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Abstract: Optical, spectroscopic and thermo-mechanical properties of
monoclinic LigEu; (Gd,(BO;); (x = 0,0.25,0.35) bulk single crystals, grown to
be used in the design of heat-scintillation cryogenic bolometers (HSCBs), were
investigated. The linear thermal expansion was determined along the a, b, ¢ and
c* directions over the temperature range 303—-873 K, and its tensor principal
coefficients were calculated for both x = 0.25 and x = 0. In addition, the
anisotropic thermal conductivity was measured over the temperature range 20-
400 K in LigEug75Gdg,5(BOs); (LGEB7, x = 0.25), and the principal
components of its tensor at 300 K were established. Spectroscopic properties
such as polarized absorption, polarized emission, Raman spectroscopy and
optical refractive indices are also reported for the first time. Based on the
polarized emission spectra, the line and oscillator strengths, the radiative
lifetimes and fluorescent branching ratios were obtained. The intensity
parameters Q, (A = 2,4) were obtained and then predicted via the Judd—Ofelt
theory. The crystal field parameters and the 'F; level splitting were discussed
using the simple overlap model (SOM) and the method of equivalent nearest
neighbours (MENN). The 613 nm emission originates from the Dy—’F,
transition and the associated stimulated emission peak cross section reaches its
maximum value in n-polarization, ~1.07 x 10" cm® in LGEB7. The thermo-
mechanical characterizations and spectroscopic analysis in LGEB7 suggest that
this crystal has better optical properties than the Eu’*-doped LisY(BO;)s
crystals. However, its potential for solid-state laser applications is still quite
speculative, unless a clever thermo-mechanical management of the crystal under
laser operation is designed.

©2014 Optical Society of America

OCIS codes: (040.6070) Solid state detectors; (120.4530) Optical constants; (140.3380) Laser
materials; (140.5680) Rare earth and transition metal solid-state lasers; (160.1190) Anisotropic
optical materials; (160.1890) Detector materials; (160.2540) Fluorescent and luminescent
materials; (160.4670) Optical materials; (160.4760) Optical properties; (160.5690) Rare-earth-
doped materials; (170.6280) Spectroscopy, fluorescence and luminescence; (260.1180) Crystal
optics; (260.1440) Birefringence; (260.2510) Fluorescence; (290.3030) Index measurements;
(120.7000) Transmission.
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1. Introduction

Because of the threefold (trigonal) or fourfold (tetrahedral) coordination of boron atoms in
oxide compounds, borate crystals display a huge variety of structural types, which gives the
possibility to select in this family of compounds appropriate materials for chosen applications.
Over the past few years, lithium rare earth borates of general formula LisRE(BO;);:RE’ (RE =
Y,Gd,Lu; RE’ = Ce,Eu,Yb) have attracted considerable attention owing to their potential
applications in scintillation detectors or laser cavities [ 1-5], and their high transparency over a
broad spectral range (values up to E; = 5 eV are encountered). LisEu;..Gdy(BO;); single
crystals are being developed to be shaped and mounted as the core of heat-scintillation
cryogenic bolometers (HSCBs) and in new red/orange laser sources. An emerging frontier
research field where these crystals could be successfully employed is the study of solar
axions, hypothetical particles providing an elegant solution of the so-called “strong CP
problem” of quantum chromodynamics (QCD) [6]. Another major research field where the
use of these crystals is currently investigated is the detection and spectroscopy of fast and
extremely rare neutrons, which not only helps understanding the ultimate background of the
underground sites dedicated to the direct detection of dark matter, but is per se a promising
research area for environmental issues [1,7]. In all these cases, because of their higher energy
resolution and low energy threshold, HSCBs turn out to be very sensitive tools to carry out
this exploratory research at the border of today’s astroparticle physics. This technology,
which has significantly matured since its invention in 1992 [8,9], works at ultralow
temperature (< 25 mK) and measures an energy release in a single crystal by means of weak
heat and light pulses resulting from the same event. This complementarity allows
disentangling the nature of the incident particle and consequently to reject the radioactivity
background. Indeed, such operation is a mandatory step when the signal rate is vanishingly
small. In this work, although the x = 0 composition is addressed, we mainly focused on the x
=0.35 and 0.25 concentrations because they correspond approximately to the maximum of the
integrated emission intensity and to the quenching limit, suggesting that these compositions
are likely to produce the highest light output [10—12]. In addition, these crystals compositions
maintain the presence in large concentrations of °Li, '°B and "*'*’Gd isotopes which possess
the highest neutron capture cross section. On the other hand, although Y,Os:Eu’" crystals
were among the first historical crystals that ever lased [13], Eu**-based laser operation have
not been proved since 1963, which is due to the difficulties in pumping the emitting level with
efficient, rugged and compact excitation sources. Recent research on Eu3+-d0ped LigY(BOs);
crystals has suggested that such ions could be efficiently pumped by GaN-based laser diodes
[2].
While several investigations have been carried out on LigEu(BO;); and Eu3+:Li6Gd(BO3)3
powder samples [12,14,15], to the best of our knowledge, spectroscopic, optical and thermo-
mechanical properties of single crystals have not been established In this contribution, the
thermo-mechanical, optical and spectroscopic properties of LigEu; 4Gd,(BO3); bulk crystals
have been characterized and discussed, highlighting their anisotropy, in relation with the
HSCB or laser operations that can be foreseen. We report for the first time on a detailed study
of the polarized emission cross section, JO parameters and radiative lifetime, comparing some
of the results with the physical properties of an Y g¢sEuy 134053 crystal elaborated elsewhere by
the flux method [16].

2. Experimental procedures

The °LigEu('’BOs); (LEB), LiEug75Gdoas(BOs); (LGEB7) and LisEugesGdg3s(BOs)s
(LGEB6) were first synthesized by conventional solid state reaction and single crystals were
grown by a combination of Czochralski and Kyropoulos methods, as explained in [7]. The
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SLi- and '’B-enrichment in LEB crystals was performed to improve the detector’s response to
neutron capture and compare it with non enriched LisEu(BOs); crystals made by other groups
in the world. The crystalline phase obtained was characterized by powder X-ray diffraction
(XRD) on crushed single crystals. The Gd and Eu contents mapping was determined by
means of electron probe microanalysis (EPMA) combined with wavelength dispersion
spectroscopy (WDS) analysis. Electron-induced characteristic X-rays were emitted in the
region from the surface to a depth of about 2.4 pm, with an electron beam accelerating
voltage of 15 keV. The room temperature lattice parameters derived from a Le Bail
refinement of the powder XRD pattern with the centrosymmetric space group P2,/c are a =
7.2358(2) A, b = 16.5290(4) A, ¢ = 6.7053(1) A and B = 105.383(2)° in LGEB7, and a =
7.2359(2) A, b=16.5266(4) A, c = 6.7041(1) A and B = 105.395(2)° in LGEB6, which leads
to Eu densities of 3.9 x 10*' cm™ and 3.4 x 10*' cm™ in LGEB7 and LGEB6 crystals,
respectively. Crystallographic orientations were established by the Laue X-ray back reflection
method. The crystals were cut by diamond-impregnated metallic blade saw and polished to
high flatness. Optical quality could be achieved by means of aluminum-made flat rotating
plates polishing. Diamond plates were used as abrasive materials, and an alcohol-based
suspension was used as lubricant. Figure 1 shows the types of LGEB6 and LGEB?7 crystals
shapes that were used for the physical properties measurements, depending on the constraints
imposed by the setup. The grown crystals exhibit a good optical quality and a perfect visual
transparency. The same kind of crystalline cube was shaped with LGEB7 crystals. For both
crystals, parallelepipedic rods were cut along the a, a*, b, ¢, ¢* crystallographic axes and the
growth direction [4-32].

2l

b

a* a® ¢
lb

a

Fig. 1. Shaped LGEB6 and LGEB7 crystals used for the determination of their physical
properties.

The composition mapping of LGEB7 single crystals was measured by EPMA (electron
probe microanalysis) on a longitudinal section extracted from the core of the bulk at different
radial distances. We have determined the Gd depletion equilibrium coefficient in the first

X,
stages of the growth according to k,, =~

=1.12. Figure 2 shows the Gd concentration as a
X6,

function of the solidified distance starting from the seed position, in the center of the bulk and

at radial distance 2.5 cm. In the inset, the radial profiles are plotted at a solidification distance
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just below the first stages of growth and at the bottom of the solidified bulk. These two
profiles are virtually the same. The value of the depletion coefficient and the very slightly
concave curvature of the profile, are consistent with the expected Gulliver-Scheil type profile
for a crystal grown by this normal freezing process. Of course, such features might be
explained by the facts that (i) LGB crystals have close but slightly higher melting free
energies than LEB crystals, (i) LGB and LEB crystals lattice energies and standard formation
entropies are close, (iii) Gd’* and Eu’" cations have similar molar masses and ionic radii.
Nevertheless, at such a concentration level, the role of elastic interactions between Gd**
cations must be significant and Henry’s law irrelevant at Oth order. The radial profiles which
we measured at different solidified lengths also proved to be uniform. These remarkable axial
and radial chemical uniformities of the crystals are outstanding for future HSCBs operation.

r o r=2.5cm
12 L = center of the bulk
&y g ®
L il Ty ® &
o T P anp v Mep gaty MR 0
11@@ wE T ® e @ CLEE -
A @ i
1.8 L e
1.7
= 1.0 |
el
U(J 16 |u™ . L] . R
_ o ) . = L v
I I e ke e o IR L R
O ool B[ ’ ]
U8 1.4
- L o bottom of the bulk
08 L 13 = top of the bulk
sl , . , ,
F 0.0 0.5 1.0 1.5 2.0
Radial distance (cm)
[0 )iy 7 N I I U R R RN R R R

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Solidified distance (cm)

Fig. 2. Gd concentration longitudinal and radial profiles in a LGEB7 single crystal. The
x = 0.25 stoichiometry corresponds to 1.31 at. %. The symbol Cgq; stands for the initial Gd
concentration in the melt.

The thermal expansion of the LGEB7 crystals was measured over the temperature range
300-873 K in air using a thermal dilatometer (NETZSCH DIL 402 ED). During the thermal
expansion measurements, crystal samples were heated at a constant rate of 2 K min™' from
300 K to 580 K, then from 580 K to 300 K in order to check the reversibility of the thermal
cycle. Four rectangular samples were cut from the LGEB7 bulk crystal to determine the
thermal expansion ellipsoid, along four different orientations: the three crystallographic axes
a, b and c*, which define the diagonal components (i = j) and the ¢’-axis cut with the
anticlockwise angle ¢ = 40° with respect to the c-axis, leading to the ¢, coefficient. Thermal

expansion ratio (AL/Lrr) versus temperature curves were then recorded along a, b, a*, ¢* and
¢’ crystallographic directions, with Lgr the initial length of the sample at room temperature
(RT), and AL the length variation when temperature changes AT. In our experiment, Lgr(a) =
9.45 mm, Lgy(b) = 18.30 mm, Lgr(c*) = 13.33 mm, Lgr(a*) = 12.38 mm and Lgr(c’) = 9.84
mm. The thermal expansion has been measured by dilatometry from RT to 873 K with respect
to sapphire, as a reference. The lattice parameters thermal expansion has been obtained by
LGEB7 single crystal XRD patterns collected between RT and 950 K, following the
experimental procedure described in [7].

The thermal conductivity of LGEB7 crystals was measured directly over the temperature
range 20-400 K, and the thermal diffusivity was calculated using the Eq. D = «/(pC,), where p
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and C, denote the volumic mass and the heat capacity of the crystal, respectively. Four
rectangular bars along a, b, ¢* and ¢’ crystallographic directions with cross section about 3 x
3 mm” and length 10 mm (Fig. 1) were mounted in the cryostat and used to study the heat
diffusion with silver paste contacts. A small temperature gradient along the sample was
realized, and extreme care was taken to eliminate parasitic heat flows between the samples
and their surroundings.

The mechanical characterization of the LEB and LGEB7 crystals at room temperature
were done by Knoop microhardness by means of a Leica VMHT setup equipped with a
diamond square pyramid indenter attached to an incident light microscope. Crystals with flat
and smooth (100), (010) and (001) planes, and with growth direction [4-32] and an arbitrary
direction were cut from the as-grown LEB and LGEB7 crystals for the static indentation tests,
and then mounted on the clamping device to the base of the microscope controlled by an XY
travel stage. The selected faces were indented gently by 25 gf (0.245 N) load for a dwell
period of 40 s using Knoop indenter. The load is applied in five sample points. The hardness
number was defined by the ratio between the indentation load and the area of the residual
impression, which depends on the indenter shape [17]. The value of Knoop microhardness
HK is calculated using the following expression:

HK =14230(F/d’) (1)

where F represents the indentation load (g) and d the diagonal of the indentation (um).

Following the same line of investigation as that already carried out with *LigEu('’BOs);
(LEB) crystals [7], an almost cubic-shaped LGEB?7 crystal with dimensions 4.92 mm, 4.81
mm, and 3.96 mm along ¢, b and a* directions, respectively, was cut and all its surfaces were
polished for spectroscopic experiments under polarized light. The polarized absorption spectra
from 270 nm to 700 nm corresponding to visible absorption of the Eu®* ions were measured
using a Perkin-Elmer spectrometer (Lambda 650). The polarized fluorescence spectra were
recorded by means of a spectrophotometer (FLS920, Edinburgh) equipped with a xenon lamp
and laser diodes as the excitation sources. Photomultiplier tubes (PMT) (Hamamatsu R928
and R955) were used as detectors in the visible and NIR regions. Fluorescence dynamics of
the 5D0-7F2 transition was investigated as a function of Gd®" cations substitution rates in
LGEB6, LGEB7 and LEB single crystals. The experimental lifetimes were determined from
the fluorescence decays at room temperature. A selective pulse excitation from an Optic
Parametric Oscillator (OPO) emitting a beam with a FWHM pulse duration of 5 ns and with a
10Hz-repetition rate pumped by third harmonic YAG:Nd** laser was used at 528.3 nm
corresponding to the °D; excited level. To avoid any spectral overlap between the
fluorescence emission and the diffusion of the exciting light, the excited level was selected
distinct from the studied level of fluorescence. Moreover, the high excitation level led to a
delay time due to multiphonon relaxation. Fluorescence decays were detected by means of a
visible photomutiplier (PM) and were recorded with an oscilloscope.

3. Refractive index measurements

In the monoclinic symmetry the principal axes of the optical refractive indicatrix only
partially coincide with the crystallographic axes. By symmetry, the crystallographic frame is
only connected to the dielectric frame by the C, = b-axis which is collinear to the Y-axis. The
other principal axes (X-axis and Z-axis) lie in the (a,c)-plane but are rotated with respect to
these crystallographic axes. The determination of the rotation angle between these two frames
is based on spectroscopic ellipsometry by the extended Brewster angle reflection method at
room temperature. The polarized sources used in the measurement were intensity-stable diode
lasers at 0.639, 0.785, 0.935, and 1.31 pum, with linear polarization along the p-component in
the incident optical plane. These lasers were successively focused on an a*-, b- and c-oriented
LGEB7 crystal. The rotation of the sample over the wide [-80°,80°] f-range allows for
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collecting the reflected light intensity of the p-polarization component. The setup is totally
interfaced and monitored by computer. Data analysis is detailed elsewhere, in [18] and [19].
The relative accuracy of the optical model is not better than + 5.107 (case of perfect
interfaces). The measured values of ny, ny and ny are listed in Table 1. Fitting the data to a
simplified Sellmeier dispersion law:

B

n“=A+ 5
AT +C

+D)\ )

permitted to establish the parameters given in Fig. 3. The parameters corresponding to ny are
not reported because of a fit of insufficient quality.

Table 1. Refractive indices of LGEB?7 single crystal at room temperature.

Wavelength (um) N+ n ne nyz ny ny H(a*X)°
0.639 1.600 1.611 1.624 1.638 1.611 1.586 +31
0.785 1.601 1.616 1.615 1.632 1.616 1.584 +36
0.935 1.607 1.619 1.609 1.625 1.619 1.591 +43
1.31 1.607 1.610 1.594 1.621 1.610 1.580 +36

From Table 1, one can deduce that the average maximum birefringence is =0.044, which
is less than those found, for example, in BBO (~-0.1) and YCOB (=0.072) crystals [20]. It
turns out that there is a change of the sign of the birefringence between 639 nm, where it is
slightly positive, and 785 nm, above which it is negative. The peculiar behavior of ny(}A) is
difficult to interpret because the spectral range investigated is far from an absorption band of
the crystal. It is likely to be due to the total uncertainty arising from the experimental
measurements and the numerical simulation, the latter of which can converge towards very
close local minima. Hence, we believe that the 0-variation between 31° and 43° is related to
the measurement “scattering” of the refractive index.

A B C D
= nz 2.5820 0.0563 0.1636 0.0088
r ¢ ny 2.7128 -0.0389 0.0010 -0.0568
2,68 |- L 4 ony

2,66 - ~8
2,64 -
2,62 -— P—
2,60 B /
2,58 B

2,56 |-
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2,50 |- a

2,48 [ 1 L 1 . 1 L | ' 1 L 1 . 1 L 1 ' )
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Wavelengths (um)
Fig. 3. Coefficients of the Sellmeier Eq. for LGEB7 single crystal.
4. Thermo-mechanical properties
4.1 Thermal expansion

Crystals with low thermal expansion anisotropy and low thermal expansion are desired for
both HSCBs (the crystal must fit its mechanical holder at cryogenic temperatures) and laser
applications. Thermal expansion is a consequence of the anharmonicity of interatomic
potentials forces in solids. As a significant part of the pump power is converted into heat
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inside the material and dissipated by its surfaces during laser operation, it is important to
determine the linear thermal expansion to estimate its mechanical resistance upon heating by
the pump beam. In addition, a lower thermal expansion anisotropy implies a priori a more
uniform distribution of elastic strain in the optically pumped crystal, hence a lower probability
of thermally-induced cracks [21]. Moreover, the thermo—optical coefficients are related to the
linear thermal expansion [22]. In this work we present the dilatometry measurements for the
LGEB?7 crystal. X-ray diffraction on LEB powder samples were used to measure the thermal
expansion of the lattice parameters, which was required to complete the thermal expansion
profile of the crystal investigated in [7].

It can be seen that the expansion ratio is nearly linear over the whole investigated
temperature range. In spite of the fact that there is no phase transition observed in our crystal,
a nonlinear behavior is observed from 578 and 700 K especially along the [00-1] and [-100]
axes. This behavior may be interpreted in terms of defect structure resulting from thermal
strain in this temperature range. On the other hand, the nonlinearity observed below 300 K
may be due to the error caused by the thermal dilatometer [23,24]. The average linear thermal
expansion coefficient in a given crystallographic directions is defined as:

a= 1 AL 3)
L., AT
The components of the linear thermal expansion tensor, ¢;, were evaluated from the

slopes of the linear fits related to the linear relationship between AL/L,. and temperature

along the considered different crystallographic directions. It is readily established from
symmetry considerations [25] that the thermal expansion coefficient tensor for the monoclinic
crystal is a symmetrical second rank tensor with four non vanishing components
(q,,0,,,04,,0,) in the orthogonal crystallographic frame (a,b,c*). Figure 4 shows the
LGEB?7 thermal expansion AL/Lrr as a function of temperature. Nonlinear least-squares
fitting procedures of the thermal expansion data using a parametric Eq. proposed by Skinner
[26], have been performed:

AL/Ly=A+BT +CT*+ DT 4)

The resulting values in the temperature range 303—750 K are listed in Table 2. The linear
thermal expansion coefficients, o, are given by the derivative of Eq. (4).

Table 2. Nonlinear least-squares fitting results of the thermal expansion of a LGEB7

crystal.

LGEB7 A B C D
AL/Lgr(a) —0,01139 2,85439 x 107° ~1,18442 x 107* 1,18019
AL/Lgr(b) —0,00386 1,23206 x 107 8,20172 x 107 —0,14769
AL/Lgr(c’) —4,18971 x 107 -3,61336 x 107 2,12395 x 107* -0,11996
AL/Lgr(c*) -0,02354 6,01185 x 107 -3,53893 x 107 2,64788
LEB A B C D
AL/Lg1(a) 0.01302 -1,93601 x 10~ 1,94314 x 107° —2,66632
AL/Lgr(b) 0.00345 432658 x 107° 8,79025 x 107 -1,62561
AL/Lgr(c) 0.00254 1,02222 x 107 -1,75612 x 107° -1,6278
AL/Lgr(c*) 0.00308 1,24127 x 107 ~7,14878 x 107 -1,84207
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The values of the thermal expansion coefficients along a, b, ¢* and ¢’ are
a,=0,=120x10° K", @,=0,=2.04x10" K", @,=c.=152x10"K" and
a,=1.60x10" K", respectively. According to the transformation law for second-rank
tensor, ¢, can be deduced from the Eq. given in [27], leading to ¢, =, =-0.26x107° K.

The results show that the thermal expansion coefficients exhibit a substantial dependence with
orientation. The thermal expansion decreases according to the sequence a,>0«>a,. The
thermal expansion coefficient along the b-axis is almost twice that along the a-axis. Once ¢,

is known, the thermal expansion can be written as:

1.20 0 -0.26
a,=| 0 2.04 0 |x10°K™" (5)
-026 0 1.52

The diagonalization of this matrix leads to the thermal expansion tensor referred to its
principal axes oy, oy, oy Neumann’s principle dictates that the oy axis coincides with the
crystallographic b-axis, while the other two principle axes are in the (010)-plane at an angle ¢
measured counterclockwise from the principal oy axis towards the c¢*-axis. The o, tensor in

the principal frame is written as (the details can be found in a previous work [28]):

105 0 0
a,= 0 204 0 |x10°K (6)
0 0 167

The ¢ angle can be determined by using the Mohr’s circle construction and is evaluated
from the following Eq.:

tan 2 = M =
Q= = 1.66 @)
33— O
The rotation angle ¢ is 29.5° clockwise from the ¢* direction in the (a,c)-plane in the
LGEB?7 crystal, as Fig. 4 right shows.
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Fig. 4. Left: measured thermal expansion ratio curves of the LGEB?7 single crystal as a function
of temperature; Right: measured thermal expansion ratio curves of the °LiEu('’BOs); (LEB)
single crystal.
We can adopt the formalism based on the unit cell parameters obtained at different
temperatures from the LEB single crystal X-ray diffraction characterization [7] (Fig. 4). From
these data, ¢, can be computed in the same way as explained in relations 3 to 7. The values

of the diagonal elements are o;; = @, 02 = 0 and o33 = 0+ From the Eq. o, = ninja; [29],
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where n; and n; are the director cosines of the given direction with the axes of the
crystallographic frame, one can deduce o3; = a3 as the unique unknown quantity of the Eq.
once o, is measured. We obtain:

1L14 0 -04
a,=| 0 203 0 |[x10°K" (8)
04 0 152

Following the same line of reasoning as before, the 0{;/. tensor in the principal frame reads:

092 0 0
;= 0 203 0 [x10°K" 9)
0 0 1.82

The volume coefficient of thermal expansion, ¢, , is given by the (invariant) trace of the
linear coefficients [30], as ¢, =4, + &, + %, , and amounts to 4.76x10° K™ and 4.77x10°

K™' for LGEB7 and LEB crystals, respectively. Considering the linear thermal expansion of
the volume, oy, and taking into account the relations between thermal expansion and
covalence and density of weak bonds [31], one can conclude that the degree of covalence in
the chemical bonds of the LGEB7 and LEB compounds is lower than in PrCa,;O(BOs); [32].
In comparison with the maximum anisotropy ratio observed in LEB crystals, o’ »/a’; = 2.2,
the corresponding ratio in the LGEB7 crystal exhibits a lower value, 1.94, which is close to
that of PrCa,O(BOs); [32] and suggests a lower propensity to cleavage in the latter crystals.
However, this was not observed experimentally, since both LEB LGEB7 crystals frequently
cleaved. The highly anisotropic thermal expansion of the LEB crystals and the overall high
values of the thermal expansion coefficients in LEB and LGEB?7 crystals might explain why
several single crystals were fractured in the process of shaping and polishing before their
fabrication in the final form shown in Fig. 1. Such mediocre thermo-mechanical properties
clearly question their potential as rugged and efficient solid state optical amplifiers. When
temperature increases, atoms begin to move around their equilibrium position, and the more
important the anharmonic terms of the interatomic potentials, the higher the thermal
expansion. As shown in [7], the distorted gyrobifastigium EuQOg polyhedra form corrugated
chains along the ¢ direction. The anisotropy observed is thus quite puzzling because the
thermal expansion coefficients in the a and b directions are lower and higher, respectively,
than the one measured along the ¢* direction.

4.2 Thermal conductivity

The thermal conductivity k of a crystal also stands among the basic properties in the view of
HSCB or laser operations. As the LEB and LGEB7 crystals remain electric insulators
(electronic and ionic) and do not suffer any sort of long range ordering down to 4 K, only
phononic processes should contribute to the thermal conductivity. Figure 5 shows the
dependency of the thermal conductivity and diffusivity on temperature. From the measured
value of the thermal conductivity at 300 K, and in the same way as detailed in section 4.1, the
calculated thermal conductivities along different directions at room temperature are listed in
Table 3. The LGEB7 crystal shows a moderate anisotropic thermal conductivity at room
temperature, the maximum anisotropy ratio being /iy = 1.35. It should also be noted that the
conductivity principal axes almost coincide with the crystallographic axes. As the temperature
increases, phonon scattering mechanisms become much more effective, the phonon free path
gets shorter and the average number of involved phonons is proportional to temperature.
Thus, phonon-phonon interactions become increasingly dominant. Since the collision
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frequency should be proportional to the number of phonons with which another phonon can
collide, the mean free path of phonons are proportional to 1/T at higher temperature. Since,
simultaneously, the heat capacity above room temperature varies smoothly, the thermal
conductivity can therefore be considered to vary as ~1/T in this regime [33]. The LEB and
LGEB7 crystals, as their Y- or Gd-based counterparts, exhibit mediocre thermal
conductivities as far as high power laser operations are concerned. Indeed, the higher the
thermal conductivity, the higher the damage threshold of the crystal under CW laser
operation. The thermal diffusivity of LGEB7 at 300 K is moderately isotropic: 0.78 mm”s™'
along the a direction, 0.82 mm®.s™' along the ¢’ direction, 0.88 mm*.s™" along the ¢* direction
and 1.05 mm”s™ along the b direction. This latter value is close to that encountered in
LicY(BO;);:Yb’" (see Table 4), which leads to an intrinsic cooling time of a typical laser
crystal of =84 ms, exemplifying the high thermal inertia of such crystals since typical
fluorescence lifetimes in these crystals are on the order of 1-2 ms.
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Fig. 5. Top: thermal conductivity of LGEB7 measured along the crystallographic directions a,

b, ¢*, ¢’ and along the growth direction; Bottom: related thermal diffusivity along the same
directions.
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Table 3. Thermal conductivity (in units W.m~".K™") of LGEB7 and LEB crystals,
compared with those of related crystals, along the crystallographic and principal axes, at

300 K.
LEB LGEB7 LigY(BO;);:Yb*™ LicGd(BO;5);:Yb** LicGdy5Y,5(BOs);:Yb*
[3] [4] [4]
Ki1 = K’ 11 221
K2 2.98 291 1.60 2.00
K33 = K’33 2.49
K31 0.006

[4-32] 257 252

Arbitrary  2.11

(e*,km) Clockwise 1.22°
(a,x1) Anticlockwise 1.22°

Table 4. Thermal diffusivity values of LEB, LGEB7 and related crystals at 300 K.

Crystal D[mm?/s] References

D]1 = D’]l Dzz D33 = D31 [4—32] Arbitrary

D733

LEB 0.90 0.74 This work
LGEB7 0.79 1.07 0.89 0.0013 0.90 This work
(¢*, Dm) Clockwise 0.74°
(a, Dy) Anticlockwise 0.74°
LisY(BO,);:Yb*" 1.07 [3]
4.3 Microhardness

Hardness is the resistance offered by a material to localized plastic deformation caused by
scratching or indentation. Table 5 reveals the hardness anisotropy according to the orientation
of the crystal. If we evaluate the microhardness anisotropy by means of the ratio between the
two extreme load dependent microhardness values, we find ~1.7. The maximum value
corresponds, on Mohs scale, to ~8, which is close to the quartz hardness. Since the distances
between Gd-O and Eu-O are comparable in the LEB and LGB crystals, the force necessary to
break these bonds can be looked upon as equal. The microhardness anisotropy in the LGEB
crystal has some relationship with the orientation of the polyhedra in the compound. Indeed,
the maximum hardness is observed along the [010] and [00-1] directions, which are
perpendicular and parallel, respectively, to the (Gd,Eu)-O polyhedra chains. It is remarkable
that the anisotropy trend in LGEB7 crystals is the same in the microhardness, thermal
conductivity and thermal expansion measurements. The highest values are obtained along the
b direction which is the direction in which the distance between (Eu®",Gd*") cations is the
highest. The higher microhardness found in LGEB7 crystal, with respect to LEB crystal, is
likely to be due to the cristallochemical disorder introduced by the Gd** cations. The order of
magnitude found, ~10 GPa, also suggests that the elastic strain energy introduced by the Eu**
cations substitution for Gd*" cations should remain negligible, which is consistent with the
value of the depletion coefficient established in section 2.

Table 5. Load-dependent Knoop microhardness along the crystallographic directions.

Crystal Orientation Average Knoop Mohs-hardness
hardness (HK0.025)

LlsGd025Euo75(BO;)z [-100] 715,2 (7 GP&) ~6.5

[010] 1225,8 (12 GPa) ~8

[00-1] 936 (9.2 GPa) ~7.4

[4-32] 936,4 (9.2 GPa) ~7.4
LicEu('*BOs)s [4-32] 603,6 (5.9 GPa) ~6.3

Arbitrary 622,2 (6.1 GPa) ~6.3
LisGd(BO;3)3:Yb** Arbitrary 430 (4.2 GPa) [4] ~4-5
LiGdsO(BO;);:Yb** Arbitrary 930 (9.1 GPa) [34] ~7.4

#214086 - $15.00 USD Received 16 Jun 2014; revised 23 Jul 2014; accepted 24 Jul 2014; published 11 Sep 2014
(C)2014 OSA 1 October 2014 | Vol. 4, No. 10 | DOI:10.1364/OME.4.002042 | OPTICAL MATERIALS EXPRESS 2054



5. Spectroscopic properties
5.1 Polarized Raman spectroscopy

Raman spectra of oriented LEB and LGEB7 single crystals have been carried out, to get
informations about the symmetry properties of the normal vibration modes and also to give
the highest phonon frequencies and density of states. These aspects are useful to estimate the
multiphonon emission non radiative decays probabilities or to assign phonon sidebands.
Raman spectra at room temperature with a 2 cm™' resolution of the as-grown LEB and LGEB
crystals between 200 cm™ (50 pm) and 1600 cm™ (6.25 pm) were recorded with an HORIBA
(JOBIN YVON) Raman spectrometer using the 752 nm radiation of an Ar-Kr laser for
excitation. A Notch filter was used for the rejection of the Rayleigh light. The polarization
study is performed parallel and perpendicular to the C, axis. The internal vibrations of the
(BO3)* group are considered first. The vibrational spectrum of the isolated (BOs)* group
(with a D3, symmetry) presents six internal vibrational degrees of freedom, which gives rise

to four bands: the Raman active symmetric stretch v, (A7) around 940 cm™, the infrared
active out-of plane bend v, (A7) around 740 cm™', the asymmetric stretch v,(E') around

1330 cm™' and the in-plane bend v,(E') around 610 cm™, these last two vibration modes

being doubly degenerated and both Raman and infrared active. The internal vibrational bands
seen for the free (BO;)* can be perturbed in the crystal. These vibrational bands may be split
due to the symmetry of the crystal site and due to interactions with the other (BO;)*" groups
contained in the primitive unit cell. Since the three crystallographically-independent B atoms
occupy 4e Wyckoff positions (general positions), the point symmetry of the (BO;)*” molecular
groups is reduced to C,. Hence, the degeneracy of the v, and v, vibrations is removed

according to the scheme: E' — 2A. The complete correlation diagram for the internal (BOs)*
vibrations is presented in Table 6. Now, the external modes (lattice vibrations) can be further
subdivided into translational and rotational modes coming from the (BOs)* groups (each one
possesses three translational and three rotational degrees of freedom) and from the three
translational degrees of freedom of each cation. All together, this gives a total of 39 A, + 39
B, Raman active lattice vibrations. Figure 6 presents the polarized Raman spectra of the
samples at RT, for the scattering configurations Z(XX)-Z Z(YY)-Z, Z(XY)-Z and Z(YX)-Z, and
the observed frequencies with their assignments are summarized in Table 7. We assigned the
observed Raman wave numbers in the region 500-1500 cm™' to four fundamental modes of
vibration of the trigonal (BOs)* group corresponding to typical B—O bond vibration modes of
borate anions, whereas the low-frequency modes (below 550 cm™) correspond to external
modes of the matrices [35-39].

Table 6. Correlation diagram for LEB and LGEB7 single crystals.

(BO;)* molecular group “Ds,” Site group C, X 3 Factor group Cyy

v = A|(R) AX3 3X (AyR) + By(R) + A,(IR) + B,(IR))

v, > A5(IR) AX3 3X (AR) + By(R) + A,(IR) + ByIR))
03,0, = E(R,IR) 2AX3 3X (2A4(R) + 2B,(R)2A,(IR) + 2B,(IR))
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Fig. 6. Polarized Raman spectra of the oriented LEB and LGEB?7 single crystals at room
temperature.

Table 7. Observed Raman wavenumbers (in cm™") of LEB and LGEB7 single crystals,
and their proposed assignments.

6Li6Eu(10BO3)3 LisGd0‘25Euo_75(BO3)3 ASSigl’ll’l‘lel’ltS
Z(XX)- Z(YY)- Z(XY)- Z(YX)- Z(XX)- Z(YY)- Z(XY)- Z(YX)-
Z(Ag) Z(Ay) Z(B,) Z(By) Z(Ag) Z(Ay) Z(By) Z(B,)
266 247 247 255 245 Lattice
vibrations
294 292 292 292 288 299 Lattice
vibrations
326 328 321 325 Lattice
vibrations
341 343 342 342 Lattice
vibrations
489 488 460 471 Lattice
vibrations
507 Lattice
vibrations
576 543 540 554 559 v4(BOs);
600 600 v4(BO;);
647 644 v4(BO3);
668 668 666 656 667 661 v4(BO3);
791 764 v2(BOs);
909 vi(BOs);
913 912 vi(BOs);
938s 938's 938 s 937s 938 s 938s 938's 937 s vi(BOs);
1087 1089 1082 1088 1090 1092 v3(BO;);
1253 1293 1297 1295 1295 v3(BO;);
1306 1304 1307 1306 1304 v3(BO;);
1438 1438 1437 1436 1440 1440 1440 1441 v3(BO;3);
s, strong.

5.2 Polarized absorption spectroscopy

Recently, significant progress was obtained both in the methodological and fundamental
description of the anisotropy of the spectroscopic properties in monoclinic crystals [41].
Indeed, linear absorption showed nontrivial behavior, with a strong angular dependence both
with the crystal orientation and the polarization direction, but also with the considered
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resonant electronic transition of the involved rare earth ions. Such a complete description of
the wavelength-dependent anisotropy of absorption is far beyond the scope of this paper.
However, we focus here on depicting first insights of such anisotropy.

Firstly, we considered the LGEB7 cube oriented with light propagation along the
crystallographic b-axis, which is also parallel to the dielectric Y-axis. In this case, the other
principal axes (X-axis and Z-axis) lie in the (a,c¢)-plane but are rotated with respect to these
crystallographic axes. We selected the strong absorption transition at 393 nm, and we
measured the related absorption at room temperature, by rotating the incident linear
polarization over 180° around the b direction (a-polarization, with the origin from a*-axis).
Figure 7 (left) shows the polarization dependence, fitted with Eq. (2) from [40], showing a
modulation between two extreme values for polarizations that correspond to polarization
Eigen vectors for a light propagation along the b-axis. In this case, these polarization Eigen
vectors correspond to the dielectric X- and Z-axes, typically at 30° and 120° with respect to
the a*-axis, respectively, which is in relatively good agreement with that determined in
Section 3.1, as reported in Table 1. We emphasize once more that the dielectric frame
partially differs from the crystallographic frame in monoclinic systems, which is intrinsic to
monoclinic systems. The maximum and minimum absorption cross sections typically
corresponding to 30° and 120°, are 6 x 10" c¢cm’ and 5.14 x 107" cm® at 393 nm,
respectively. These values are larger than those of Y gssEug 13405 (2.5 % 107! ¢cm?) and of
Eu:LYB [2], and less than that of LEB [7].

Secondly, since the polarization dependence has just been discussed above, we have
performed the spectral distribution of the absorption for polarizations along the dielectric X-
and Z-axes for the propagation along the b-axis, respectively labeled here the o-polarization
and the m- polarization. Figure 7 (right) shows the significant wavelength dependence of the
absorption anisotropy, since different electronic transitions show different behavior with
respect to the two selected polarizations, similarly to that reported in [41].
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Fig. 7. Propagation along the b-axis in polarized light. Left: absorption cross section in the
LGEB?7 crystal at 393 nm, as a function of polarization orientation; Right: absorption cross
section in LGEB?7 single crystal in orthogonal Eigen polarizations at RT. The inset is a zoom in
the 355-422 nm spectral range, showing the significant wavelength dependence of the
absorption anisotropy.

5.3 Polarized emission spectroscopy and Judd-Ofelt analysis

As for the absorption anisotropy, methodological and fundamental descriptions (given in [41])
of the anisotropy of the spectroscopic properties in monoclinic crystals should apply, which is
also far beyond the scope of this paper. Due to its 'Fi-’D, pure magnetic dipole transitions
from the ground state and the absence of degeneracy of the 'F, ground state and of the D,
excited state, Eu’" cations stand as the most significant luminescent probe to investigate their
crystal-field symmetry in the lattice [10]. Furthermore, they may provide informations on
crystal structure, order-disorder issues [11] and different chemical bonds in solids. Emission

#214086 - $15.00 USD Received 16 Jun 2014; revised 23 Jul 2014; accepted 24 Jul 2014; published 11 Sep 2014
(C)2014 OSA 1 October 2014 | Vol. 4, No. 10 | DOI:10.1364/OME.4.002042 | OPTICAL MATERIALS EXPRESS 2057



cross-section and fluorescence lifetime stand among the most important parameters for the
assessment of laser potential of a crystal. A norm has risen that consists of estimating these
properties using intensity parameters €, (A = 2,4) based on the Judd—Ofelt theory as discussed
by Malta et al. [42]. The Judd-Ofelt (JO) parameters contain odd crystal field terms, radial
integrals and perturbation energy denominators which are related to local structure and
chemical bonding surrounding the optically active rare-earth ions in the crystal. However,
some transitions in Eu’" ions challenge the standard JO theory, because they violate selection
rules such as forbidden °Dy-"F,. Some of these transitions are primarily magnetic dipole in
nature, but do occur as electric dipole transitions with low intensity in some materials. J-
mixing, electronic correlations, dynamic coupling and Wybourne-Downer mechanism [43]
are essential mechanisms that have been put forward to explain shortcomings of standard JO
theory.

Furthermore, the crystal structure of LigEu;Gd,(BO;); is monoclinic, which can provide
further degrees of freedom for the polarization rotations. In this case, the crystallographic
principal thermal and optical axes differ. Hence, it is not surprising that our thermo-
mechanical and spectroscopic properties revealed a strong anisotropic biaxiality effect. The
room temperature polarized emission spectra, calibrated in cross-section units by the
Fuchtbauer-Ladenburg (FL) method, of the LGEB6 and LGEB?7 crystals, after excitation in
the °Lg (393 nm) levels, is shown in Fig. 8. JO intensity parameters Q; (J = 2,4,6) are crucial
for evaluating the performance of the laser and luminescent materials, and well known for
describing the effect of local structure and bonding states in the vicinity of the rare earth
cations. Owing to the particular features of the reduced spin-orbit and coulombic repulsion
matrix elements of the Eu’" 4f electronic configuration, the Judd—Ofelt parameters can be
obtained by using the emission spectra data. We evaluated the JO intensity parameters using

the ratio of the integrated intensity of the *D, — 'F, , ; electric dipole transitions, JI‘, (v)dv,

to the integrated intensity of the D, — 'F, purely magnetic dipole transition, J.I1 (v)dv,

according to [44]. The Judd-Ofelt formalism that we adopted is given in [45]. The JO
parameters, oscillator strengths, spontaneous emission probabilities, branching ratios, the ratio

of integrated emission intensity of the hypersensitive transition °D, — 'F, to that of the

°D, — 'F, magnetic transition, R, the radiative lifetime and the quantum efficiency are
gathered in Table 9. The emission band for the *Dy-'Fg transition, centered around 810 nm,
could not be measured accurately because of limitations of our detector in this spectral range.
We found that Q,>Q, for both LGEB6 and LGEB?7 crystals, except in c-polarization for
LGEB7 where Q,=Q,. The radiative probability of the D, — 'F, transition depends mainly

on the Q, value which confirmed that the "D, — 'F, transition is predominant as in LEB

crystals [7]. The stimulated emission cross section for a given transition from state J to state J,
can be evaluated by the Futchbauer-Ladenburg expression given below:

(4
L g1, I7(4)
T [Ar(2)dA

In this formula, ¢, n,, B’&, T, A and I’. symbolize the speed of light, the average refractive
index for a given polarization, the branching ratio for a given polarization, the radiative
lifetime, the wavelength and the polarized emission intensity, respectively. The strongest
emission cross-section in c-polarization is about 1.07 x 107" cm® at 612.8 nm in LGEB7,
which is higher than that obtained in LEB [7] and in Eu’":LYB (4 x 107" cm?) [2]. However,
it remains much smaller than the emission cross section of a Y gesEuy.1340; crystal elaborated
by the flux method described in [16], which is =1.8 x 10° ¢cm” at 610.4 nm. This comparison
is quite relevant to us because this crystal was one of the first “historical” crystals to lase in

o

e

(10)

8zen;
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1963 [13], and the only one known to date that proved laser operation based on Eu®" cations.
Nevertheless, it is noticeable that the dissolution of the Gd** cations in the LEB compound
substantially improves the emission cross-section. It should be noted too that the LGEB7
emission cross section is relatively higher than that of the LGEB6 in -polarization (9 x 107"
cm? at 613.6 nm). The *Dy—F, emission spectra are much more simple than that found at 77
K in Eu’":LYB powder sample [57]. The 'F, multiplet crystal field splitting in the three
crystals, =172 cm™ in the three borate crystals investigated here, is ~0.46 times the energy
difference between the 'F, barycenter and the ground state 'F, and the overall crystal field
splitting of the ’F; (J = 2-4) are relatively small, which leads to the obvious conclusion that
B4q and 86cl parameters are small and so energy transfers towards impurities in the EuOg-
based chains should be hindered. With the ’F; energy sublevels structure which our data
unveil, we can estimate the B%, and B, crystal field parameters according to the formula
given in [46]. These parameters were found to be B, = 606 cm™' and B, = —48, —49 and
—78 cm™ in LEB, LGEB6 and LGEB? crystals, respectively.

‘ Li.Bu, .Gd ..(BO,), 10}
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Fig. 8. FL-calibrated stimulated emission cross-section of the LGEB6 and LGEB7 single
crystals in polarized direction at room temperature.

5.4 Judd-Ofelt and crystal field parameters calculations

m- or o-polarization effects on the LEB absorption spectra were established in [7]. They are
difficult to analyze because the crystal is biaxial, and also because the Eu*" ground state in
this crystal is not a pure ’F,, but a mixture of "F,, 'F, (crystal field), SDLH ~ 0 SDQ,LL —0s SDM —0
(spin-orbit) states, which introduces some deviation from the only selection rule which takes
into account the polarization index. This is remarkably illustrated by our measurements.
Strictly speaking, in m-polarization, the 3j-symbol rule is |[AMy(w)| = 0,2,4,6, and in o-
polarization, it reads [AM,(c)| = 1,3,5,7. For example, in spite of the fact that the "Fy—’D, and
SDy—F, transitions are forbidden from all viewpoints, we do observe them in both polarized
absorption and emission spectra of the three crystals investigated here. The stronger intensity
in o-polarization than in m-polarization in both absorption and emission spectra suggests that
the contribution of the °D; spin-orbit multiplet to the ground state wavefunction is higher than
that of the 'F,, consistently with the relative magnitude of the spin orbit coupling constant and
the crystal field strength. Indeed, it was found in EuF;, where Eu’’ ions adopt a C; point
symmetry and their 4f° electronic configuration displays spin orbit multiplets splitting very
similar to that encountered in LEB, that the 'F, wavefunction contains 3.5% of SDLll —oand
2.8% of 5D3,p:0 states, among other ones, and the ’F, wavefunction contains 2.9% of SD],u: +
1, 0.01% of SDZWu - +1 and 2.2% of SDM - . 1, among other states [58]. The 'F, state
contribution might be estimated from the ratio of 5D0—>7F2 and 5D0—>7F0 emission Cross
sections in m-polarization, and be in the range ~1.9(LEB)-3.8(LGEB7)%. Another interesting
case is the 'F;—°Dj absorption band, which is a pure magnetic dipole-assisted transition. The
absorption band in LEB crystals at 589 nm in m-polarization completely vanishes in o-
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polarization [7]. Consequently, this level (M; = 0—M; = 0) can be assigned the crystal
quantum number 0. Then, at 593.5 and 594.9 nm we observe the two crystal-field sublevels
M; = =+ 1, virtually degenerated [7]. If J was a pure 0, we should not observe these transitions
in m-polarization. In the polarized emission spectra of Fig. 8, even if the o-polarization is not
relevant in a biaxial crystal, the fact that many bands are not completely extinguished in one
polarization or another can be taken as indication of the ground state multi-J mixture. The
emission spectra show the *Dy-"F; (0—J, J = 0 to 4) transitions. The single forbidden J = 0—J’
= 0 line is a new evidence for the existence of one single luminescent site, already proved by
the X-ray crystal structure determination. The *Dy—’F, transition exhibits one narrow line
around 588-589 nm and two other lines very close to each other (slightly split doublet)
between 593 and 596 nm. The *Dy—’F, transition displays one narrow line at 609-610 nm and
two other quite broad peaks, corresponding to one doublet, around 611-613 nm, and a set of
vibronic lines around 622-626 nm, respectively [57]. The *Dy—F, transition exhibits seven
lines over nine expected, one line clearly lorentzian (around 692 nm) and three slightly split
doublets (around 695-698 nm, 704-707 nm and 709-711 nm). One additional line is seen in 7-
polarization around 701-702 nm. If this sequence of slightly split doublets would be complete,
it could be understood as a slightly distorted high symmetry site of the Eu*" ion and one could
assign them, by comparing with the yttrium site in the LiYF, crystal, a D,4 or S, point group
symmetry [46—48]. In our case, the situation is not that clear, and a D, point symmetry at best
can be put forward (vide infra). To progress towards crystal field parameters determination,
the simple overlap model (SOM) [49] and the method of equivalent nearest neighbours
(MENN) [50] were applied, together with the Auzel-Malta expression (AEye,) [51], to
calculate the crystal field parameters (CFP) and predict the 'F, sublevel positions and
splitting. The reason for such a procedure is that the SOM and AEy,, have reproduced such
quantities in many systems very satisfactorily throughout the years. To perform calculations
one needs the spherical coordinates of the nearest neighbours (NN), the Eu®" ion at the origin,
and the maximum overlap (p, = 0.05) between the 4f and 2p orbitals [52]. Here it is important
to comment that only the NN are used because the local symmetry defines the number of
crystal field levels [46]. The structure of peaks assigned to the 'F,—°D, and *Dy—'F,
transitions leads to the suggestion that the ground state of the 'F; manifold is non-degenerate
(1y=0). Thus, B?, must be negative. The closeness of the other two lines indicates that the B2,
parameter is of small magnitude, as it has been obtained from the emission spectra. A high R-
value, evoked in section 5.3, is generally interpreted in terms of high asymmetry of the EuOg
polyhedra. Indeed, the continuous symmetry analysis performed in LEB crystals [7] revealed
that the deviation from the ideal symmetry is important: 11.6% from the mirror plane (C,
point group) and 28.2% from the twofold symmetry axis (C, point group), resulting in a
strongly distorted gyrobifastigium polyhedron EuOg. So Cs, C,, Cyy, or Cy,, but above all, D,
are the closest point groups that can be conceived, as we will discuss now based on Eu**
cations local structure drawings of Fig. 9. Since we observe two of the 'Fy—’D; absorption
peaks and five of the 'Fp—°D, absorption peaks, it is not straightforward with a room
temperature spectrum to apply the general symmetry descent scheme given in [47]. However,
it is possible to use the emission general scheme of [46] and conclude that in the three crystals
LEB, LGEB6 and LGEB7 a C,, point symmetry can be put forward.
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Fig. 9. EuOg polyhedra and their orientation. Left: the sheet plane is (a,c) and b is
perpendicular to the sheet; Right: the same figure rotated by 90° resulting in b belonging to the
sheet plane and the (a,c)-plane perpendicular to the sheet. m-polarization means (P) parallel to
b, and o-polarization means either (P) perpendicular to b in the sheet plane or (P)
perpendicular to both b and the sheet plane.

The LEB single crystal XRD data published in [7] gives average atomic positions, and it
was found from the Fourier analysis of the electronic density that there is some 4% of Eu
vacancies, which implies cristallochemical disorder likely to induce a slight distribution of
crystal field around Eu®" cations. This XRD characterization was done with the aim of getting
an estimate of the Eu concentration, which was made possible by two facts: the first one is the
unusually high number of collected diffraction spots, and the second one is, in this compound,
the much higher Z of Eu atoms compared with any other element of the structure, and so the
diffusion contrast with Li, B and O elements which proved to be outstanding. In Fig. 9, the
four dark grey balls are the oxygen ions lying approximately on the (a,c)-plane. One can note
the centroid (small ball in gray) indicating a z axis parallel to the b axis (with the maximum
moment of inertia) perpendicular and out of the sheet, thus the principal axis of symmetry.
The imaginary x axis horizontal and in the sheet plane in Fig. 9 left, and perpendicular to the
sheet plane in Fig. 9 right, is close to the [71-4] direction. By applying a C, operation around
both these fictitious z and x axes, one can note that each black-oxygen ion goes very
approximately to the position of any other black-oxygen ion. Thus, all black-oxygen ions are
almost equivalent to each other. Under the same operations, this is also true for the four gray-
oxygen ions. This is to show that, by symmetry, as required in the first premise of the MENN,
one has only two different charge factors, then only two degrees of freedom, to predict the 'F,
energy sublevel positions and splitting using non-parametric crystal field models [53]. Table 8
shows the calculated quantities. In red are the experimental sublevels and the intensity
parameters for n-polarization.
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Table 8. Charge factors (g), polarizabilities (o, in 107 cm®), ’F, energy sublevels and
splitting and crystal field parameters (in cm™) and intensity parameters (Q;,, in 107’
cm?). In red are experimental data and the set of a which has reproduced the

experimental Q,. (*) average values.

gl gZ Ecm]c(Ecxp) |45
0.498 (R.) 0.252 (R.) 276 (268) 0
B% —488 349 (405) —1
B 56 490 (442) +1
B’ —157 AE AE e
214(174) 174
o5} [05) a; () a, ()
1.052 2432 0.630 2.532
Qz Q4 Qz Q4
6.0(*) 1.6(*) 7.52 1.55

The negative B?; signal confirms that the yi; = 0 sublevel is really the ground state of the
’F, multiplet. The small magnitude of the B? parameter is an indication that the local
structure of the luminescent ion is close to a high symmetry site, namely, C,, or Dy,.
However, the quite strong magnitude of the B, parameter does not predict a so slightly split
M; = = 1 doublet. This has already been encountered elsewhere [48] and the interpretation is
being discussed in our group. The emission spectra, however, shows the M; = + 1 doublet
split is =37 cm™ in LEB, and =34 cm™ in both LGEB6 and LGEB7 crystals. The ;-
parameters have been satisfactorily reproduced for the LGEB7 sample by comparing with the
m-polarization measurements, as well as for an average of all intensity parameters, with
physically acceptable values of polarizabilities (Table 8). Further, the polarizability of the
closer NN ions was smaller than that of the farther NN ions. This is expected because closer
ions have bonds stronger than the farther ions have. This has been observed even for the
average ;. The local symmetry of the luminescent ion in the LGEB6 sample is not different
from that of the LGEB7 sample. Thus, the differences in the magnitude of the Q,-parameters
when n-polarizations are compared are directly related to the selection rules governed by the
irreducible representations of the initial and final state of each transition. To deepen this
analysis further a precise knowledge of the ground state wave function is needed.

5.5 Fluorescence decays

The luminescence decays of the ’Dy—'F, transition in LEB, LGEB7 and LGEB6 crystals
have been measured at 300 K. For two reasons these compounds seemed to be interesting
hosts for studying migration among Eu®" ions: (a) since their crystal structure contains only
one crystallographically nonequivalent Eu®" site, with a point group symmetry that lifts the J
= 0—J’ = 0 extinction rule, the multipolar processes increase as the oscillator strength of the
"Fy—°D, transition increases; (b) the short Eu-Eu distances along ¢ (3.9 A), which makes at
low temperatures the transfer occur by exchange [54]. The Eu-Eu distances between the
chains are =7.2 A along a and =8.5 A along b. As was shown in [12], the luminescence output
of the Eu®" cations in the LigGd;<Eu,(BOs3); solid solution increases with x until x = 0.85 and
is barely affected by temperature between 90 and 300 K, which indicates that above this
concentration the excitation energy can migrate over the Eu’" sublattice and get trapped at
quenching impurities sites. Indeed, the absence of intermediate levels between the “D, spin-
orbit multiplet and the ’F, ground state in the Eu®" cations energy level diagram excludes that
these levels could be depopulated by cross relaxation processes responsible for the
concentration quenching occurring in the majority of the other rare earth cations. For
multipolar coupling, the probability of energy transfer depends on the probability of the
multipolar transitions on the ions involved. For Eu®" at low temperatures the only resonant
transition giving rise to energy transfer is *Dy—'F,. This transition is strongly forbidden,
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which makes energy transfers at low temperatures very improbable (the typical peak cross
section values in LEB, LGEB6 and LGEB?7 crystals are ~2 x 107* ¢cm” in o-polarization). As
temperature increases, higher-lying 'F; levels are thermally populated and additional resonant
transition pairs (’Dy—'F; and ’Dy—'F,) become possible. As shown on Fig. 10, the
fluorescence decays display a non-exponential behavior, thus implying that there exists an
energy transfer between Eu’" ions, and/or from Eu®" ions to other luminescent centers. If the
donor and acceptor ions are randomly distributed in the host and the migration processes are
negligible in comparison with donor—acceptor energy transfers, the time evolution of the
donor population after pulsed excitation, is given by the well-known Inokuti—-Hirayama model
[55]. On the other hand, if migration processes among donors are dominant, then the problem
is more complex and different approximations have been developed to handle this case
theoretically. One possibility is to consider the energy migration as a diffusion process. This
method was adopted by Yokota and Tanimoto [56], who obtained a simple expression for the
time evolution of excited donors. Another situation is the case where energy migration occurs
on a one—dimensional system of donor sites, with randomly distributed acceptors of infinite
trap depth, for which Movaghar et al. [54] derived an expression for the rise of donor
luminescence intensity at long times:

I(t)=1,exp(—t/7,—Bt") (11)

4
. 1 L . .
with B= 3(Z7zszP] , T, the radiative decay time, C, the acceptor concentration and P

the donor-donor transfer probability. The D, radiative lifetime was determined to be 1.9 and
2.2 ms at 300 K in LGEB7 and LGEB6 crystals, respectively (Table 9). The internal quantum
efficiency 7 for the *Dj level is defined as the ratio of the number of photons emitted by the

number of photons absorbed which can be calculated using the fluorescent and radiative

T.

lifetimes, 7=—L . The values for the D, level are found to be 92.6% for the LGEB7 and
TR

93.2% for LGEB6, which stresses the weak effect of non-radiative processes such as

multiphonon emission and cross-relaxation mechanisms.
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Fig. 10. Fluorescence decays measured in the three crystals, LGEB6, LGEB7 and LEB.
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Table 9. Results of the Judd-Ofelt analysis in polarized directions carried out in the
LGEB7 and LGEBG single crystals: €, 4 JO parameters, electric and magnetic oscillator
strength (f), radiative transition rates (Ag), branching ratios (Br), radiative lifetimes (tr)

and quantum efficiency ().

Crystals Transitions ;(cm’l) ?(;fzzcmz) ?szzcmz) /1‘;,6 E:,Rl) ﬂ(%) R Erkns) n (%)
Li¢Gdy2sEuy7s(BOy); Dy—'F, 1726698 7.36 7.56 0.0016 080  0.17 450 19
o —7F, 16887.33 012 5936 1224

>'F, 16187.00 0.60  267.15 55.09

—'F; 15331.07 0.05 2009 4.14

—'F, 14260.05 038 13480 27.80

—Fs 13449.72 0.009 276  0.57
Li¢Gdy2sEup75(BO3);  —7F, 1726639 10.32 5.84 0.0038 194 034 637 92.6
o 7F, 16890.32 012 5939 1041

>'F, 16253.55 0.84  379.00 66.42

—'F; 15309.55 0.060 24.14 423

—'F, 14277.33 030 10457 1832

—'F;s 13445.74 0.005  1.59 0.27
Li¢Gdy3sEupes(BO3);  —7F, 1724227  5.88 4.87 0.0018 094 025 3.60 223 932
o —'F, 16863.41 0.12 5910 1580

—'F, 16188.56 048 21328 57.01

—'F; 15310.28 0.03 1229 328

—'F, 14213.06 025 8596  23.00

—Fs 13431.29 0.008 249  0.66
Li¢Gdy3sEupes(BO3);  —7F, 17241.88  8.64 6.82 0.0039 198 038 530
o 7F, 16904.60 0.12 5954 1143

—'F, 16231.68 070 31596  60.70

—'F; 15289.87 0.049 19.69 378

—'F, 14258.85 0.35 121.58 2335

—Fs 13435.26 0.006 183 035

Continuous function decay multisite analysis was performed with 50 exponentials fitted to
the nonexponential luminescence decays of the LEB, LGEB6 and LGEB7 crystals at 612.8
nm ("Dy—'F,), shown in Fig. 10. The deviation from exponential shape increases from
LGEB?7 to LEB and it clearly appears on the fits results: while in LGEB7, two exponentials
suffice, in LGEBG6, a third one appears and in LEB several short time components, certainly
due to fast trapping by impurities or vacancies energy levels, appear. The main components of
the decays in LGEB6 and 7 correspond to a lifetime around 2.2 ms and 2.4 ms, respectively.
However, given the weight of the short time components, average experimental lifetimes of
1.76 ms and 2.05 ms in LGEB7 and LGEB6 crystals, respectively, seems more appropriate
values to estimate the fluorescence quantum yield. Fits to Eq. (11) did not work over time
intervals larger than 1 ms in LEB crystals, but for the LGEB6 crystal, a reasonably
satisfactory fit was obtained over a time interval =2.8 X 1R, with 1z = 2.37 ms, C, = 0.00246
and P =35439 57!, and for the LGEB?7 crystal, a less satisfactory fit was obtained over a time
interval =1.85 x tg, with 1 = 2.14 ms, C, = 0.00264 and P = 57489 s™!. An exhaustive GDMS
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chemical analysis performed on a LEB crystal gives only two possible acceptor impurities in
the range of concentration C,: Na = 0.0019 and Yb = 0.00017. It is remarkable that Nd
impurities and several rare-earth elements are kept at a very low level, C,<3 107>, except Gd
for which Cgq = 0.0137.

6. Conclusions

In this work we have determined the eigenvalues of two tensors describing fundamental
properties of LGEB7 and LEB crystals, namely the thermal expansion and the thermal
conductivity, as well as the Eu’" absorption and emission cross sections anisotropies. In
comparison with other laser crystals, LGEB7 exhibits a relatively low anisotropy of thermal
conductivity at room temperature. It was found that the anisotropy observed in these crystals
is the same for the thermal expansion, the thermal conductivity and the microhardness. The
thermal («,C,), mechanical (HK) and thermo-mechanical (o) properties of these crystals, in
addition to a series of fractures induced by the manipulation (cutting, polishing), do not
suggest a tremendous potential for laser applications, unless a clever thermo-mechanical
management of the crystal under laser operation is designed. Moreover, their maximum peak
emission cross section is ~1.68 lower than that of the well-known Y,05:Eu’" single crystal,
here Y g¢6Eu.13403, which is itself a difficult system to pump optically. Concerning HSCB
applications, our results suggest that LGEB7 is probably the most promising composition,
upon which crystal growth efforts should be paid, because of its overall emission intensity and
improved hardness, and the presence in its bulk of high concentrations of °Li, '***’Gd and
"B isotopes. Its thermal expansion being equivalent to that of LEB crystals, one expects a
similar Debye temperature to that of the latter crystals (=873 K [7]), and its thermal
conductivity remains quite high, at least down to 20 K. Crystal field and intensity parameters
calculations have shown that with only two degrees of freedom, namely, g, and g, for the
crystal field parameters of rank 2, and o, and o, for the intensity parameters, we could
reproduce satisfactorily spectroscopic quantities such as the 'F, level splitting and sublevels
positions and magnitude of the Q,-parameters. This is a strong indication that, at least in the
case of crystals, old theories and models can interpret quite well such spectroscopic quantities,
with no need of numerical procedures.
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