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ABSTRACT

LiMg;_xMn,BOs solid solutions were prepared by solid state reaction in Ar at 800 °C. The X-ray diffraction
reflections of the solid solutions with the manganese content x from 0 to 0.5 were indexed with monoclinic
cells (space group C2/c (No. 15)). The solid solution of x=0.75 has the hexagonal structure of LiMnBO3;
(space group P6 (No. 174)). Colorless transparent platelet single crystals of LiMggsMngsBOs were pre-
pared by heating a polycrystalline sample of x=0.50 with a Li; BO, flux and by slow cooling from 900°C.
The crystal structure was analyzed by single crystal X-ray diffraction (monoclinic, C2/c, a=5.1820(2)A,
b=8.9241(4)A, c=10.1529(6) A, B=91.5824(18)°, R1=0.0271, wR2=0.0645, and S=1.219 for all data).
Mn2* and Mg?* atoms statistically occupy a 5-fold coordinate site of oxygen trigonal bipyramid. Mon-
oclinic LiMg;_xMn,BOj3 solid solutions emit red light with a peak wavelength Aem =682-696 nm due to
d-d transition under visible light of 428 nm at room temperature. The radiation lifetimes decreased from
24 ms to 0.3 ms with increasing x from 0.02 to 0.30. Stronger red emission of 698 nm was observed for
the sample of x=0.10 by excitation of ultraviolet light A.x =200 nm.

Crystal structure
X-ray diffraction
Luminescence

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Various kinds of luminescent materials have been developed by
doping Mn?2* into host crystals of oxides, fluorides, sulfides, and
so on [1,2]. The luminescent color of MnZ* activators is changed
from green to red by the coordination number and environment in
the host crystals. The process of the light emission is spin forbid-
den d-d transition of 4T;(G)-6A;(S), and the decay time of Mn2*
luminescence is usually in the millisecond range [2].

Cd;B,05:Mn2* is a borate phosphor which had been used for
fluorescence lamps, emitting red light with a peak wavelength
(Aem) of 620-626 nm with over 90% quantum efficiency under
ultraviolet (UV) light irradiation of 254nm [3,4]. Kawano et al.
synthesized magnesium manganese pyroborate (Mg;_xMny),B;05
solid solutions and reported the crystal structure and luminescence
properties [5]. Deep red color emission of 670 nm from the pyrob-
orate was observed by irradiating visible light of 414 nm. Recently,
(Mgo.05Mng o5 )2B205 was prepared with 1°B which has a high
neutron-capture cross-section o (3840 barn for thermal neutron).
The deep red light is also emitted by a-ray irradiation. A neutron
detector was set by combination of a 0.2 mm thick ceramic plate
of (Mgp.95Mngg5)2B205 and a Si photodiode. It was demonstrated
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that the ceramics can be used as neutron scintillator with low noise
by v ray due to the light constituent elements of Mg, B, and O [6].
Lithium-6, 6Li, is also a light element and known to have a high
o (940 barn). Li and B containing Ce-doped compounds, such as
LiB305:Ce, Li,B407:Ce [7], and a Cu-doped compound, Li;B407:Cu
[8,9] have been studied for use as neutron scintillation materials.
(Mgg 95 Mng g5 )2 B> 05 was the first example of a neutron scintillator
using Mn2* as an activator.

The preparation of LiMgBO3 and LiMnBOs3 has been reported by
Lehmann et al. [10,11]. The crystal structures of monoclinic and
hexagonal phases of LiMnBO3; have been analyzed by Bondareva
et al. [12] and Legagneur et al. [13], respectively. Norrestam has
shown that the crystal structure of LiMgBOs5 is isotypic with mon-
oclinic LiMnBO3 (space group C2/c (No. 15)) [14]. A number of
reports on LiMnBOs as a cathode material for lithium batteries have
recently been published [13,15]. There has been no report on the
synthesis and luminescence of LiMg;_yMnxBO3 solid solutions. In
the present paper, we synthesized the solid solutions, analyzed the
crystal structures by X-ray diffraction (XRD), and characterized the
photoluminescence (PL) properties.

2. Experimental
2.1. Synthesis of samples

The starting powders were Li;CO; (99%, Wako Pure Chem. Ind.), MgO
(99.9%, Rare Metallic), MnO (99.9%, Kojundo Chem. Lab.) and H3BOs; (99.99%,
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Sigma-Aldrich). MgO was heated at 900-1000°C for 6-12h before
weighing. The powders were weighted with the molar ratios of
Li;CO3:Mg0O:MnO:H3BO3 =1:1-x:x:1:1 (x=0-1.0) and mixed in an agate mortar
with a pestle, and pressed into pellets in air. The pellets were placed on a platinum
plate, and calcined at 750°C for 6h in an electric furnace under an Ar gas atmo-
sphere. The obtained samples were powdered and pressed into pellets again, and
heated at 800°C for 12h in Ar. Powder o-Fe (99.9%, Wako Pure Chem. Ind.) was
used as an oxygen getter to prevent oxidation of Mn?*.

Single crystals of LiMgo 5 Mng s BO3 were obtained from a polycrystalline sample
of x=0.5 using LiBO; as a flux. LiBO, was prepared in advance by heating Li,CO3
and H3BO; at 750°C for 6 h in air. The polycrystalline sample and a LiBO; flux were
charged in a Pt boat and heated at 900°C, and then cooled to 750°C in Ar at a rate
of —=5°Ch-'.

2.2. Characterization

The obtained polycrystalline pellets were powdered and XRD patterns of the
powders were measured with a step width 0.02° using Cu Ko radiation with a
graphite monochromator mounted on a powder diffractometer (Rigaku, RINT2000).
The unit cell parameters of the solid solutions were refined using the RIETAN-FP
program [16].

XRD data of a single crystal were collected using Mo Ko radiation with a graphite
monochromator and an imaging plate on a single-crystal X-ray diffractometer
(Rigaku, R-AXIS RAPID-II). Diffraction-data collection and unit-cell refinement were
performed by the PROCESS-AUTO program [17]. Absorption correction was per-
formed by the NUMABS program [18]. The crystal structure was refined by the
full-matrix least-squares on F2, using the SHELXL-97 program [19]. All calculations
were carried out on a personal computer, using the WinGX software package [20].
The atomic coordinates were standardized by the STRUCTURE TIDY program [21].
The crystal structures were illustrated by the VESTA program [22]. The density of
state of LiMgp s Mng sBO3 was calculated by the DV-Xa method using the SCAT code
[23].

The PL excitation and emission spectra of the solid solutions were measured
at room temperature with fluorescence spectrometers (Otsuka Electronics, Model
QE-1000, JASCO, FP-6500) equipped with xenon lamps as excitation sources. A
deuterium lamp and a fluorescence spectrometer (Bunkoukeiki Co., Ltd.) were
used for the measurement of an excitation spectrum in the wavelength range
Aex=130-350 nm.

3. Results and discussion
3.1. LiMg;_xMnyBOs solid solutions

Polycrystalline samples prepared by solid state reaction at
800°C for 12h were powdered for the powder XRD measure-
ment. The reflections in the XRD patterns of the samples with
x=0.0-0.5 were indexed with monoclinic cell parameters of space
group C2/c (No. 15) Z=8, as shown in Fig. 1a. Fig. 2 shows the
results of cell parameter refinement by the Rietveld method using
the structure model of LiMgBO3 reported by Norrestam [14]. The
cell volumes calculated from the parameters are plotted in Fig. 3.
The cell parameters and volume of the sample of x=0.0 were
a=5.1577(4)A, b=8.8847(11)A, c=9.9155(8) A, B=91.231(8)°, and
V=454.26(5)A3, which agreed with the previously reported
parameters of LiMgBO; (a=5.161(1)A, b=8.880(2)A,c=9.911(2) A,
B=91.29(2)°, and V=454.1(2) A3) [14]. The cell parameters, a, b, c,
and 8 monotonously increased with increasing x as shown in Fig. 2.

The XRD patterns of the samples 0of 0.75 and 1.0 could be indexed
with hexagonal cell parameters (Fig. 1c). The parameters refined
with the model of LIMnBOj3 (space group P6 (No. 174), Z=3) were
a=8.1442(6) A, c=3.12481(15)A, and V=179.49(2) A3 for x=0.75,
and a=8.1754(8) A, c=3.1489(2) A, and V=182.27(3) A3 for x=1.0.
The cell parameters of LiMnBO3 were almost identical with those
reported by Legagneur et al. (a=8.172(1)A, c=3.1473(6)A, and
V=182.02(8)A3) [13]. The 8/3 unit-cell volumes of the hexagonal
samples were plotted on the extrapolated line of the monoclinic
cells (Fig. 3), while the volume of the monoclinic LiMnBO3 reported
by Bondareva et al. [12] was smaller than the hexagonal phase.

3.2. Single crystal of LiMgysMng 5BO3

Because of the severe preferred orientation of the (001) plane
in the powder XRD patterns of the monoclinic phases (Fig. 1a and
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Fig. 1. XRD patterns of LiMg;_,Mn,BO3, x=0.50 observed (a) and calculated with a
model refined by the single crystal XRD analysis of LiMgg 5 Mng 5BO3 (b), and x=0.75
observed (c).

b), it was difficult to determine the atomic positions and displace-
ment parameters precisely by the Rietveld method of the powder
XRD pattern. Thus, single crystal XRD was carried out for the crys-
tal prepared by slow cooling of the polycrystalline sample of x=0.5
and a LiBO; flux from 900°C. Colorless transparent platelet sin-
gle crystals with the maximum size of 2 mm were obtained. The
single crystal XRD data were collected for a platelet crystal of
0.4mm x 0.3 mm x 0.1 mm.

The crystal data and structure refinement are shown in Table 1.
Since the refined lattice parameters for the single crystal almost
agreed with those measured for the polycrystalline sample of
x=0.5 as shown in Fig. 2, the composition of the single crystal
was regarded as being LiMg( 5 Mng 5BOs3. The initial structure model
used was based on the crystal structure of LiMgBO3 reported by
Norrestam [14]. In this model, the Li site was separated into two
positions, and the atomic coordinates of x and y and isotropic dis-
placement parameters Ueq Were kept identical. The occupancies of
the Li1 and Li2 sites of LiMgBO3 were refined to be 0.57(5) and
0.43(5), respectively.

For the structure refinement of LiMgysMng5BO3, we fixed the
occupancies of Lil and Li2 sites as 0.5, and refined all positional
parameters and anisotropic displacement parameters. Mg and Mn
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Fig. 2. Cell parameters of LiMg;_xMn,BO3 (x=0.0-0.5) refined by powder X-ray diffraction (@ ) and those of LiMgy5Mng5BO3 by single crystal X-ray diffraction (+ ). The

deviations are inside the marks.

atoms were statistically placed in an 8f site with the occupancy
of 0.5. The anisotropic displacement ellipsoid of O3 was elon-
gated almost along the c-axis direction and faced the split sites
of Lil and Li2. Thus, the original O3 site of LiMgBO3; was also
split into O3 and 04 sites with the occupancy of 0.5 for the struc-
ture of LiMggsMngsB03. The final residual indices for all data
were R1=0.0271, wR2=0.0645, and S=1.219. The positions and
anisotropic displacement parameters of Li, Mg/Mn, B and O atoms

Table 1
Crystal data and structure refinement for LiMgy s MngsBO3; with single crystal XRD
data.

Chemical formula

Formula weight, M;
Temperature, T

Crystal system, space group

LiMgo.sMng5BO3
210.75gmol !

298(2)K

Monoclinic, C2/c(No. 15)

a=5.1820(2)A
b=8.9241(4)A
c=10.1529(6)A
$=91.5824(18)°

Unit-cell volume 469.34(4) A3
V4 8

Unit cell parameter

Calculated density, Dy 2.983Mgm3

Radiation wavelength, A 0.71075 A (Mo Ko)
Absorption coefficient, u 2.896 mm~!

Fooo 404

Crystal size 0.394 x 0.307 x 0.128 mm?
6 range for data collection 4.02-30.52°

Limiting indices
Reflections collected/unique

—-6<h<7,-12<k<14,-14<I1<14
2779/720 [R(int)=0.0379]

Absorption correction Numerical
Data/restraints/parameters 720/0/73
Goodness-of-fit on F2, S 1.219

Rindices [I>20(I)] R1, wR2
R indices (all data) R1, wR2
Largest diffr. peak and hole, Ap 0.484 and —0.414 /A3

R1=0IF,| - IFcll[o|Fol. WR2 =[oW(Fo? — F2)? [o(wFo?)*]'12,
w=1/[0%(F,2)+(0.0366P)? +0.1018P] where F, is the observed structure fac-
tor, F. is the calculated structure factor, o is the standard deviation of F,2, and
P=(F,2 +2F:?)[3.S=[owW(F,? — F.2)?/(n — p)]'2, where n is the number of reflections
and p is the total number of parameters refined.

0.0258, 0.0636
0.0271, 0.0645

are listed in Tables 2 and 3. Figs. 4 and 5 show the coordination
environments for the Li, Mg/Mn, and B atoms, and the crystal struc-
ture of LiMgy5Mng5BO3, respectively. While the Mn site is also
divided into two positions in the structure of LiMnBO3 reported
by Bondareva et al. [12], the anisotropic displacement ellipsoid of
the Mg1/Mn1 site in the structure of LiMgg 5Mng 5B0Oj3 is close to a
sphere shape (Fig. 4), indicating no need to separate the site.
Table 4 shows selected interatomic distances and O-B-O bond
angles. All oxygen atoms in LiMggsMngsB0O3 are bonded to B1
atoms and form planar triangular borate groups of BO3. B-O bond
lengths are 1.370(8)-1.3895(14) A which are consistent with those
reported for the structures of LiMgBO3 [14], and LiMnBO3 [12]. The
bond valence sum (BVS) value for B [24,25] was calculated to be
2.899, which is close to the formal valence of B(Ill). The 0-B-0
bond angles are almost equal to 120°. The split sites of Lil and

490 T . T . .
485 |
480 |
475 |
470 |
465 |

460 @

Unit-cell volume, V/ A3

455

450
0.4 0.6

X, Mn / (Mg+Mn)

Fig. 3. Cell volumes of LiMg; _»Mn,BO;3 for Z= 8 versus Mn content, x, the monoclinic
phases of the poly-crystals (@ ), and single crystal (+ ), hexagonal phases (M ), and
references LiMgBO; (2X ) [14], hexagonal LiMnBO; (/. ) [13],and monoclinic LiMnBO3
(v)nz].
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Fig. 4. Oxygen atom arrangement around Li, Mg1/Mn1 and B1 in the structure of
LiMgo5Mng5BOs. Displacement ellipsoids are drawn at the 75% probability level.
[Symmetry codes: (i) —x,y, —z+1/2; (ii) —x+1/2,y — 1/2, —z+1/2; (iii) x, -y, z— 1/2;
(iv) =x+1/2,y+1/2, —z+1/2; (v) —x+1/2, =y +1/2, —z; (vi) 1 —x,y, —z+1/2.]

Fig. 5. Crystal structure of LiMgo5MnosBO3 in a representation using cation-
centered oxygen polyhedra.

Table 4

Selected bond lengths (A) and angles (°) for LiMgg s Mng 5BOs.
Li1-02il 1.923(4)
Li1-04! 1.932(9)
Li1-01 1.981(5)
Li1-03ili 2.096(7)
Avg. Li1-0 1.983
BVS? 1.005
Li2-03i 1.884(10)
Li2-02il 1.919(4)
Li2-01 2.002(4)
Li2-04 2.053(7)
Avg. Li2-0 1.9645
BVS? 1.056
Mg1/Mn1-04V 1.992(8)
Mg1/Mn1-03" 2.033(8)
Mg1/Mn1-01 2.0372(8)
Mg1/Mn1-02i 2.0583(8)
Mg1/Mn1-01" 2.1734(9)
Mg1/Mn1-02 2.1930(8)
Avg. Mg1/Mn1-0 2.095
BVS® (Mg) 1.721
BVS? (Mn) 2.207
B1-03 1.370(8)
B1-04 1.375(8)
B1-02 1.3892(14)
B1-01v 1.3895(14)
Avg. B1-0 1.384
BVS? 2.899
03-B1-01Y 118.5(4)
04-B1-01% 120.9(4)
03-B1-02 121.2(4)
04-B1-02 118.7(4)
01vi-B1-02 119.87(9)

Symmetry codes: (i) —x,y, —z+1/2; (ii) —x+1/2,y —1/2, —z+1/2; (iii) x, -y, z—1/2;
(iv) —x+1/2,y+1/2, —z+1/2; (v) —=x+1/2, =y +1/2, —z; (vi) 1 —x, ¥, —z+1/2.

2 BVS is defined as follows: V;=ao;exp[(lo —I;;)/B], where I the bond valence
parameters (BVP) presented by Brese and O’Keeffe [25] for B-O, Mg-0 and Mn-0,
lj is the distance between i and j atoms, and B is a constant value of 0.37 A. The
BVP values of the Li*, Mg2*, Mn?*, and B3* ions are 1.466, 1.693, 1.790, and 1.371A,
respectively.

Table 2

Atomic coordinates and equivalent isotropic displacement parameter Ueq (A2) for LiMgosMng5BOs.
Atom Site Occupancy X y z Ueq?
Li1 8f 0.5 0.1592(9) —0.0042(5) 0.0932(6) 0.0129(9)
Li2 8f 0.5 0.1649(9) 0.0111(5) 0.1574(5) 0.0098(8)
Mg1/Mn1 8f 0.5/0.5 0.16278(4) 0.33625(3) 0.12478(2) 0.00978(12)
B1 8f 1.0 0.3325(2) 0.17035(13) 0.37479(10) 0.0081(3)
01 8f 1.0 0.40808(16) 0.16404(8) 0.08721(8) 0.00961(19)
02 8f 1.0 0.22220(15) 0.30642(9) 0.33787(8) 0.00986(18)
03 8f 0.5 0.1839(17) 0.0450(9) 0.3907(4) 0.0115(8)
04 8f 0.5 0.1897(16) 0.0416(9) 0.3578(4) 0.0093(7)
a Ueq =(a,»<'rjUija;*aj*ai»aj)/3.

Table 3

Anisotropic displacement parameters Uj; (A2) for LiMgo5Mng5BOs.
Atom Un Usy Uss Uiz Uss Uzs
Li1 0.010(2) 0.011(2) 0.017(2) 0.0020(17) 0.0003(18) 0.0003(13)
Li2 0.0072(18) 0.0060(17) 0.016(2) 0.0023(16) —0.0018(18) —0.0004(12)
Mg1/Mnl 0.00917(18) 0.00931(17) 0.01093(17) —0.00067(6) 0.00168(11) 0.00036(7)
B1 0.0069(6) 0.0080(6) 0.0094(5) —0.0007(3) 0.0005(2) —0.0001(3)
01 0.0063(4) 0.0113(4) 0.0112(4) —0.0005(2) —0.0005(3) 0.0004(2)
02 0.0096(4) 0.0085(3) 0.0114(4) 0.0003(3) —0.0004(4) 0.0010(3)
03 0.0121(11) 0.00101(10) 0.012(2) 0.0006(17) —0.003(19) —0.0022(8)
04 0.0095(10) 0.0083(9) 0.010(2) —0.0019(16) —0.0018(18) —0.0030(7)
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Li2 are in the oxygen tetrahedra with Li1-0O and Li2-0O distances
0f 1.923(4)-2.096(7) A and 1.884(10)-2.053(7) A, respectively. The
BVS values of Lil and Li2 are 1.005 and 1.057, which correspond
to the mono-valence of Li(I). The Mg1/Mn1 site is coordinated by
five oxygen atoms of five BO3 groups with Mg1/Mn1-0 distances
of 1.992(8)-2.1930(8)A (average 2.095A). The BVSs of Mg and
Mn were 1.721 and 2.207, respectively, suggesting that Mg-0 and
Mn-0 bond lengths in the local structure are longer and shorter,
respectively, than the length listed in Table 4. The average of the
BVSs of Mg and Mn (1.964) is close to the formal valence of II for
the Mg1/Mn1 site.

As shown in Fig. 5, Mgl/Mn1-site centered oxygen trigonal
bipyramids share edges and form one-dimensional zigzag chains
in the [101] direction. These polyhedral chains are connected by B
atoms, and Li atoms are inserted at the interstitials.

The electronic structure of the [Li;sMg;Mn(BO3);1]''~ cluster
which was placed in a Madelung potential was calculated by the
DV-Xa method using the structure data of LiMgy 5 Mng 5BO3. The
average positions of Lil and Li2, and O3 and 04 were used in
the cluster model. The density of state (DOS) and partial DOS of
LiMgg 5sMng 5BO3 estimated from the calculation are shown in Fig. 6.
The highest-occupied molecular orbital (HOMO) mainly consists of
an up-spin 3d orbital of Mn. A B2p-02p band is above five unoccu-
pied down-spin 3d orbitals of Mn.

3.3. Photoluminescence

The PL emission spectra of LiMg;_,MnxBO3 are shown in Fig. 7.
Broad peaks of red emission were observed under excitation

of 428 nm. The peak position in the spectra was at 696 nm for
x=0.01-0.10 and shifted to shorter wavelengths (blue shift) with
increasing x: 693nm (x=0.20), 689nm (x=0.30), and 682 nm
(x=0.50). The relative emission intensities at 696 nm are shown
in Fig. 8 as a function of x. The Mn content of the sample
which shows the maximum intensity was around 0.10-0.20.
A quantum efficiency of 4.8% was measured for the sam-
ple of x=0.20. No emission was observed for the samples of

Ex. 428 nm

Intensity, I (arb. unit)

600 650 700 750 800
Wavelength, 4/ nm

Fig. 7. PL emission spectra of LiMg;_yMn,BOs, x=0.01-0.50.
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the hexagonal phases (x=0.75 and 1.0). Similar red emission
by Mn2* doping was reported for (Mg;_xMny),;B,05 (670nm,
x=0.05-0.20)[5], MgSiO3:Mn2* (660-685 nm, Mn2* 1-3%)[26-28],
and Mg,Si04:Mn?* (650-660nm, Mn2* 1-3%, 647 and 748 nm,
Mn?2* 4%)[27,29]. In these compounds, Mn%* was doped in a 6-fold
oxygen octahedral site.

The coordination numbers for Mn2* in the phosphor materi-
als listed by Tamatani [2] are 4, 6, and 8. In his review, 5-fold
coordinated Mn2* ions in SrAl;,019 and CaAl;, 013 studied by Berg-
stein and White [30] were introduced. There are 4-, 5-, 6-, and
12-fold sites in these compounds. The emission peaks at 515,
560, and 590 nm from the 0.02 mol% MnZ*-doped SrAl;,019 were
associated with Mn?* in the 4-fold, 5-fold, and 12-fold AI3* sites,
respectively. However, the doping of Mn2* into the oxygen trigonal
bipyramid 5-fold AI3* site was assumed and not confirmed exper-
imentally. Another example of the emission from 5-coordinated
Mn?Z* not in solid state inorganic materials, but in a polymer
[Mn(Hbidc)], (Hbidc=1H-benzimidazole-5,6-dicarboxylate) was
found [31]. Mn2* is coordinated by four oxygen and one nitrogen in
the polymer, which emits red luminescence (Aem =726 nm) under
excition of d-d transition at around 420 nm and a metal-to-ligand
charge-transfer excited state at 250-350 nm [31].

Fig. 9 shows PL decay curves of Mn2* in LiMg;_,Mn,BOs3. Rela-
tively rapid decays were observed up to about 5 ms for the samples
of x=0.02-0.1. In this composition range, the emission intensity
increased with x (Fig. 8). The decay times () calculated by exponen-
tial fitting after 5 ms decreased from 24.0 to 5.6 ms with increasing
x. Simple exponential decay was observed for the samples of
x=0.20 and 0.30 where concentration quenching occurred. The
decay times of the samples of x=0.20 and 0.30 were 1.4 and 0.4 ms,
respectively.

The dependence of the decay time on the Mn2* concentration of
Zn,Si04:Mn was analyzed in terms of optical transitions on iso-
lated Mn2* ion and on Mn?* ion pairs [32]. Mn?* was doped in
the 4-fold tetrahedral Zn?* site of Zn,SiOy. A red shift of the green
emission peak from 519 to 526 nm was observed with increasing
Mn?2* concentration x of Zny(1_xyMnp,Si04 from 0.0005 to 0.125.
Ronda and Amrein explained the shortening of the decay time
and the red shift of Zn,SiO4:Mn with increasing x, assuming an
exchange interaction between Mn2* ions [33]. Red shifts with
increasing Mn2* content were also reported for the red emission of
MgSiO3:Mn2* (660-685 nm, Mn2* 1-3%) [27] and Mg,Si04:Mn2*
(650-660nm, Mn2* 1-3%) [27,29]. It was unclear whether the

1 x=0.02
1=24.0ms
x=0.03

0.1 =18.7ms
x=0.05

001 % X x=010 |

. x=0.20

Normalized intensity, / (arb. unit)

0.001 | " 1=1.4ms A.=4280m -
- x=0.30 A,,=696nm
*1=0.4ms
0.0001 L L L L
0 5 10 15 20
Time, t/ ms

Fig. 9. Normalized photoluminescence decay curve of LiMg;_xMn,BOs,
x=0.02-0.30 (excited at 428 nm, monitored at 696 nm).

decay time dependence and the blue shift of the red emission
observed for LiMg;_,MnyxBO3 were also explained by the exchange
interaction.

The PL excitation spectrum of LiMgg goMng 19BO3 is shown in
Fig. 10. The small broad peaks observed from around 250-600 nm
can be ascribed to d-d transition of Mn?*. The d-d absorption
peaks of Mn?* at octahedral or tetrahedral sites are usually sharp
and assigned using the Tanabe-Sugano diagram. However, owing
to the broadness of the peaks, they could not clearly be labeled
using the diagram. The broad peaks observed at around 580 nm,
428 nm, 374nm, and 248 nm for LiMgpg9oMng 19BO3 might cor-
respond to 4T14(G) (572nm), 4T24(G) (433 nm) and 4A;4/*Eg(G)
(416nm), “Toe(D) (372nm) and “Eg(D) (351nm), and *Ay(F)
(242 nm) observed for (Mggg5Mng5)2B205 [5]. The strong exci-
tation peak below 240 nm could be attributed to the spin allowed
transition from up-spin Mn 3d to the unoccupied B2p-02p band.
The emission intensity excited at 200 nm was over six times higher
than that excited at 428 nm.

LiMg;_yMn,BOj3 solid solutions prepared with 1°B and 6Li are
expected to be a neutron scintillator material with low y-ray noise
similar to (Mggg95Mng5)2B205. Their combination with Si pho-
todiode could also be possible because of the red emission of
696 nm.

Em. 696 nm

Intensity, / (arb. unit)

100 200 300 400 500 600 700
Wavelength, 4/ nm

Fig. 10. PL excitation spectrum of LiMg90Mng 190BOs.



H. Yamane et al. / Journal of Alloys and Compounds 512 (2012) 223-229 229

4. Conclusions

Monoclinic (C2/c) and hexagonal (P6) phases of LiMg;_yMn,BO3
were prepared at 800°C in Ar by solid state reaction at 0 <x<0.5
and 0.75 <x < 1.0, respectively. Mn?* in the monoclinic phase is
coordinated by 5 oxygen atoms and situated in an oxygen trigo-
nal bipyramid. Red light with a peak of 682-696 nm (decay time
0.4-24 ms) was emitted from the monoclinic solid solutions by
excitation of Mn d-d transition (Aex =428 nm) and by ultravio-
let light irradiation (Aex =200 nm). Concentration quenching was
observed for the samples from x=0.20.
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