the two valence states emit with comparable intensity. In
BaF,, the Eu?t transitions dominate, showing that the larger,
more polarizable BaF, matrix disfavors electron trapping by
Eu. In Fig. 9(b), monitoring the emission at 593 nm reveals
four excitation peaks for 1 %mol Eu:Cag33Srg33Bag33F,,
centered at 286 nm, 299 nm, 318 nm, and 393 nm. Tak-
ing these wavelengths as excitation sources, Fig. 9(c) shows
that Eu?" and Eu** emissions coexist in the same crystal,
and their relative intensities change markedly with excitation
wavelength. Deep-UV excitation at 286 nm yields only weak

(a) |— iz’g::gr{’g-’ Aex =299 nm (b) 1%EBu:Cag,33510.33Bag.33F2 (e) |— Nex =286 nm  1%Eu:Cag33Sto.33Bag 33F>

— l/obuz 2 —_ —~ _— =

— 1%Eu:BaF, = S Aex =299 nm
2 1%Eu:Cag 5Sro.5F2 "T '} — Aex=318 nm
’@ 1%Eu:Cayg 33510 33Bag 33F2 5 5 393 nm — Aex =393 nm
) 5 = .
] ¥ % > Aem =593 nm ..
Z 1 Buzt 5daf 3 g| = £

—_~ 2 wn
el o =1 =1
[} n <3 0] [}
X DU £ <
3 S 5 ki
= ) 9 T 299 nm
Zs § )@: \ 286 nmy 318 nm
w0
©
Ll A N, J \ /AN A
) —— —— e — I R
390 450 510 570 630 690 270 330 450 510 420 480 540 600 660 720

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Fig. 9. (a) Normalized emission spectra under 299 nm excitation and excitation spectra monitored at 594 nm for 1 %mol Eu:AeF, single crystals (Ae = Ca,
Sr, Cag 5Srg s, Cap 33519 33Bag 33). (b) Excitation spectrum recorded by monitoring the 593 nm emission of 1 %mol Eu:Cag 33Sr 33Bag 33F, single crystals.
(c) Emission spectra of 1 %mol Eu:Cay 33Sr¢ 33Bag 33F> single crystals recorded under excitation wavelengths of 286 nm, 299 nm, 318 nm, and 393 nm.
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emission. When the excitation wavelength shifts to 299 nm or
318 nm, the overall luminescence intensifies. Under 393 nm
excitation, the Eu>* emission lines strengthen while the Eu?*
band weakens. Thus, by simply tuning the excitation wave-
length, multicolor emission can be achieved in the 1 %mol
Eu:Cag 33Srg33Bag.33F> single crystal.

3.8. CIE chromaticity coordinates of 1 %mol Eu:AeF; sin-
gle crystals

Figure 10 shows how the CIE 1931 x—y chromatic-
ity coordinates of alkaline-earth fluorides co-doped with
1% mol Eu?>t/Eu’* evolve with host composition under
299 nm excitation. The emission color drifts systematically
from deep-blue CaF; (0.1720, 0.0382), through bluish-white
SrF, (0.1825, 0.0754) and Cag 5SrysF, (0.2023, 0.1609), to
warm-white Cao,338r0~33Ba0,33F2 (0.40] 8, 0.3644) and Ban
(0.4135, 0.3516). This red-shift of the Eu?t 4f°5d! — 4f7
band with increasing average cation radius originates from the
concomitant reduction in 5d crystal-field splitting, while the
narrow Eu** °Dy — "F; lines add a red component that fur-
ther modulates the overall chromaticity.

The quaternary solid solution Cag33Srg33Bag33F, dis-
plays pronounced excitation-dependent tunability.  Upon
318 nm and 393 nm excitation, its chromaticity coordinates
shift to (0.3145, 0.3372) and (0.3693, 0.3435), corresponding
to the correlated color of neutral white and warm white, re-
spectively. The combined broadband Eu** emission and line-
like Eu’* emission thus afford single-phase white-light gen-
eration that can be tuned solely by the excitation wavelength,
without auxiliary activators.

520 L= 299 nm

1%Eu:Cay 35St 33Ba 3;F,

540

0.1

0.0+ £ 86— " - - - \ 0.0 0
00 01 2 03 04 05 06 07 08 00 0.1

£ £

Fig. 10. (a) CIE 1931 chromaticity coordinates of 1 %mol Eu:AeF; sin-
gle crystals (Ae = Ca, Sr, Ba, and Cag 5Srq 5, Cag 33Srp.33Bap 33) under
299 nm excitation; (b) 1 %mol Eu:Cag 33Sry.33Bag 33F, under 299 nm,
318 nm, and 393 nm excitation.

Table 5 summarizes the characteristics of 1 mol% Eu-
doped alkaline earth fluoride (AeF;) single crystals. The
data highlight that the cation composition of the host ma-
trix has a profound impact on the structural and lumines-
cent properties of the Eu®t activating ions. As expected,
mixed-cation crystals, particularly the medium-entropy crys-
tal Eu:Cag 33Sr( 33Bag 33F>, exhibit the lowest local symmetry

due to the random distribution of cations with different sizes.
This reduction in symmetry can enhance the splitting strength
of Eu?* ion energy levels, thereby boosting the emission in-
tensity of Eu* ions.

This is confirmed by the CIE 1931 chromaticity coordi-
nates (x, y). The emission color shifts from deep blue in host
matrices with higher symmetry to white in those with lower lo-
cal symmetry. Reducing the local symmetry around the Eu’+
dopant ions through a medium-entropy approach is an effec-
tive strategy for simultaneously enhancing emission intensity
and tuning the emission color.

Table 5. Summary of the properties of 1% mol Eu-doped AeF; single
crystals.

Sample R CIE (x, y)
Eu:CaF, 0.17 (0.172, 0.0382)
Eu:SrF, 0.21 (0.1825, 0.0754)
Eu:BaF, 0.30 (0.4135, 0.3516)
Eu:Cag 5SrgsFa 0.28 (0.2023, 0.1609)
Eu:Ca0}33Sr0}33Ba0A33F2 0.37 (0.4018, 0.3644)

4. Conclusions

High-quality Eu-doped CaF,, SrF,, BaF,, CagsSrgsF,,
and Cag33Srg33Bag33F, single crystals were successfully
grown by the vertical Bridgman technique without secondary
phases. XPS confirmed the coexistence of Eu?>" and Eu’*;
the Eu?*/Eu?* fraction decreases with dopant concentration in
AeF,. Indicating a pronounced host-dependent redox equilib-
rium. Photoluminescence measurements reveal a broad Eu>*
4£95d" — 4f7 emission band (400550 nm) that red-shifts and
broadens gradually from CaF, (440 nm) to BaF,; (485 nm),
whereas the narrow Eu3* YDy — ’F; lines (585-710 nm) re-
main essentially host-independent. The substantial spectral
overlap between Eu?* emission and Eu?* excitation, together
with opposite lifetime trends, demonstrates efficient Eu?* —
Eu’t resonant energy transfer that can be tuned by matrix
symmetry.

Under 299 nm excitation, the chromaticity coordinates
can be continuously tuned from deep blue CaF, (0.1720,
0.0382) through bluish white (SrF, and Cag s5Srg 5F>) to warm
white BaF, (0.4135, 0.3516). In the medium-entropy solid
solution Cag 33Srg 33Bag 33F>, the emission color can even be
reversibly switched from neutral to warm white merely by
changing the excitation wavelength.

In summary, host-controlled Eu?t/Eu3t redox balance
and energy transfer provide a single-activator route to wide-
gamut, excitation-tunable luminescence, and multi-cation flu-
orides introduce additional bandwidth and color-rendering de-
grees of freedom. These findings supply valuable guide-
lines for the design of next-generation self-activated multi-
color phosphors and single-phase white emitters for solid-state
lighting and display technologies.
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