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Abstract: The spectroscopic properties of Eu*>* doped Bij,GeOy (BGO) sillenite bulk crystals that
were grown by the low-thermal-gradient Czochralski technique (LTG Cz) were investigated. The
absorption spectra and the emission properties have been measured at room temperature (300 K)
and at 10 K. Luminescence was observed both due to the direct Eu?* ion excitation, as well as
under UV excitation due to the energy transfer between Bi** and Eu®" ions. Bi** — Eu’" energy
transfer mechanisms in Eu®*:BGO doped host were investigated. The () parameters, as well as
radiative lifetimes, were calculated based upon the Judd-Ofelt formalism. The branching ratios and
electric dipole transition probabilities were also determined, based upon the obtained experimental
results. Luminescence has been observed from the ° Do,1 2 levels of Eu’*, with emissions from the
5Dy level being the strongest. The strongest observed luminescence band corresponds to the °Dy —
7Fy transition at 578.7 nm. Reasons for the strong presence of the theoretically forbidden Dy — “F
emission were investigated.

Keywords: Eu’* luminescence; spectroscopy; BijnGeOy; Bi** to Eu3* transfer

1. Introduction

Bi;pGeOyy (BGO) crystal finds application in many photonic devices and systems [1-6]. For
example, it is commonly found in Pockels cells and sensors due to its high electro-optic coefficient
(8.3 pm/V) [1,2]. It is also used in piezoelectric, Surface Acoustic Wave (SAW) devices [5]. The early
works mainly focused on photorefractive and photoconductive effects in BGO and their applications
within the visible light spectrum, such as early optical memory storage trials [6-8]. In recent years,
metal-ion doping of BGO and other sillenites (mostly with 3d transition metal ions, such as Cr, Fe, Cu,
Co, etc.) has been extensively studied as a means of further improving their efficiency as a holographic
memory medium [9-14].

The pure BijpGeO;q structure and properties have already been thoroughly investigated as early
as in 1967 in its undoped form and many practical applications were proved [1-8]. BGO has a structure
of the type of sillenite, which belongs to the space group 123 number 197 and possesses a cubic cell
symmetry with lattice constant that is equal to 10.1455 A and unit-cell volume of 1044.288244 A3,
whereas the Bi-O bond lengths vary between 2.07 and 3.17 A, as reported in the literature [1].

Generally, luminescence occurs when excitation radiation is absorbed by the material and electron
transitions from the ground state (1Sj in case of Bi** and “F in case of Eu®*) to one of the higher lying
states, such as, for example, 3P; or 3Py states for Bi>* ion and °Dy, °Dy, °D», or °Dj states in the case of
the Eu®" ion. Upon return to the ground state from the excited state, a photon is emitted, resulting in
observable luminescence of a given material. In special cases, such as in the case of the Eu** and Bi**
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ions, positions of their respective energy levels are aligned, allowing for an efficient energy transfer
between the ions, as has been illustrated on Figure 1.

The trivalent europium ion (Eu®*) ion is uniquely suited in its role as a spectroscopic probe for the
investigation of properties of various dielectric matrixes. This is because the °Dy and ”Fy energy levels
of Eu®* are non-degenerate, resulting in a single line for transition between these levels in the spectra
(see the partial Eu3* energy diagram in Figure 1). Additionally, because the Dy — “Fy transition is of a
magnetic dipole origin, its intensity is independent of the environment and, thus, can be applied as a
reference to other transitions during emission spectrum analysis [15].

In this work, we have applied the Judd-Ofelt theory [15,16] to analyze and describe the BGO:Eu®*
crystal system photoluminescence and excited states dynamics, in order to further expand the
knowledge regarding the Eu3" interaction in a isotropic 123 class sillenite crystal system, and to
evaluate its further potential uses, for example, as an active lasing medium candidate. The doubly
reduced matrix elements U?; 45 elements have non-zero value for only single parameter U? for a
given transition, which makes it possible to determine the intensity (), 4 ¢ parameters in a relatively
straightforward manner just from emission spectra alone, which is not possible in the case of other
lanthanide ions [15]. The ()46 parameters allow for the determination of crucial factors, such as
emission transition probabilities, which is important, for example, where considering a given material
as a lasing medium candidate [15,16].
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Figure 1. The partial energy diagram of Eu3* and Bi** ions.

2. Materials and Methods

2.1. Crystal Growth

For crystal growth, the low-thermal-gradient Czochralski (LTG Cz) technique was used. The LTG
Cz technique was developed at Nikolaev Institute of Inorganic Chemistry SB RAS (Novosibirsk, Russia)
for growing large oxide crystals from melt. It is a modified Czochralski technique with axial and radial
temperature gradients being sustained below 1 K/cm during the entire growth process, which is 1-2
orders of magnitude lower than in the conventional Czochralski technique. As a consequence, local
overheating of the melt is eliminated, volatilization of melt components is suppressed, and the amount
of thermoelastic stresses in the crystals is greatly lowered, which is extremely important for obtaining
large single crystals of high optical quality. Using LTG Cz technique, numerous scintillating crystals of
unique quality and size were obtained, such as BisGe3z Oy, CAWO,4, ZnMo0Qy, and Li,MoOy4 [17].

Previously, undoped Bij;GeOyy and Bi;5iO¢ crystals were grown by LTG Cz at Nikolaev
Institute of Inorganic Chemistry SB RAS (Novosibirsk, Russia) during the investigation of temperature
gradients influence on crystal morphology and quality. Low temperature gradients conditions and the
resulting faceted crystallization front proved to be more suitable for growing Bi;GeO, (BGO) single
crystals [18].
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In this work, three Eu3* doped BGO single crystals (0.3 mol.%, 1 mol.%, and 3 mol.%) were
obtained by the low-thermal-gradient Czochralski technique. Crystal growth experiments were carried
out in platinum crucible covered with platinum lid with a pipe socket at air atmosphere. Seeding in
first crystal growth process was conducted on platinum seed holder, and a polycrystal was grown,
from which seeds for further experiments were cut out. The BGO single crystals were grown in [001]
direction with growth rate 1 mm/h and rotation rate 20 rpm. Crystals showed a strong tendency to the
rapid development of square cross-section and lateral faceting. The crystallization fronts of grown
crystals were faceted by single (001) facet.

The doping concentration was 0.3, 1, and 3 mol.%. From grown crystals (as shown in Figure 2),
samples for optical studies were cut out, perpendicularly to [001] axis, and then polished: 20 x 20 x 10
mm?3 samples from 0.3 and 1 mol.% doped crystals and 10 X 10 X 5 mm? samples from 3 mol.% doped
crystal. In accordance with the Goldschmidt substitution rules, the Eu’* ion (1.07 A) substitutes the
Bi®* (0.96 A) atom within the Eu:BGO crystal cell. The difference between the radii of Ge** (0.39 A)
and Eu®* is too large to allow for potential Ge** substitution. The pure BGO cell structure is shown in
Appendix A for reference. The XRD technique confirmed the structure of the Eu®*: BGO sample. All
of the recorded diffraction peaks agree well with the standard card for the Bi;;GeOyy and no additional
peaks were observed, which suggested that the BijGeOyq crystals were successfully synthesized
and the substitution of Eu®* ions did not significantly change the crystal structure (as shown in
Appendix A).

Figure 2. Bi;»GeO, (BGO) crystal doped with 0.3 mol.% Eudt.
2.2. Samples Characterization

The absorption spectrum was taken at room temperature using a Perkin—Elmer Lambda 950
spectrophotometer. Emission measurements were performed while using a Photon Technology
International spectrophotometer. Emission spectra were also measured using a SP-2500i double set
monochromator followed by a PMT and SR-400 photon counting system. The samples were excited by
a pulsed (10 ns pulse-width, repetition rate 10 Hz) tunable optical parametric oscillator (Continuum)
that was pumped by a frequency-tripled Nd: YAG pulse laser (Continuum Surelite II). The fluorescence
dynamics profiles were recorded with a SR-430 multi-channel analyzer that was controlled with a PC
computer. Sample cooling was provided by a closed cycle He optical cryostat, which allowed for the
temperature to be varied between 10 and 300 K.

3. Results and Discussion

Absorption and emission spectra were recorded at room temperature (300 K) and at 10 K using
the cryostat setup. The BGO crystal absorption spectrum taken in room temperature can be seen in
Figure 3. A strong absorption edge can be seen in the UV-short wavelength VIS region. It is worthwhile
to note that this absorption “shoulder” exists due to the incorrect occupation of Big, centers (notation
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as used in [19]) within the crystal matrix, as indicated in literature [19]. The position of the 5Dy « 7Fy
level of Eu3* has been determined from the low temperature absorption spectrum to be 17277 cm™!
(578.8 nm) in BGO. Only single maximum of the 5Dy « ”Fj line has been observed, with line spectral
width being equal to 0.09 nm, as seen in Figure 4.
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Figure 3. Absorption spectrum of BGO: 3% Eu3* at T = 300 K.
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Figure 4. Low temperature (10 K) absorption spectrum where >Dy « 7F line is shown.

The emission spectra of the BGO samples were recorded at room temperature (300 K) and at 10 K.
Emission spectrum of Eu®* in BGO from the °Dy level can be seen in Figure 5, where all transitions
except rarely observed 5Dy — 7F5 and °Dy — “Fg are shown. Eu?* luminescence in BGO occurs due to
direct excitation of Eu3*, as well as via Bi®* — Eu3* energy transfer. In Figure 6 emission from higher
lying states °D; and °D, can also be observed, although it is of much lower intensity when compared
to the °Dj emissions.
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Figure 5. 5D level emission spectra of BGO: 3% Eu3".
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Figure 6. °D, and ®D; levels emission spectra of BGO: 3% Eu3".

It is prudent to include the studies of interaction between the Bi** host ions and introduced
Eu3* dopant since the Bi** ion, which constitutes a core component of the BGO host lattice, is also
optically active [20]. The Bi** within the host matrix, which is partially substituted by Eu3* dopant,
is heptacoordinated and possesses Cyy, site symmetry, which is confirmed by means of analysis of
the Europium emission spectra [21]. The emission of Bi** ion is a broad-band type emission, which
is based upon transition from the ground state 15, state to the 3P; or °P state (see Figure 1). Those
transitions lay in the UV portion of the spectrum in which both pure as well as Eu**-doped BGO
exhibits strong absorption. It has been reported by G. Blasse and A. Bril [22] that the positions of the
Bi** 1S, — 3P; band and the charge transfer (CT) band of Eu’* permit the occurrence of successful
energy transfer between Bi®* and Eu®* ions through UV excitation of Bi®* [23]. Therefore, the Bi>*
ion can be utilized as an effective luminescence sensitizer for Eu** by means of non-radiative energy
transfer, as further stipulated [22,23]. It is important to note that the efficiency of the transfer as well as
excitation energy required for successful transfer strongly depend on the host matrix [20]. In order to
evaluate the presence and efficiency of the Bi-Eu energy transfer in BGO Bi** excitation spectra were
measured in all of the samples, including reference pure BGO sample. Bi3* excitation band maximum
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lies at 365 nm, which is in full agreement with studies that were performed on pure samples by G.
Blasse and C.W.M. Timmermans, as seen in Figure 7 [21]. The study also mentions that Bi®* excitation
within the BGO matrix is also possible by 355 nm light. This has also been successfully verified during
luminescence emission measurements, although 355 nm excitation results with emission of lower
efficiency, as compared to 365 nm excitation in room temperature (300 K).

Pure BGO exc.
Pure BGO em.

427 nm

Excitation spectrum
427 nm emission
Emission spectrum
365 nm excitation

Emission intensity (a.u.)

200 250 300 350 400 450 500 550 600
A (nm)

Figure 7. The Bi®* ion excitation and emission spectrum in BGO (T = 300 K).
The emission profile of Eu:BGO can be seen in Figure 8, as expressed in CIE 1976 color space.
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Figure 8. The emission profile of Eu:BGO as expressed in CIE 1976 color space.

The measured Bismuth radiative decay times shorten substantially with the increase of the
Europium concentration, which proves the efficiency of the observed energy transfer in T = 300 K (as
shown in Figure 9). Furthermore, radiative decay measurements of the °Dj level, when excited via °D;
or °D; levels, show the clear presence of a rise time in the beginning, which indicates that luminescence
from higher-lying 5D, and °D, levels of Eu3* is also additionally occurring (as shown in Figure 10).
Additionally, the calculated theoretical radiative luminescence decay time is significantly longer than
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observed, which can be attributed to the presence of strong 5Dy —7Fy line, the contribution of which is
not taken into account by the classical Judd-Ofelt theory [16,24,25], as discussed further.

Pure BGO
~8.046 s Bi** decays in BGO
03% Eu®  BGO Excitation wavelength = 365 nm

7.247 ps

1% Eu® : BGO 3% Eu®*: BGO
1.858 ps 0.70 ps
AY

Radiative decay time (ps)

T T 1
Eu® mol % in BGO

Figure 9. Bi®* decay times relative to the Eu* concentration (measured at T = 300 K).
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—— D, exc. 525 nm °Dy em. 617.4 nm
5D, exc. 525 nm °D, em. 531.4 nm
5D, exc. 465 nm Dy em. 617.4 nm

; °D, exc. 465 nm °D, em. 531.4 nm
s 5D, exc. 465 nm °D, em. 490.85 nm
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."5
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D, t = 386.9 ps
D, t=38.5 s
D, t=27.6 us
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Figure 10. BGO: 3% Eu>* excitation decays originating from different levels at T = 10 K.

The Judd-Ofelt (J-O) theory [16,24,25] is a well-recognized method for the analysis and comparison
of the spectroscopic properties of rare-earth (RE>") ions in dielectric matrixes. For most RE®* elements,
calculation is solely based upon tabulated reduced matrix elements and integrated absorption cross
section measurements. By applying the symbol convention that is based upon the formulas derived
in [15], it is possible to describe dipole strength (expressed in Debye?), based upon absorption spectra

integrated peak areas, as:
1 A(D)
D = * d~ 1
P = 708.9+Cxd* Xa(T) f 5 M)

where 7 is the mean wavenumber of the transition in cm™?, C is the mol dopant concentration, d is the
optical path length, and X, (T) is the fractional thermal population at temperature T of level A from
which the absorption process begins. Furthermore, the calculated dipole strength can be computed
while using the following equation:
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1 036

Decatc = 751

Xepe?s Y Oufg][u®]| @)
A=24,6

whereas 10% is the D? into esu x cm conversion factor, ¢? is the elementary charge, 2] + 1 denotes the
degeneracy of the ground state, and |(]||U(/\) || ) are the squared reduced matrix elements, which

2
were tabulated and made available by the works of Carnall et al. [26], while the term Xgp = (nz;]f)

accounts for the correction of the effect in the dielectric medium, and where n denotes its refractive

index. As Judd-Ofelt calculations are often performed using the oscillator strength parameter, the
dipole strength D and oscillator strength f can be converted using the following relation:

2.124 = 10°f
D= ®)

(4

It is important to remark that the Eu®* ion has a unique property of having reduced matrix
elements that are mostly equal to zero, with the exception of only non-zero values |[U?||? for Dy —
7F, transition and for |[U%||> and||U®||? elements for °Dy — “F,, and °Dy — “Fy transitions, respectively.
Therefore, it is possible to derive the values of Judd-Ofelt Q) parameters for Eu®>* - doped hosts, based
on the integrated areas of the emission spectra alone. Since the °Dy — ”F; magnetic-dipole transition
is independent of the host environment, it can be used as a reference one for transitions with the
5Dy excited state as origin. Based upon the work of K. Binnemans [15], the A,¢ value for Dy = "
transition can be calculated using the formula:

= Ampon° *( Teot ) 4)

where n is the refractive index of the host and Ayp g is the spontaneous emission probability for the
Dy = "F magnetic dipole transition in vacuo, which is equal to 14.65 s~1 [15]. Therefore, it is possible
to calculate the () parameters from the ratio of the integrated intensity of the > Dy — 7F, 4 ¢ transitions
(referenced as f 1, (%)d? in the following equation) to the ratio of the integrated intensity of the °Dy
— 7F; magnetic dipole transition (indicated as f I1(9)d? in the following equation) by applying the
following equation [15]:

0, = DMDfJ? . 953 ) fl/\(ﬁ)dﬁ
SR uepf nne+2) [ h(@)de

©)

where 7 is the averaged wavenumber of the 5Dy — 7F; transition and 3, is the averaged wavenumber
of the °Dy — ’F, transition, where A = 2,4,6. The averaged wavenumber can be calculated according to

the formula:
- [ol(9)ds

o) = W (6)

As derived and discussed by K. Binnemans [15], since the 5Dy — 7Fg transition is usually very
rarely observed, it is often possible to calculate just the Q; and Q) parameters Given that for 5Dy —
7F1 magnetic-dipole transition the dipole strength can be expressed as Djp = 9.6 X 107 Debye?, and
assuming that for other transitions Dy;p = 0, for transitions Dy — 7F2,4,6 Drp is equal to the following:

_ 2 A 2
Dep=¢" ) o, QulCEIuer) @)
Furthermore, for transitions °Dy — 7F0,3,5 both Drp and Dyp are assumed to be equal to zero [15].

Taking into account all of the above, it is now possible to calculate the radiation transition probabilities
of all excited states while using the Judd-Ofelt parameters using the formula [15]:
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64t n(n242)°
ALY = S

* * 3
“ 32+ D) [ 9 Dgp + n°Dyip) 8)

where 7 is the average wavenumber of the transition in cm™1 his equal to the Planck constant
and 2] + 1 denotes the degeneracy of the initial state. In addition, the radiative branching ratios
Br(Y¥],¥']") from level ] to ]’ can now be calculated while using the A(¥],¥']’) values from the
equation above, as [15]:

AYTY'T)
¥ ,1{]/ Y —
Br(¥1¥)") vy AYLYT)

By applying the standard least-squares method, for which the root mean square (RMS) deviation

can be defined, as follows:
: )
Zl Dl _ Dl
RMS = \/ (Dexp ~ Deate) (10)

N-3

where N equals the number of transitions used in the fitting procedure and 3 is the number of fitted
parameters (), 4, (), it is now possible to iteratively fit the () parameters.

Furthermore, the asymmetry parameter (calculated from the room temperature emission spectrum)
R is defined as the ratio between the integral intensities of the 5Dy — 7F, and °Dy — F; transition
bands, R = I(°Dy — “F,)/I°Dy — "Fy) may be considered as an indication of the Eu’* ion symmetry.
Specifically, the further from a centrosymmetric geometry luminescent center is located, the higher the
value of the asymmetry parameter R [15,27]. As expected, the determined R parameter for Eu3*:BGO
specimens increases for samples with higher concentration of Europium®*, as the Eu®* ion somewhat
disrupts lattice symmetry, which is due to the difference between the ionic radii of Bi** (0.96 A) and
Eu* (1.07 A) ions, as indicated in Table 1.

©)

Table 1. Comparison of asymmetry ratios in relation to doping concentration in different Eu>*:BGO

samples.
Eu3* Concentration (mol %) R Value
3 2.493
1 2.347
0.3 1.820

Eu’*:BGO emission spectra were recorded at T = 300 K and 10 K, Judd-Ofelt parameters,
asymmetric and branching ratios were calculated. Table 2 shows the spontaneous emission probabilities,
fluorescence branching ratios and radiative lifetimes of Eu*>*:BGO using the calculated parameters.
The obtained theoretical radiative lifetime is significantly longer than the experimentally observed
value, which indicates that all of the occurring processes are not taken into account by the Judd-Ofelt
theory (such as the very strong presence of the °Dy —”F; emission line). Comparison of Judd-Ofelt
parameters between Eu3*:BGO and other Eu®*-doped hosts is shown in Table 3. The Judd-Ofelt
parameter (), can be generally used to represent the strength of the covalency and the site symmetry
of Eu?*, as mentioned above [15,27,28]. The value of ), in Eu:BGO is larger than the values reported
for Eu®*:LaF; and Eu®*:YAIO; materials, and smaller than the values reported for the other listed
materials. Similar observations have been reported in [28] for the Eu®>* doped scintillating crystal
BiyGe30yy, also possessing cubic symmetry (although it has a different space group (43d) than Eu:BGO).
This trend confirms that the values of, and relations between, the derived () parameters, are strongly
host-dependent, and thus can be used as a general indicator of the host symmetry.
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Table 2. The spontaneous emission probabilities, fluorescence branching ratios and asymmetry ratio of
BGO: 3% Eu3" calculated using the obtained Judd-Ofelt parameters.

Transition A (nm) Acac(s™1) Bcalc
5Dy—7F, 578 0 0
SDy—7F, 584 249.258 0.2557
5Dy—7F, 614 652.459 0.6694
5Dy—7F; 660 0 0
5Dy—7"F, 705 72.955 0.0748
°Dy—’Fs - - -
Dy—"Fg - - -

by 974.672 1

Oy =3.12224 x 10720 ¢m?
Q4 =0.77412 x 10720 cm?
Teale = 10259 ps

Table 3. The comparison of Judd-Ofelt parameters in different Europium doped hosts.

Compound 0, (10720 ¢cm?) Q4 (10720 cm?) Q¢ (10720 ¢cm?) Reference

Bi1,GeOy 3.12 0.77 - This work
Bi4G€3012 4.39 2.70 0.64 [28]
KLu(WOy), 20.76 5.3 7.96 [29]
KY(WO,), 36.70 11.50 3.40 [30]
NaY(WO,), 8.61 1.12 0.47 [31]
Y, AL O, 5.65 2.62 2.63 [32]
LaF3 1.19 1.16 0.39 [33]
YAIO;3 2.66 6.33 0.80 [33]
ZnO 9.59 8.11 0.25 [33]
Y,03 9.86 2.23 0.32 [33]
Gd,O5 12.39 2.02 0.19 [34]

The presence of a strong °Dy — ”Fj emission line, as observed in the emission spectra (shown in
Figure 5), should not be disregarded (even though this ED transition is considered “forbidden” by
classical Judd-Ofelt theory [24,25]), since the standard model effectively does not take into account the
J-J mixing and the spin—orbit interaction [35]. In fact, the presence of a strong Dy — ”F emission
line can be attributed to the vibronic coupling or via mixing of higher configurations into the 4f
wavefunctions by the crystal-field effect, as noted by K.Binnemans, [15]. Indeed, there are numerous
cases shown of Eu®* doped hosts with low local site symmetries (Cs, Cp, Cpy), in which the Dy —
’Fy emission is very strong or even strongest of the entire spectrum [35] (as a notable example, the
5Dy — ’Fy emission line of strong intensity has also been observed in Eu’*: BiyGe3O1p, as reported
in [36]). Furthermore, the ratio of the integrated intensity of the °Dy — “Fj / °Dy — “F transitions
is an important factor that represents the contribution due to the J — J mixing and the spin-orbit
interaction, as noted in [35,37]. It can be expressed formally as Rj; = I°Dy =7Fp)/I°Dy — “F;) and in
case of 3% Eu:BGO equals 0.2962. Additionally, it is important to mention that, in some cases, the J-J
mixing alone is insufficient to explain the intensity of the observed Dy — “Fy emission [35,37,38]. The
Wybourne-Downer mechanism [39] and breakdown of the closure approximation in the Judd-Ofelt
theory must then also be taken into account [40]. Additionally, the presence of only one narrow line for
the °Dy — ”Fy transition of Eu®* ion indicates that there is only one coordination environment of the
Eu3* ion, which is consistent with the structural data.

4. Conclusions

The spectroscopic properties of Eu*" doped BijpGeOy (BGO) sillenite bulk crystals that were
grown by the low-thermal-gradient Czochralski technique (LTG Cz) were investigated. The absorption
spectra and the emission properties have been measured at room temperature (300 K) and at 10 K.
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Based upon the absorption measurements at 10 K, position of the °Dy « ”Fy level of Eu®* has been
determined to be 17277 cm™!. Luminescence has been observed from the 5D0,1/2 levels of Eu®*, with
emissions from the 3Dy level being the strongest one. Luminescence from the °Dy level was observed
both due to the direct Eu®* ion excitation, as well as under UV excitation due to the energy transfer
between Bi** and Eu®* ions (see Figure 5). Luminescence from the higher-lying °D; and °D; levels
of Eu3* has also been confirmed by means of radiative decay measurements (see Figure 10). The
Bi** — Eu®* energy transfer mechanisms were investigated. The Q) parameters as well as radiative
lifetimes were calculated based upon the Judd-Ofelt formalism. Branching ratios and electric dipole
transition probabilities were also determined, based upon the obtained experimental results. The
obtained values of the () parameters are equal to () = 3.12224 x 10729 cm? and Q4 = 0.77412 x 10720
cm?, respectively. (see Table 2). Comparison between Eu:BGO and other Eu* doped hosts has been
made (see Table 3). Reasons for the strong presence of the theoretically forbidden *Dy — 7F emission
were also investigated and discussed.

The obtained results prove that the Eu:BGO crystals can be successfully utilized as a luminescent
medium in the orange-red portion of the VIS region (see Figure 8). It is further worth noting that the
excitation wavelengths for Eu:BGO are easily directly generated. This makes Eu:BGO an attractive
alternative to similarly emitting materials, for which the generation of excitation wavelengths is
difficult, thus making Eu:BGO a viable potential VIS laser material (in particular, the 532 nm and 355
nm excitation wavelengths are, respectively, the 2nd and 3rd harmonics of a widely available 1064 nm
Nd:YAG laser, with sources of 365 nm wavelength also being widely available).
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Appendix A

Figure A1. Crystal cell structure of BGO.
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Figure A2. XRD spectrum of BGO.
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