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Abstract. High-quality LizB407:Mn, Er glass samples containing 1.0 mol.% of MnO: and Er.0s were obtained
firstly by melt-quenching technology and studied by X-ray diffraction (XRD), electron paramagnetic resonance
(EPR) and optical-luminescent methods. Local structure parameters (interatomic distances and coordination
numbers) of the Li2B407:Mn, Er glass were derived from the radial distribution function calculated from the
experimental XRD curve. Analysis of EPR and optical spectroscopy (absorption, luminescence excitation,
emission, decay kinetics) data shows the presence of Mn?*(3d°), Mn3+(3d*), and Er3*+ (4f11) ions in the
Li2B407:Mn, Er glass network. Particularly, in the studied glass have been identified three types of Mn2* centers:
single Mn?* (1) ions in the strongly distorted sites of rhombic symmetry (ratio of rhombic and axial constants
|E/D| < 1/3), single Mn?* (2) ions in sites of almost cubic symmetry (D = 0, E = 0), and Mn?* pairs and small
clusters, coupled by magnetic dipolar and exchange interactions. The optical absorption spectrum of the
LizB407:Mn, Er glass shows a very broad, intense band peaked at 467 nm that belongs to the 5Eg(D) — 5Tz(D)
transition of Mn3* ions and a number of weak narrow lines belonging to f - f transitions of the Er3+ (411, *I15/2)
ions. The emission spectrum of the Li2B4O7:Mn, Er glass exhibits a broadband corresponding to the
4T15(G) — ©A1g(S) transition of Mn?* ions. Luminescence spectra and decay kinetics of Mn2* centers in the
Li2B407:Mn, Er glass were discussed and compared with corresponding results for LizBs07:Mn glass. The
absence of characteristic Er3* and Mn3* photoluminescence in the Li2B407:Mn, Er glass is clarified by proposed
energy transfer mechanisms from Er3+ to Mn2* and Mn3* ions.
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1. Introduction
Glasses and crystals doped with rare-earth elements show good optical characteristics and

high luminescence efficiency, making them applicable for solid-state lighting, laser
technology, and other useful applications in modern technics [1,2]. The erbium (Er) impurity
belongs to the rare-earths group and can exist as Er3* (4f11, 4l15,2) and/or Er?+ (412, 3Hg) ions
in various glassy and crystalline materials. The Er3* ions are very important for developing of
lasers, optical amplifiers, and fiber optic communication systems [3-6].

This also concerns the Er3*-doped borate glasses. The Er3*-doped borate glasses are
better than corresponding borate crystals in applications where ease of fabrication and
flexibility in shape and size are crucial. In particular, Er3*-doped borate glasses can be
incorporated into the core of optical fibers. Besides this, the Er3*-doped borate glasses can
also be used as easily fabricated gain media in solid-state lasers, including IR lasers.
Researchers are continue studying of the Er3+-doped borate glasses for better performance
in laser technique and other applications.
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Many research articles [7-13] on optical spectroscopy and luminescence of the Er3+-
doped borate glasses have been published to the present. In these articles, the emission and
excitation spectra and the luminescence decay kinetics of the Er3+ ions were investigated and
discussed. Some published articles [10,11] focused on the preparation technology and
studies of the structure and physical properties of the borate glasses. It is attempted to
optimize the basic glass composition to improve the Er3* luminescence properties in the Er-
doped borate glasses.

Our research group has reported studies on Er-doped Li;B407 (Li.0-2B,03) glasses in
[7,12]. The LizB407:Er glasses containing 0.5 and 1.0 mol.% of Er;03 were studied in detail by
EPR, optical absorption, and luminescence (excitation, emission spectra, decay Kkinetics)
spectroscopy as well as Judd-Ofelt theory in [7]. Later, spectroscopic properties of the
Li;B407:Er glass containing 1.0 mol.% of Er,03 and the Li;B407:Er, Ag glass containing 1.0 and
2.0 mol.% of Er,03 and AgNO3 were studied and compared to each other in [12]. Emission
spectra of the Li;B407:Er and Li;B407:Er, Ag glasses show strong infrared and green emission
bands peaked at 1530 nm and 546 nm, respectively. These bands are related to the 413/, —
#[15/2 and #S3;2 — 4115,z transitions of Er3* ions. Enhancement of the green emission band in
the Li;B407:Er, Ag glasses was reported in [12] that was explained by Ag* — Er3* energy
transfer and local field effects caused by surface plasmon resonance (SPR) of the Ag metallic
nanoparticles. Thus, co-doping of the Li,B4O7:Er glass with other chemical elements may be
useful for increasing of the Er3+ emission efficiency in both the green and IR spectral ranges.

Manganese (Mn) is a transition metal (3d54s? electron configuration) that can exhibit
different valence states in oxide compounds. The most common and stable valence
(oxidation) states of Mn as an impurity in oxide compounds are Mn2+ (3d> electron
configuration), Mn3* (3d*), and Mn** (3d3). Particularly, in Mn-doped oxide glasses, the
coexistence of Mn2* and Mn3* ions is usually observed [13-15]. The Mn2* ions can be
detected by EPR and luminescence spectroscopy methods, whereas the Mn3+* ions can be
detected by optical absorption [13-15]. This is possible because the Mn?* ions exhibit
characteristic EPR and luminescence (emission and excitation) spectra, whereas the Mn3+
ions exhibit a broad characteristic absorption band [13-15]. Thus, EPR and optical
(absorption and luminescence) spectroscopy are two important techniques for studying the
electronic structure and properties of manganese ions in different compounds.

The effect of Mn co-doping of the Er3+-doped materials can reveal several essential
effects on their optical and luminescent properties. Co-doping with Mn impurity together
with Er3+ ions can enhance their luminescence intensity due to energy transfer. In addition, it
may be possible to tune the emission properties of the Mn and Er co-doped materials over a
wide spectral range.

Until now, there have not been many detailed studies in the literature on materials co-
doped with Mn and Er. Let us briefly review some of the available articles. The
photoluminescence emission and excitation spectra of Er and Mn co-doped chalcogenide glass
with the composition Asi,GessSess were studied in [16]. Mn was found to decrease the intensity
of the Er3+ emission in the NIR spectral range [16]. The structure and optical properties of Er
and Mn co-doped SrAl;04 phosphor were investigated in [17]. As a result of the energy transfer
from Mn?* to Er3* ions, the Er3+ emission band at 1530 nm is enhanced [17]. The far-red and
green emission of Mn** and Er3+ ions, respectively, was registered in the La;ZnTiOs:Mn**/Er3+
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phosphor under excitation at 379 nm [18]. A very efficient Er3*+ - Mn** energy transfer was
observed in [18]. Dual emission from both Er3+ (peaks at 531, 545, and 677 nm) and Mn2+
(peak at 610 nm) activators was observed in the CaZnOS:Er/Mn crystal [19]. Recently, the
CsPbCl3:Mn2?+, Er3* quantum dots were studied in [20]. In this work, the strong and intense
luminescence peak around 600 nm, ascribed to Mn?* ions, was observed. Photoluminescence of
Er3+ ions was not observed, but the incorporation of Er3* enhances the emission of Mn2* ions. It
should be noted that the highest quantum yield of MnZ* luminescence in the CsPbCl;:Mn?*, Er3+
quantum dots was obtained at a Mn:Er ratio of 1:1.

It can be seen from the above review that the character and efficiency of the energy
transfer cannot be predicted as a priory. In some materials, energy transfer from Mn to Er is
observed with the quenching of Mn emission and enhancement of Er emission. In other
materials, quenching of Er emission and enhancement of Mn emission is observed due to
energy transfer from Er to Mn. Each case of co-doping in each material requires its own
study. From the analysis of referenced data on Er and Mn co-doping, it can also be seen that
the influence of Mn impurity on the spectroscopic properties of Er3+ ions in borate glasses
has not been investigated in detail up to now.

Therefore, this work aims to investigate the effect of simultaneous Mn and Er co-activation
on spectroscopic and optical-luminescent properties of the Li,B407 glass. The main aim of the
article is to investigate changes in the local structure, spectroscopic, and photoluminescent
properties of the Li;B407 glass caused by co-doping with Mn and Er impurities.

2. Experimental details

2.1. Synthesis of the LizB,07:Mn, Er glass and samples preparation

The Li;B407:Mn, Er glass was obtained by the standard melt-quenching technology of borate
glasses represented in [7,12,21,22]. For obtaining the Li,B407 glass, the Li,CO3 compound
and the boric acid (H3BO3) were used. The Mn and Er impurities were added to the raw
materials as MnO; and Er;03; oxides, respectively, in amounts of 1.0 mol.%. The raw
materials in the stoichiometric proportion were thoroughly mixed, placed into a corundum
ceramic crucible and then its was put in a furnace for the melting process. The entire process
of the studied glass preparation was realized in the air. The Mn-Er co-doped Li;B407 glass
was made by rapid cooling of the melt. The technological process for obtaining the
Li;B407:Mn, Er glass can be presented by the following multi-step chemical reaction:

Li,CO4+4H;B05+Mn0,+Er,0, —H0T 1 i 0, +4(a-HBO,)+Mn0,+Er,0, 2120,

1700C 2500C
; co,t s Iti
LioCO3+2B,05+Mn0,+Er;05 — 3 2—>Li;B40;,+Mn0,+Er,0; — 15008 (1)

. id .
Li,B,0, :Mn,Er meltﬁ%leB4O7 :Mn,Er glass

From the obtained Li;B407:Mn, Er glasses were prepared samples for optical absorption
and photoluminescence (emission, excitation, and decay Kinetics) studies by cutting and
polishing them to a size of 12x8x2 mm3. The Li;B407:Mn, Er glass samples with an
approximate size of 3x2x2 mm3 were used for investigations by XRD and EPR techniques.
2.2. Experimental methods and equipment
The XRD pattern was registered using a computerized DRON-3 X-ray diffractometer with Cu
Ka radiation (A=1.5418 A). The paramagnetic centers in the Li;B407:Mn, Er glass were
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investigated using a multifrequency and multi-resonance FT-EPR spectrometer Bruker
(model Elexsys E 580 - 10/12) operating in the X-band (work frequency v=9.851013 GHz) at
room temperature (7=295 K) and in the 6.7 - 100 K temperature range using a helium flow
cryostat.

Optical absorption spectra were recorded at room temperature (T=295 K) using the
UV-2600 Shimadzu spectrophotometer equipped with the ISR-2600Plus two-detector
integrating sphere attachment. The spectrophotometer includes a double-beam photometric
system, halogen and deuterium lamps, and a single diffraction grating. The measurement
range of the UV-2600 Shimadzu spectrophotometer with ISR-2600Plus attachment is
220 - 1400 nm. The photoluminescence emission and excitation spectra and emission decay
curves were recorded at T=295 K using a FluoroMax-4P Horiba spectrofluorimeter. The
spectrofluorimeter is equipped with a 150 W xenon lamp, two grating monochromators (one
for excitation and one for emission), and the R928P photomultiplier tube.

3. Results and discussion

3.1. The XRD investigation of the LizB,07:Mn, Er glass

The experimental XRD data for the Li,B4O7:Mn, Er sample, plotted as a function of 26
scattering angle, are given by circles in Fig. 1. The smoothed XRD pattern without narrow
crystalline peaks presented by the red curve in Fig. 1 confirms the disordered structure of
the studied sample.

1400 + ° H . —
: L12B 407.Mn,Er glass
MnO, - 1.0 mol.%
1200 B
Er O, - 1.0 mol.%
£ 10004 T=295K
c
=) o-o-o—o experimental data for Li B,O_:Mn,Er glass
£ 800 smoothed curve for Li, B O_:Mn,Er glass
© reference data for Li B, O, crystal
__é’ 600 + reference data for SiO, crystal
= 2
c
D 400+
£
200
0-
T T T T T T T T T T T T
0 20 40 60 80 100 120

20, deg
Fig. 1. The experimental XRD data (circles) and smoothed XRD curve (red line) for studied
LizB407:Mn, Er glass as well as reference data for LizB407 crystal (blue line) [23] and SiO2z crystal

(magenta line) [24], plotted as functions of 20 scattering angle. The numbers of XRD standard cards for
Li2B407 (ICDD 18-0717) and SiO2z (ICDD 46-1045) crystals.

Relatively narrow peaks near 21° and 27° in the experimental XRD profile correspond
to the impurity of SiO, polycrystalline compound (see magenta line in Fig. 1 [24] and XRD
standard card ICDD 46-1045 for SiO; crystal). It should be noted that for all borate glasses
obtained by us in corundum crucibles, the SiO, impurity is typical, and its concentration
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depends on the temperature of the melt. In our opinion, the presence of the SiO; impurity in
the obtained glass is caused by Si diffusion from the crucible. It is noteworthy that the main
maxima in the XRD profile of the Li;B407:Mn, Er glass are close to the positions and
intensities of the main reference peaks for the Li;B407 crystal (see blue line in Fig. 1 [23] and
XRD standard card ICDD 18-0717 for Li,B407 crystal).

The registered XRD curve was analyzed to learn the local structure of the Li,B407:Mn, Er
glass, including interatomic distances and coordination numbers. The intensity of scattered
radiation, I(s), of a system of atoms, can be written as follows:

I(s)= NFZ(s){l + Tzwz [p(r)- pO]Sin—SrdS}, (2)
0 Sr

where s = 47sin6/ 2 is the modulus of the scattering vector, A = 1.5418 A, N is the number of
atoms, F2(s) is the atomic structure factor, r is the distance, p(r) is the atomic density, po is
the average atomic density. Using the Fourier transformation of Eq. (2) was obtained the
radial distribution function (RDF) in the following form:

ter2ofm — amrzer +. 20 Fsl 1)1 lsincsma 3
wrip(r)=4nrrip, +7£S{W(s) }sm(sr) s. (3)
Radial distribution function 4mnr?p(r) describes the variation of the atomic density in
dependence of r.

Fig. 2 shows the radial distribution function and its deconvolution into partial radial
distribution functions. It highlights the average interatomic distances for specific atom pairs
within different coordination spheres of the Li;B407:Mn, Er glass. Table 1 gives the average
distances between neighboring atoms and the number of atoms surrounding a given atom in
the first coordination sphere of the Li;B407:Mn, Er glass network. The coordination numbers
for B and Li atoms in the Li,B407:Mn, Er glass given in Table 1 were calculated by integrating
the corresponding partial radial distribution functions (Fig. 2).

400

1 Li,B,O,:Mn,Er glass
3501 MnO, - 1.0 mol.% 0.511
300 4 ErZO3 - 1.0 mol.% (Li-O)

1T=295K (0-0)

250

200
150

100 +

4y p(r), arb. units

—7r - 1 r r - r 1 - 1 1 - T * T 7

010 0415 020 025 030 035 040 045 050 055 0,60
Distance r, nm

Fig. 2. Radial distribution function and its deconvolution into partial radial distribution functions,

obtained for the LizB407:Mn, Er glass network.
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Table 1 presents the corresponding average interatomic distances (rg.o, rii.o) and
coordination numbers (Ng.o, Nii.o) in the network of Li;B407:Mn, Sm [25], and Li;B407 [22]
glasses for comparison. Average interatomic distances for pairs in more distant coordination
spheres are not analyzed due to the significant overlap of deconvoluted functions.

Based on the results obtained (see Fig. 2 and Table 1), it can be concluded that the BO3
triangles and BO, tetrahedra are the main glass-forming units in the Li;B407:Mn, Er glass
network. The Li atoms are mainly the Li;B407:Mn, Er glass network modifiers with the
coordination number Nii.o = 4 - 7. Obtained in this work structural results for Li;B407:Mn, Er
glass show satisfactory agreement with corresponding results for un-doped Li;B407 glass
[22] and crystal [23] as well as Li;B407:Mn, Sm glass [25].

Table 1. Average B-0 and Li-O distances and coordination numbers to oxygen for B and Li
atoms in the studied Li;B407:Mn, Er glass, which were calculated from the radial distribution
function (Fig. 2). Uncertainties for average interatomic distances and coordination numbers
are = 0.003 nm and # 0.3, respectively.

Glass composition rg-o, [nm] Ng-o I'i-o ,[nm] Nii-o
Li;B407:Mn, Er glass 3.0
(this article) 0.160 4.0 0.256 48
Li;B;07:Mn, Sm glass [25] 0.161 i'g 0.255 49
Li,B407 glass [22] 0.165 3.5 0.279 4.4

Note. Structural parameters (interatomic distances and coordination numbers) for glasses
Li2B407:Mn, Sm, and LizB407 are presented in Table 1 for comparison with relevant structural
parameters of the studied LizB407:Mn, Er glass.

The obtained structural results show that the local structure of the studied
Li;B407:Mn, Er glass, un-doped Li;B407 glass [22], Li;B407 crystal [23], and Li;B407:Mn, Sm
glass [25] is closely similar. It should be noted that the BO3 and BO.4 glass-forming units, as
well as the LiO, (n = 4 - 7) modifiers in glasses Li;B407:Mn, Er, Li;B407:Mn, Sm [25], and
Li;B407 [22] are more distorted and are characterized by considerably greater average
distances between atoms than the corresponding precise distances in the lattice of Li»B407
crystal [23].

3.2. The EPR spectra of the Li;B,07:Mn, Er glass and their analysis

In Fig. 3 are the X-band EPR spectra of the LiB407:Mn, Er glass, registered in wide (a) and
narrow (b) magnetic field scan ranges at room temperature (T = 295 K). The EPR spectrum,
registered in a wide magnetic field range, consists of a broad band, denoted as Mn?*(1), a
sharp line, denoted as Fe3+(1), and an intense broadband, denoted as Mn?*(2) (see Fig. 3a).
The EPR signals, denoted as Mn2+(1) and Mn2+(2) in Fig. 3, were observed in a number of
oxide glasses with different basic compositions, doped with Mn and belonging to the Mn2+
(6Ss/2, 3d5) ions [21,25-29]. The Mn2*(2) EPR signal containing six weakly-resolved
hyperfine components related to the nuclei of 55Mn isotope (natural abundance - 100%,
nuclear spin I = 5/2) is best observed in a narrow magnetic field scan range (see Fig. 3b).
Parameters of the Mn2* EPR signals in the Li;B407:Mn, Er glass have been determined at
T = 295 K. For Mn?* (1) centers were obtained the following parameters: isotropic g-factor
Jiso = 4.29 £ 0.01 and peak-to-peak derivative linewidth AH,, (1) = 470 Gs with un-resolved
hyperfine structure. For Mn2* (2) centers were obtained the following parameters: isotropic
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g-factor giso = 2.01 £ 0.01, peak-to-peak derivative linewidth AHp, (2) = 500 Gs with weakly-
resolved six-component hyperfine structure, caused by nuclei of 55Mn isotope, average value
of the hyperfine interaction constant A,, = (89 + 3) Gs and average peak-to-peak derivative
linewidth of the hyperfine component AH,,® = (70 * 3) Gs.

0,4

] Er*- Ert Li,B,O,:Mn,Er glass
0,2 1 MnO, - 1.0 mol.%

] ) Er,0, - 1.0 mol.%
0,0 { Mn**(1)

v =9.851013 GHz
T=295K

-0,2
-0,4
-0,6

0,84

EPR signal intensity dy"/dH, arb. units

J F e3+ (2) 7
-1,04
T v T T T T T T T T T T
1000 2000 3000 4000 5000 6000 7000
Magnetic field H, Gs (a)
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| Er*-Er** Li,B,0,:Mn,Er glass
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v =9.851013 GHz
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Fig. 3. The X-band EPR spectra of the LizB407:Mn, Er glass, registered at T = 295 K in wide (a) and
narrow (b) ranges of the magnetic field.

Above is given the average value of the hyperfine interaction constant A, = (89 * 3) Gs for
Mn2+ (2) centers, because the splitting between hyperfine components is significantly non-
equidistant and equals about 71 Gs for the first and second components and about 109 Gs for the
fifth and sixth components. The essential non-equidistance of the hyperfine components for Mn2+
(2) centers is caused by the influence of the zero-field splitting parameters D (axial crystal field
term) and E (orthorhombic crystal field term), which leads to appearance of fine structure in the
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EPR spectra of crystals. It is important to note that the local structure symmetry and zero-field
splitting parameters (D and E) for 3d>-ions (Mn2* and Fe3*) in oxide glasses are a subject of
controversial discussions in scientific literature up to now.

According to the interpretation given in [25-29], we can state that the isolated Mn?Z*
centers in the Li;B407 glass network occupy strongly distorted sites of rhombic local
symmetry, where ratio |E/D| < 1/3 that leads to the appearance of the Mn2+ (1) EPR signal
with g = 4.3, and sites with a local symmetry close to cubic (D = 0, E = 0) that leads to the
observation of the Mn?* (2) EPR signal with g = 2.0. Various types of possible fully rhombic
distortions (ratio |E/D|=1/3) of the octahedral and tetrahedral sites in glasses were
discussed in [27]. The absence of hyperfine structure of the 5°Mn isotope nuclei for Mn2+ (1)
centers is caused by a wide distribution of the zero-field splitting parameters (D and E) in the
Li;B407:Mn, Er glass network.

Besides the MnZ* (1) and Mn2* (2) EPR signals in the Li;B407:Mn,Er glass is observed a
broad (AHp, more than 500 Gs) unresolved underlying response centered at g = 2.0 (see
Fig. 3), which according to [21,25,26,28] is attributed to the Mn2+ - Mn2* pair centers coupled
by magnetic dipolar interaction. Thus, the Mn impurity is incorporated into the
Li;B407:Mn, Er glass network as isolated Mn?* ions in the strongly distorted (Mn?* (1)
centres) and nearly cubic (Mn2* (2) centers) octahedral or/and tetrahedral sites.
Additionally, some parts of the Mn2* impurity ions are revealed in the observed EPR
spectrum as Mn?* - Mn2* pairs, coupled by magnetic dipolar interaction.

The Er impurity can become embedded into oxide compounds as paramagnetic Er3+
(4f11, 4115,2) non-S-state Kramers ions and/or Er?+ (4f12, 3He) non-paramagnetic ions. The Er3*
ions can be clearly identified by EPR and optical (absorption and luminescence)
spectroscopy. According to [30], in zeolites, which are a class of disordered polycrystalline
compounds, the non-S-state Kramers rare-earth ions (Ce3*, Nd3*, Dy3*, and Yb3*) show
asymmetric EPR signals with an extremely broad line, which are observed at liquid helium
temperatures only. The EPR spectra of Er3* ions in disordered solids, including glasses, have
been studied insufficiently up to now and published only in several articles [7,30-33]. In
particular, the Er3* asymmetric broad EPR signal with g = 9.78 in the Li;B407:Er and
CaB407:Er glasses containing 0.5 and 1.0 mol.% Er,0s3 for the first time was observed by us at
4 - 20 K [7]. Homogeneous broadening due to the shortening of spin-lattice relaxation time
causes the Er3* EPR signal to disappear at higher temperatures [7]. A similar broad EPR
signal with a maximum near 80 mT (800 Gs) related to the Er3+ ions has also been observed
in the Na,0-GeO; glasses at liquid helium temperature [32].

For observation of the Er3* ions, the X-band EPR spectra in the LizB407:Mn, Er glass were
registered in the 6.7 — 100 K temperature range (Fig.4). As one can see from Fig. 4, in the
6.7 - 20K temperature range clearly is observed a new extremely broad asymmetric EPR
signal with gey=9.78 that is closely similar to the EPR signal observed at 4.2 - 20K in
Li;B407:Er glasses activated with 0.5 and 1.0 mol.% of the Er,03 impurity [7]. The observed
EPR signal with gey = 9.78 (see Fig.4) according to [7,30-33] belongs to the Er3* single
(isolated) centers in sites with strongly distorted octahedral geometry of the Li;B4O7:Mn,Er
glass network. This EPR signal of the Er3* isolated centers disappears above T = 20 K (see Fig. 4
and Ref. [7]) as a result of shortening of the spin-lattice relaxation time. Therefore, the EPR
spectroscopy at liquid helium temperatures clearly proves the presence of the Er3+ single
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(isolated) centers in the studied LiB407:Mn, Er glass. On the basis of published data for Er3+ [7]
it can be assumed that the EPR signal with g.;= 2.01, observed in the Li;B407:Mn, Er glass (see
Fig. 3a, b) is related to the Er3+ - Er3+ pair centers, coupled by magnetic dipolar and exchange
interactions. Therefore, the EPR spectroscopy shows the presence of Er3+ single centers as well
as the Er3+ - Er3+* pair centers and their clusters in the studied Li;B407:Mn, Er glass.

80

Fe*(1) Mn™(2)

N
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A T NN, ———————————
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40 —60K
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Fig. 4. The X-band EPR spectra of the Li2B407:Mn, Er glass, registered in the range of 6.7 - 100 K.

It is worth noting that characteristic optical absorption and photoluminescence spectra
of the non-paramagnetic Er?* (4f12, 3He) ions are not observed in the Li;B407:Mn, Er glass
(see Subsections 3.3, 3.4, and 3.5). Thus, according to EPR and optical spectroscopy data one
can to conclude that the erbium impurity is incorporated into the Li;B407 glass network
exclusively as non-S-state Kramers Er3+ (411, 4I15,,) paramagnetic ions.

Additionally to the characteristic EPR signals of the Mn2* and Er3* ions, the
Li;B407:Mn, Er glass also shows single-line EPR signals with effective isotropic g-factors of
Jiso = 4.29 and gis = 2.00, which are marked as Fe3+(1) and Fe3+(2) (see Fig. 3a, b and Fig. 4).
These signals, according to [26-28], were ascribed to Fe3* (3d5, ¢Ss,2) paramagnetic ions of
the iron un-controlled impurity. The Fe3* EPR signals observed in the Li,B407:Mn,Er glass,
are closely similar to the Fe3* EPR signals, which previously have been observed by us and
other authors in oxide glasses with different compositions [21,25-28,34-37]. The presence
of the Fe3* EPR signal with gis, = 4.29 clearly indicates the disordered glassy structure of the
studied LizB407:Mn, Er compound, which was also confirmed by the XRD data analysis
described above. It should be noted that the concentration of the Fe3* impurity ions in the
Li;B407:Mn, Er glass is relatively low. Therefore, very weak Fe3+ forbidden absorption bands
cannot be seen in the optical absorption spectra, which are detailed and characterized below.
3.3. Optical absorption spectrum of the Li>B,07:Mn, Er glass
The optical absorption spectrum of the Li;B407:Mn,Er glass, registered in the 250 - 1400 nm
range, is presented in Fig. 5. The absorption spectrum with indicated transitions in the range
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of 300 - 1350 nm is shown additionally as an inset in Fig. 5. A broad absorption band with a
maximum in the blue spectral range and several narrow bands in the UV-Vis-IR range are
observed. A strong increase in absorbance from 370 to 300 nm corresponds to band-to-band
electronic transitions. The shift of absorption edge depending on structural features of
borate crystals and glasses was discussed in [38]. It was found that the lowest in energy
(highest in wavelength) band-to-band electronic transitions are associated with transitions
from non-bridging oxygens to alkali cations. Therefore, transitions from non-bridging 0%
anions to Li* cations may be responsible for the strong absorption from 370 to 300 nm in the
Li;B407:Mn, Er glass. A broad, intense asymmetric band that extends from 370 nm to
1000 nm reveals a maximum at 467 nm. This band belongs to the 5Eg(D) — 5T24(D) spin-
allowed transition of Mn3+ (3d*) ions in the high-spin configuration. The high-spin Mn3+ ions
show a single absorption band only because the D ground state term splits into two crystal
field states SEg and >T,g, and there are no other crystal field states with a multiplicity of 5.
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06{ E D) °T. D) P4y glass
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0.4+
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Fig. 5. Optical absorption spectrum of the LizB407:Mn, Er glass recorded at room temperature (T = 295 K).

Observed broad absorption band cannot originate from Mn?* (3d®) ions because d* ions
in both high and low spin configurations show many absorption bands. The high-spin Mn2+
ions show up to 9 absorption bands related to the spin-forbidden transitions from the 6A14(S)
ground state to excited crystal field states with a multiplicity of 4. The low-spin Mn2+ ions
show many intense absorption bands related to the spin-allowed transitions from the 2T,4(I)
ground state to excited crystal field states with a multiplicity of 2. The observed single
absorption band cannot originate from Mn** (3d3) ions because the Mn** ions show three
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intense optical absorption bands related to the 4Azg(F) — #Tg(F), *A2(F) — *T1g(F), and
4A24(F) — 4T14(P) spin-allowed transitions. The observed absorption band cannot also
originate from Mn3* ions in the low-spin configuration. The low-spin Mn3+ ions show many
intense absorption bands related to spin-allowed transitions from the 3T15(H) ground state
to excited crystal field states with a multiplicity of 3.

It should be noted that a broad absorption band of Mn3* ions with a maximum near
470 nm has been observed in lithium borate glass [39], lithium lead borate glass [14], and
aluminum lead borate glass [29]. The position of the Mn3* absorption band in the
Li;B407:Mn, Er glass shows a good correlation with the abovementioned references
[14,29,39].

A geometric distortion of the octahedral crystal field (O, group) with the formation of
the elongated or shortened octahedra (D4 group) is very often observed in the glass
network. As a result, the 5Eg state splits into the >Big and 5A1g levels, while the 5Ty, state splits
into the 5B, and SE; levels. The asymmetric shape of the Mn3* absorption band in the
Li;B407:Mn, Er glass can be related to the superposition of three transitions corresponding to
the elongated or shortened octahedron. Used by us, spectroscopic techniques do not provide
definitive information regarding the prevailing distortion (elongation or shortening) of the
oxygen octahedra in Li;B407:Mn, Er glass.

The optical absorption spectrum of the Li,B407:Mn, Er glass also shows several narrow
bands peaking at 363 nm, 378 nm, 452 nm, 486 nm, 520 nm, 650 nm, 795 nm, and 974 nm
(see inset in Fig.5). These bands correspond to Er3* ions (4f° electron configuration) and
belong to the *l15,2 = *Goy2, 4l15/2 = *G11/2, *lis/2 = *Fs/2, 1152 = 4F72, 4l1s/2 = 2Ha12, sz =
4Fo;2, Hl15/2 = *lgs2, and #1152 = 4111/ transitions, respectively. The observed Er3+ absorption
bands overlap with the broad absorption of the Mn3+ ions. Thus, the manganese co-doping
causes an increasing and broadening of the absorption of the Li;B4O7:Mn, Er glass in
comparison with the Li;B4O7:Er glass [12] that can be useful to improve the excitation
efficiency of the narrow 4f - 4f transitions of Er3* ions. Luminescence techniques were used
to investigate the possibility of Mn3+ — Er3+ energy transfer (see Subsections 3.4 - 3.5).

3.4. Luminescence emission and excitation spectra of the Li;B,07:Mn, Er glass
The luminescence emission spectrum of the Li;B407:Mn, Er glass recorded upon excitation at
411 nm is shown in Fig. 6. It can be seen a broad band extending from 500 nm to 800 nm
with a maximum at 618 nm. In our opinion, the observed band belongs to the 4T4(G) —
6A14(S) transition of Mn?* (3d°) ions. The position of the emission maximum at 618 nm
indicates an octahedral environment of Mn?* ions in the Li;B407:Mn, Er glass because Mn2+
ions in the octahedral crystal field show the emission maximum in the red spectral range,
whereas Mn2* ions in the tetrahedral crystal field show the emission maximum in the green
spectral range [40,41]. It should be noted that two deeps are also observed in the
luminescence emission spectrum (Fig. 6). A strong deep at 650 nm is related to the *ly5,2 —
4Fq,, transition of Er3* ions, whereas a weak deep at 520 nm belongs to the *l15,2 = 2H11,2
transition of Er3+ ions. This means that part of the Mn2* emission is absorbed by the Er3* ions.
Fig. 7 shows the luminescence excitation spectrum of Li;B407:Mn, Er glass recorded
under monitoring of the Mn2+ emission at 618 nm. Several bands related to Mn2+ ions can be
observed. The most intense Mn2* excitation band is positioned around 411 nm and belongs
to the °A14(S) — *A14*Eg(G) transition.
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For a more complete understanding, let us analyze the transitions of Mn2* ions. The 3d>
electron configuration in the LS coupling scheme produces a total of 16 terms. These include
one spin sextet, four spin quartets, and eleven spin doublets. The ground ¢S term transforms
into the 6A1, state in the octahedral crystal field. Under normal circumstances, the high-spin
Mn?* configuration exhibits only transitions from the 6A;; state to excited crystal field states
characterized by a multiplicity of 4 because transitions to excited states characterized by a
multiplicity of 2 have an almost negligible chance of occurring. In the octahedral crystal field,
the 4G term splits into #T1g, 4T3, and *A1,,*E; states, the 4D term splits into 4T, and “E; states,
the 4P term transforms into the 4T+, state, and the *F term splits into Az, 4T+, and 4Ty states.
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180000 1 1 1 N 1 1 1 1 1

| L12B 407:Mn,Er glass M2 (@) e

A =411nm 4 6

150000 4 = T, (G) - A (S)
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120000 4 4

I15/2 - F9/2

' d
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Wavelength,nm
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Fig. 6. Luminescence emission spectrum of the Li2zB407:Mn, Er glass recorded upon excitation at
Aexc = 411 nm. The luminescent photos of the sample are shown as insets. Photo (a) is made without
any optical filters. Photo (b) is made with a 500 nm long pass filter to minimize the violet excitation
light on the photo. Photos are made using Samsung A52s smartphone. Focal length of 5.23 mm and
aperture of f/1.8 for both photos, ISO of 500 and 3200, and shutter of 1/30 s and 1/4 s for photo (a)
and photo (b), respectively.

As mentioned above, several MnZ* bands were observed in the excitation spectrum of
the Li;B407:Mn, Er glass when the red MnZ* emission was monitored. These bands are
attributed to Mn?* transitions from the ground A, state to excited crystal field states with a
multiplicity of 4 and are denoted in Fig. 7. The optical absorption spectrum lacked Mn2+
transitions because the strong and broad Mn3* absorption overshadows the MnZ* spin-
forbidden weak absorption bands (see Fig.5). It should be noted that the correlation
between the shape and the approximate wavelength positions of the Mn?* emission and
excitation bands in the Li;B407:Mn, Er glass and those previously reported in [42,43] for
different oxide glasses is quite good.
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Fig. 7. The luminescence excitation spectrum of the Li2B407:Mn, Er glass recorded by monitoring of the
emission intensity at 618 nm.

The Racah parameters B and C [44] are applied to describe the positions of
spectroscopic terms of transition metal ions. Meanwhile, the Tanabe-Sugano diagram [45] is
applied to analyze the crystal field splitting. The energy of the *A1,,*E4(G), and *E4(D) excited
states has no dependence on the crystal field strength (Dq) and, therefore, is equal to the
energy of the *G and “D terms. Thus, it is possible to calculate the B and C parameters for
Mn?2* ions in the Li;B407:Mn, Er glass using the following system of equations:

E(6S — 4G) = 10B + 5C, E(6S — 4D) = 17B + 5C . (4)

The 6A14(S) = *A15*E¢(G) and ¢A14(S) — “Eg(D) transitions in the Li;B4O7:Mn, Er glass are
observed at (411.5 * 1.0) nm and (351.0 # 2.0) nm, respectively. Solving the system of
equations (4) gives B = (598 + 25) cm!, € = (3663 + 55) cmL, and C/B = (6.12 + 0.27). The
next step is to build the Tanabe-Sugano diagram at the obtained C/B ratio and to find the
Dq/B value which gives the best agreement between the observed and calculated
wavelengths of the Mn?* transitions. The Tanabe-Sugano diagram for MnZ* ions in the
Li;B407:Mn, Er glass is shown in Fig. 8.

In this work, the ¢A4(S) — 4T2g(D) transition at (366.0 + 2.0) nm was used to calculate
the Dq/B value because the maxima of the 6A14(S) — 4T14(G), 6A15(S) = #T24(G), and 6A14(S) —
4T14(P) transitions in the excitation spectrum of the Li;B407:Mn, Er glass are more difficult to
determine. Using the Tanabe-Sugano diagram (see Fig. 8) and E/B = 45.66 for the 6A14(S) —
4T4(D) transition, it is possible to obtain a value of Dg/B = (0.956 % 0.001). The calculated
Mn2+ wavelengths (A) and energies (E) at the obtained Dq/B value are presented in Table 2.
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Fig. 8. The Tanabe-Sugano diagram for Mn2+ ions in the LizB407:Mn, Er glass network.

Based on the obtained values of Dq/B and B, the crystal field strength for Mn2+ ions in
the Li;B407:Mn, Er glass was obtained, which equals Dq = (572 * 24) cm'L. It should be noted
that obtained Racah parameters and crystal field strength correlate with literature data for
other borate glasses. In particular, the obtained results quite well agree with values B = (633
* 15)cm?, € = (3610 * 15) cm?, C/B = (5.7 £ 0.1), and Dq = (650 * 50) cm!, which were
reported in [46] for MnZ* ions in sodium borosilicate glass.

Table 2. The observed and calculated wavelengths (1) and energies (E) of Mn2* transitions in
the LizB4O7:Mn, Er glass. The uncertainty of indirect measurements was calculated using
uncertainty propagation.

Observed Calculated
Transition E/B
A+1.0,nm E, cm! E, cm! A, nm
+0.01

6A1g (S) = 4T (F) - 68.70 41110 +1700 243 +10
6A1g (S) = 4T, (F) - 65.73 39330 +1620 254 +10
6A15 (S) = %A (F) | 266.0+2.0 37590+ 280 64.84 38800 + 1600 258=+11
6A1g (S) = 4T14 (P) difficult to determine 54.50 32610+ 1340 307 +13
6A14 (S) = “E¢ (D) 351.0+2.0 28490+ 160 47.60 28480 + 1170 351+ 14
6A14(S) = T2 (D) | 366.0+2.0 27320+ 150 45.66 27320+ 1130 366 + 15
6 4N, 4

éig (5)=*A1e'Ee | 4115410 24301459 4060  24300:1000 412+17
6A15 (S) = 4T2: (Q) difficult to determine 38.67 23140 =950 432 +18
6A14 (S) = 4T15 (G) difficult to determine 35.04 20970 + 860 477 £ 20

03118
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Luminescence emission and excitation spectra of the Li;B407:Mn, Er glass registered at
excitation and monitoring wavelengths of 316 nm and 370 nm, respectively, are shown in
Fig. 9. These spectra focus on the registration of intrinsic luminescence, which has been
studied in detail by us for un-doped borate glasses in [47]. The Li,B407:Mn, Er glass shows an
emission band of intrinsic luminescence at 370 nm (see Fig. 9). The corresponding excitation

band of intrinsic luminescence peaks at 316 nm (see Fig. 9).
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Fig. 9. Luminescence emission (red solid curve) and excitation (blue dashed curve) spectra of the
Li2B407:Mn, Er glass registered at Aexc = 316 nm and Amon = 370 nm, respectively.

The observed excitation and emission bands are due to band-to-band electronic
transitions. Considering the interpretation of the absorption edge (see Subsection 3.3), the
observed intrinsic luminescence can be related not only to simple electron-hole
recombination but also to the creation and annihilation of bound excitons. There are two
deeps on the emission band (see Fig. 9). The weaker deep at 363 nm and the stronger deep
at 378 nm correspond to the #li5,2 — *Gos2 and *li5,2 = #Gi1/2 transitions of Er3* ions,
respectively. This means that part of the intrinsic luminescence is absorbed by Er3* ions. It
should be noted that characteristic green luminescence of Er3+ ions is not observed in the
emission spectrum of the Li;B.07:Mn, Er glass (see Fig.9). It can be explained by non-
radiative processes in Er3* ions and/or energy transfer from Er3* to Mn?* ions. The red Mn2+
luminescence is observed upon excitation at 316 nm (see Fig. 9). In this case, Mn?* ions can
be directly excited at wavelength 316 nm because the A1, (S) — #T1, (P) transition is close to
this wavelength (see Fig.7). The contribution of energy transfer from the glass network

and/or Er3+ions to Mn?* ions also cannot be excluded.
Let us return for a moment to the Mn3+ ions, which show the intense broad absorption

in the investigated glass (see Fig.5). Unfortunately, all attempts to register the Mn3+
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luminescence were unsuccessful. The Mn3+ ions in the Li»B407:Mn, Er glass exhibit non-
radiative transitions to the ground state and do not show any photoluminescence.

3.5. Decay kinetics of the Mn?* luminescence in the Li;B407:Mn, Er glass
The Mn?* luminescence decay curve in the ions in the Li;B407:Mn, Er glass is shown in
Fig. 10. The decay curve is strongly non-single exponential and can be related to the energy
transfer process. The obtained decay kinetics curve of Mn?* ions was fitted quite well by a
two-exponential function with lifetime values of 71 = 2.62 ms and 7, = 10.14 ms (see Fig. 10).
The value of the average amplitude lifetime (7.,z) was evaluated according to the following
expression:
_An A

Tavg - A1+A2 (5)
where A; are amplitudes of lifetimes 7; (i = 1,2). The calculated amplitude average lifetime of
the Mn?* luminescence equals 7.18 ms. For the spin-forbidden 4T14(G) — ¢A14(S) transition of
the Mn?* ions, a rather long lifetime is typical. For comparison, a lifetime of 5.3 ms was
obtained for the Li;B407:Mn glass in [48]. Thus, a prolonged Mn?* luminescence lifetime is
noticed in the Li;B407:Mn, Er glass compared to the corresponding lifetime in the LizB407:Mn
glass obtained in [48].
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Fig. 10. Luminescence decay kinetics of Mn2?* ions in the LizB407:Mn, Er glass.

In our opinion, a lifetime extension of the Mn?* luminescence is caused by the Er3+ —
Mn2+ energy transfer. The absence (total quenching) of the green Er3* luminescence in the
Li;B407:Mn glass can also be related to the transfer of excitation energy from Er3+ to Mn2+
ions with subsequent emission of MnZ* ions in the red spectral range. This is the first energy
transfer channel in the Li;B407:Mn, Er glass. The energy of many Er3+ transitions overlaps
with the broad absorption of Mn3+* ions. This fact suggests the possibility of energy transfer
from Er3* ions to Mn3+* ions followed by non-radiative relaxation to the ground state of the
Mn3+ ions. This is the second energy transfer channel in the Li;B407:Mn,Er glass. However, a
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detailed analysis of the Er3* — Mn3* energy transfer is complicated by the absence of
corresponding Er3* emission in the Li;B407:Mn,Er glass. Proposed possible energy transfer
channels (Er3* - Mn?*, Er3* - Mn3+) are shown schematically in Fig. 11.

The Mn2* - Mn3* energy transfer channel is also possible because the broad absorption
of Mn3+ ions is extended to the red spectral range, where the Mn2+* luminescence is observed.
But, in our opinion, such an energy transfer channel is very weak in the Li,B407:Mn, Er glass.
If the Mn2+ — Mn3+ energy transfer was strong enough, then a reduction in the Mn?* lifetime
would be expected. This does not occur and the Mn?* ions in the Li;B407:Mn, Er glass show a

longer luminescence lifetime in comparison with the Mn?* lifetime in the Li;B407:Mn glass.
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Fig. 11. Partial diagram of Mn2*, Er3+, and Mn3* energy levels in the LizB407:Mn, Er glass showing

excitation, emission, and energy transfer channels.

4. Conclusions

The XRD, EPR, and optical-luminescent studies of the Li;B407:Mn, Er glass containing

1.0 mol.% MnO; and Er,03 were carefully analyzed, resulting in the following summary.

e The local structure parameters (interatomic distances and coordination numbers) for
the Li;B407:Mn, Er glass, which were derived from the RDF analysis, are similar to
corresponding parameters for other co-doped borate glasses with the Li;B407 basic
composition.

e The EPR spectra of the Mn2+, Er3+, and Fe3* ions in the Li;B407:Mn,Er glass at room and
liquid helium temperatures clearly were clearly registered, and their parameters were
determined and analyzed in comparison with the EPR data for other glasses.

e In the optical absorption spectrum of the Li;B407:Mn, Er glass are observed a broad band
with a peak at 467 nm that is assigned to the 5E4(D) — 5T,4(D) transition of Mn3+ ions and
narrow bands with peaks at 363, 378, 452, 486, 520, 650, 795, and 974 nm, which
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attributed to the transitions from the 4l;5/,, ground state to the *Go,z, G112, *Fs/2, 4F7/2,
ZH11/2, 4F92, *lo/2, and #1112 excited states of the Er3+ ions.

e In the luminescence emission spectrum of the Li;B407:Mn, Er glass was observed a
broadband with a peak at 618 nm that assigned to the 4T14(G) — ©A14(S) transition of
Mn?+* ions. In the luminescence excitation spectrum of the Li,B407:Mn, Er glass, several
bands are observed attributed to the 3d - 3d transitions of Mn2* ions.

e The crystal field splitting analysis for Mn?* ions in the Li;B407:Mn, Er glass network gave
the following values: the Racah parameters B = (598 + 25) cm'! and C = (3663 + 55) cmd,
crystal field strength Dg = (572 + 24) cm'L.

e The average luminescence lifetime of Mn?* ions in the Li;B407:Mn, Er glass is 7.18 ms,
which is slightly longer than the corresponding lifetime value obtained for the
Li;B407:Mn glass.

e The mechanism of excitation energy transfer from Er3* to Mn2+ and Mn3* ions in the
Li,B407:Mn, Er glass, which explains the absence of the Er3* and Mn3+ luminescence, has
been proposed and discussed.
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AHomayis. BucokosikicHi 3pa3ku ckaa LizB407:Mn,Er, wjo micmsime 1,0 Mm0oa.% MnO; ma Erz03,
anepule ompuMaHi 3a MexHO/102i€l 0X0.100ceHHA po3naasy ma docaidxceHi memodamu
peHmeeniscvkoi dugppaxyii (XRD), enekmpoHHO20 napamazHimHozo pesoHaucy (EIIP) ma
0NMUKO-/1IOMIHecyeHmHoi cnekmpockonii. 3 gyHkyii padiaabHozo po3nodiny, po3paxosaHoi 3
ekcnepumeHmasavHoi kKpueoi XRD, 6ysau ompumaHi napamempu /A0Ka/AbHOI cmpykmypu
(mixcamomHni gidcmaHi ma koopduHayilini uucaa) ckaa LizB407:Mn,Er. Ha ocHogi auaxaizy
daHux EIIP ma onmuyHoi cnekmpockonii (nozauHaHHs, 36Y0xceHHS JAOMIHecyeHYil,
JHOMIHecyeHYisl, KiHemuka 3a2acaHHsl) eusig/eHo HaseHicmo ioHie Mn2+(3d5), Mn3+(3d*) ma
Er3+ (4f11) y cimyi ckaa LizB407:Mn,Er. 3okpema, y docaidxcysaHomy ckai ideHmugbikoearo mpu
munu yeHmpie Mn?*: nooduHoki ioHu Mn?*(1) y cunbHO cnomeopeHux 8y3/1ax poM6IiYHOI
cumempii (cniegioHoweHHss pom6iuHoi ma ocvbosoi koHcmaum [E/D[ < 1/3), nooduHoki ioHu
Mn2+(2) y sysanax maliixce ky6iuHoi cumempii (D = 0, E = 0), a makox napu Mn?* i mani
Kjaacmepu, No8's13aMi Mixc €060 MA2HIMHOW OUNOALHOW MA OOMIHHON 83AEMOOIIMU.
Cnexkmp onmu4Ho20 no2AuHaHHs ckaa Li;B407:Mn,Er demoHcmpye dydce WUPOKY, iIHMEHCUBHY
cMy2y 3 nikoM npu 467 HM, Ka Hasexcumbs 00 nepexody SEg(D) — °Tzy4(D) ionie Mn3*, i HU3ky
cAa6Kux, 8y3bKux JiHill, wjo Hasexcams f - f nepexodam ioHie Er3* (41, #I;5,2). Cnekmp
nrwmiHecyeHyii ckaa LizB407:Mn,Er demoHcmpye wupoky cmyzy, wo eidnogidae nepexody
4T14(G) — %A14(S) ionie Mn?*, Cnekmpu AoMiHecyeHYyii ma KIHemuKy 3a2acaHHs yeHmpis Mn?+
y ckai Li;B407:Mn,Er o62080peH0 ma nopigHsiHO 3 8I0Nn08IOHUMU pe3yabmamamu 0415 CKAd
Li;B407:Mn. Bidcymuicme xapakmepHoi ¢domoatominecyenyii Eri* ma Mn3* y ckai
LizB407:Mn,Er nosicHIOEMbCS1 3aNPONOHOBAHUMU MeXAHI3MaMu nepedayi eHepeii 8id ioHie Er3+
do ioHie Mn?* ma Mn3+,

Kanamwwuosi caosa: LizB4,07:Mn, Er ckao, XRD, EIIP, onmu4He no2AuHaHHs1, omoaroMiHeECYeHY i,
KIHemuKa 3a2aCcaHHs, NnepeHeceHHs eHepaii
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