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ABSTRACT: It is well-known that when an RE,Si,O, matrix
is doped with active lanthanide ions, it displays promising
luminescent responses for optical applications. The crystalline
structure adopted by the silicate matrix as well as the
distribution of the dopants among the available RE crystallo-
graphic sites have important effects on the luminescent yields
of these compounds. The present study is aimed at analyzing
the structural behavior as well as the luminescent properties of
Ho* -substituted La,Si,0,. Several compositions across the
La,Si,0,—Ho,5i,0, system were synthesized using the sol—

Ity (a. )

gel method followed by calcination at 1600 °C. The resulting powders were analyzed by means of X-ray and neutron diffraction
to determine the phase stabilities across the system. The results indicated a solid solubility region of G-(La,Ho),Si,0, which
extends to the Laj¢Ho,,Si,0, composition. Compositions richer in Ho* show a two-phase domain (G+6), while
5-(La,Ho),Si,0, is the stable phase for Ho’* contents higher than 90% (Lay,Ho,Si,0;). Anomalous diffraction data
interestingly indicated that the La®>" for Ho®* substitution mechanism in the G-(La,Ho),Si,0, polymorph is not homogeneous,
but a preferential occupation of Ho®" for the RE2 site is observed. The Ho**-doped G-La,Si,O; phosphors exhibited a strong
green luminescence after excitation at 446 nm. Lifetime measurements indicated that the optimum phosphor was that with a

Ho®" content of 10%.

B INTRODUCTION

Rare-earth pyrosilicates RE,Si,O, (RE = Ln**, S¢**, Y**) are well-
known for their polymorphism. They exhibit up to seven
structure types at normal pressure1 known as A, B (or ), C
(or B), D (or y), E (or 8), F, and G, which show respectively
tetragonal (P4,), triclinic (PT), monoclinic (C2/m), monoclinic
(P2,/a), orthorhombic (Pnam), triclinic (PT), and monoclinic
(P2,/c) symmetry. Their stability fields were first described by
Felsche as a function of the RE*" ionic radius and temperature.'
Most of the RE,Si,O, compounds are dimorphic with temper-
ature, while a high polymorphism degree is observed for
Sm,Si,0,, Eu,Si,0,, Ho,Si,0,, and Er,Si,O-. This latter feature
may reflect the rather unstable 4f, 4% and 4£'°, 4! electronic
configurations of Sm**, Eu** and Ho*, Er** cations, respectively.
It is interesting to notice that, although Sc** and Y** belong to
group IIIA of the periodic table, they are frequently grouped with
lanthanides under the general name “rare earths”, due to their
similar physical properties. These similarities are especially
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significant for Y**, which exhibits an ionic radius very close to that
of Ho®* (0.900 and 0.901 A, respectively, in VI coordination).” In
fact, Y,S1,0, shows the same polymorphs as Ho,Si,0,: namely,
a, B, 7,and 6.37°
Although the structures of individual RE,Si,O, polymorphs
are well-known, the studies of crystalline structures adopted by
(RE,RE’),Si,0, phases at different temperatures and RE**
contents are rarer and cover only some binary combinations.”” "
There is clear evidence that the incorporation of rare earths of
one type into another type of RE disilicate has a strong influence
on the stability of the different polymorphs. It has been suggested
that the average RE* ionic radius may be used empirically to
predict phase stability in disilicate solid solutions, on the basis of
Felsche’s diagram (radius criterion)."*'> However, it must be noted
that this concept is based on evidence from RE,Si,0,—RE’,Si,0,
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systems whose end members show, at least, one common
polymorph. When this is not the case, the radius criterion is not
obeyed, as recently demonstrated for the La,_.Y,Si,O, binary
system.'”"> The latter result suggests that the effective ionic radius
might not be a unique parameter that has influence over the
thermodynamic stability of (RE,RE’),Si,O, polymorphs.

Knowledge of the structural aspects described above is of great
importance to understand the behavior and improve the
properties of RE,Si,O,-based materials. It is well-known that
when a RE,Si,0, matrix is doped with active lanthanide ions, it
displays promising luminescent responses for applications such
as plasma displays, laser materials, and high-energy phos-
phors.'*™'® Several studies have shown the importance of the
crystalline structure adopted by the matrix silicate as well as the
distribution of the dopants among the available RE*" crystallo-
graphic sites on the luminescent yield of these disilicate
compounds.'® !

The present study is aimed at analyzing the structural behavior
as well as the luminescent properties of the La,Si,O,—Ho,Si,0,
system. The phase stability across the system will be compared to
that recently reported for the La,Si,0,—Y,Si,O, system. > Given
the similarity between the Ho®* and Y** ionic radii,” this study
will allow checking the correctness of the radius criterion to
determine polymorph stabilities in RE disilicate solid solutions.
Were the ionic radius the unique factor influencing the phase
stability of (RE,RE’),Si,0; members, the structural behaviors of
both systems would be expected to be the same. In a second
stage, the luminescent properties of Ho>*-doped La,Si,0, will be
analyzed and related to the structural features encountered in the
previous section. The choice of La,Si,O, as a matrix for
luminescent applications is 2-fold. On the one hand, most of the
luminescent studies with RE,Si,O, matrices are based on
Y,8i,0,>' 72*192* and to a lesser extent on Gd,Si,0,>°"*” and
Lu,Si,0,.>* % To the best of our knowledge, the use of La,Si,0,
as a host matrix is much more scarce and only two studies have
been found in the literature, which deal with Tm3*- and Eu’*-
doped G-La,Si,0,>"** (where G refers to the high-temperature
modification of La,Si,O,"). In addition, the use of La,Si,O, for
luminescence applications has the advantage of low-cost
precursors, in comparison with other matrices such as
Gd,Si,0, and Lu,Si,O,. Finally, the Ho*" ion has been selected
for this study on the basis of its ability to exhibit different
transitions in the infrared, visible, and ultraviolet regions, which
make it suitable for both down- and upconversion processes.>
The present work reports for the first time a detailed study of the
photoluminescent properties of Ho**-doped G-La,Si,0, phos-
phor, including an exhaustive analysis of the La/Ho distribution
among the possible crystallographic sites, and reveals that G-
La,Si,0, is an efficient host for the luminescence of Ho®" ion.

B EXPERIMENTAL SECTION

Synthesis. Different compositions in the La,Si,0,—Ho,Si,0;
system were synthesized by a sol—gel method using the following
precursors: La(NO;);:6H,0 (99.99% Aldrich Chemical Co.), Ho-
(NO;);-SH,0 (99.99% Aldrich Chemical Co.), Si(OC,Hs), (TEOS,
99% Aldrich Chemical Co.), and CH;CH,OH (ethanol pure, Aldrich
Chemical Co.). A TEOS solution in ethanol (1/3 in volume) was added
over the appropriate amounts of lanthanum and holmium nitrates pre-
viously dissolved in pure ethanol. A slight excess of TEOS (1.1/1 mol %
TEOS/RE(NOs5);) in the initial mixture was necessary to suppress
formation of an undesired La—apatite phase. The mixture was stirred at
40 °C until the formation of a pink gel. The gel was then calcined at
60 °C for 24 h in air. Finally, the samples were heated at 500 °C for 2 h
using a heating rate of 1 °C min~' to remove nitrate. The samples were

subsequently annealed at 1600 °C for 80 h. Here and throughout this
work, sample compositions will be identified by a LaHox nomenclature,
where x represents the mole percent of Ho,Si,O, substituted into
La,Si,0.

Characterization Techniques. X-ray Powder Diffraction (XRPD).
XRPD data were measured on a PANalytical X’Pert Pro diffractometer
(Cu Ka) with an X-Celerator detector over an angular range of 10° < 26
< 130° and a 26 step width of 0.016°. The ICDD powder diffraction
database®* was used to identify the crystalline phases in the powder
patterns.

Neutron Powder Diffraction (NPD). NPD experiments were carried
out on the D2B high-resolution/high-flux powder diffractometer at the
Institut Laiie-Langevin in Grenoble, France. The samples were packed
in vanadium cans. Data were acquired with a A 1.594 A at 20 intervals of
0.05° over the 10°< 26 < 160° angular range.

Combined Neutron and X-ray Rietveld Refinements. These
refinements® were carried out using the JANA2006 software®® to
obtain unit cell parameters as well as to check that all sites were fully
occupied (no vacancies) and no special ordering or supplementary
crystallographic positions were present in the studied structures. Refined
parameters were as follows: background coefficients, zero error, scale
factors, unit cell parameters, anisotropic atomic displacement
parameters, atomic positions, and site occupation factors.

Anomalous High-Resolution Synchrotron Powder Diffraction
(ASD). ASD was used to help differentiate La from Ho in the §, 10,
30, 50, and 70% Ho>*-doped G-La,Si,O; samples. Data were measured
on the ID31 diffractometer at the European Synchrotron Radiation
Facility (ESRF) over the 26 range 0—35° in a continuous-scanning
mode, sampling the data every 0.0005°. Data from the nine counters
were combined, normalized, and rebinned to a step of 0.002° using the
standard routines available on the instrument.”” Measurements were
made at room temperature using wavelengths of 4 0.3542, 0.3187, and
0.3185 A. The samples were contained in 0.4 mm diameter borosilicate
glass capillaries spun at 50 Hz during data collection. The patterns were
analyzed using the Rietveld method®® with the JANA2006 software.*®
Refined parameters were as follows: background coefficients, zero error,
scale factors, unit cell parameters, anisotropic atomic displacement
parameters, atomic positions, and La/Ho occupancies.

Luminescence Measurements. The excitation and emission spectra
of the powder phosphors were recorded in a Horiba Jobin-Yvon
Fluorolog3 spectrofluorometer operating in the front face mode. The
CIE color coordinates of the emitted light were calculated from the
emission spectra, considering a 2° observer. Fluorescence dynamics has
been investigated under 532 nm excitation, corresponding to the second
harmonics of a Nd:YAG pulsed laser (SpectraPhysics DCR 2/2A 3378)
with a 10 ns pulse width and 10 Hz repetition rate. The luminescence
was dispersed with a Princeton Instruments monochromator (Acton
SP2500) and detected with a Thorn Emi QB9558 photomultiplier in the
visible range and an InGaAs Judson G5883 photodiode in the infrared
region. The transient luminescence signals were amplified and then
recorded with a Tektronix TDS 420 digital oscilloscope.

B RESULTS

Structural Characterization of the La,Si,0,—Ho0,Si,0,
System. In the following sections, we first report the results
corresponding to the analysis of the different phases encountered
across the La,Si,O,—Ho,51,0; system calcined at 1600 °C as
well as the transition compositions. Second, a detailed structural
analysis of each phase encountered is described, with emphasis
on the La/Ho distribution between the two different RE
crystallographic sites of the G-(La,Ho),Si,O; unit cell.

Phase Evolution across the La,Si,0,—Ho,5i,0; System.
Figure 1 shows the conventional X-ray powder diffraction
(XRPD) patterns of representative compositions of the
La,Si,0,—Ho0,8i,0; system calcined at 1600 °C. The LaHoO
pattern matches the standard pattern of pure G-La,Si,O,
(monoclinic symmetry, PDF 01-082-0729). Increasing Ho®*
content leads to a shift of the reflections to higher 26 values

dx.doi.org/10.1021/ic401867c | Inorg. Chem. 2013, 52, 13469—13479



Inorganic Chemistry

T T T T

LaHo0
[T o T Vi

h’.‘u_ﬁu_ﬁ.M % Mu T
JUL l || hl. » LaHoT70

J\ I|J|| Uﬂlu\‘r\d\_,l\_J’l hﬁ% LaHo75

L ’Ju“"w-mfw Mo LHOE0
. a—— J% L
] \_'J, |i| |, LeHo100)

20 2 30 35 4C

°26

Figure 1. X-ray powder diffraction (XRPD) patterns of representative
compositions of the La,Si,0,—Ho,Si,0, system calcined at 1600 °C.
Asterisks correspond to cristobalite. The tick marks at the top
correspond to G-La,Si,0, (ICDD PDF 01-082-0729), while those at
the bottom correspond to §-Ho,Si,0, (ICDD PDF 04-007-4854).

(smaller d spacings) as a consequence of the smaller ionic radius
of Ho®" in comparison to La** (1.015 and 1.160 A, respectively,
in VIII coordination).” The shifts are not the same for all
reflections, and this fact allows the observation of more resolved
peaks as the Ho content increases. For example, the three
reflections under the band at ~26° 20 in the LaHoO pattern are
clearly resolved into three peaks at 26.4, 26.9, and 27.1° 26 in the
LaHo70 pattern. This fact is a consequence of the anisotropic
variations of lattice parameters, which will be analyzed in the next
subsection. The LaHo75 XRPD pattern shows, in addition to the
G reflections, a number of new reflections that match those
reported for 5-Ho,Si,0, (orthorhombic symmetry, PDF 04-007-
4854),° with slight differences in peak positions due to the
presence of La** in the 6-Ho,Si,O, structure. Therefore, the
compositional limit between the G and G+6 stability fields is
found between the LaHo70 and LaHo75 compositions. The
simultaneous presence of §- and G-(La,Ho),Si,0; reflections is
observed in all patterns of the LaHo75—LaHo85 compositional
range, the /G ratio increasing with increasing Ho®" content.
Finally, the LaHo90 pattern shows, exclusively, reflections
corresponding to 6-Ho,S8i,0,, with progressive changes in the
positions of the reflections, as expected from the substitution of
La** for Ho* in the §-Ho,Si,0, structure. Therefore, the
compositional limit in this case was found between the LaHo85

and LaHo090 compositions. A comparison of the phase stability
regions of the La,Si,0,—Ho,Si,0; system at 1600 °C with those
of the analogous La,Si,0,—Y,Si,0; system 13 at the same
temperature shows a significant change in the compositional
limit corresponding to the G — G+§ transition (between 70%
and 75% for the LaHo system in comparison to 59% for the LaY
system), while the G+6 — & transition shows very similar
transition compositions in both systems (between 85% and 90%
for the LaHo system and 86% for the LaY system). Therefore, the
G-La,Si,0; phase seems able to host more Ho** than Y** in its
structure. Given the similarity between the ionic radii of Ho®*
and Y** (1.015 and 1.019 A, respectively, in VIII coordination),2
this different behavior cannot be explained in terms of ionic
radius of the substituting atoms. It is very likely therefore that the
electronic structure of the substituting atoms plays an important
role in the extension of the solid solution.

The unit cell parameters of the G- and §-(La,Ho),Si,O; phases
have been determmed using combined neutron and X-ray
Rietveld refinements.* Starting structural parameters have been
taken from those reported for G-La,Si,0, and o- H0251ZO7
Table 1 shows the unit cell parameters for the G- and o-
(La,Ho),Si,0, phases over the whole compositional range. It can
be observed that while the b and ¢ cell parameters of the G phase
(compositional range 0—70% Ho>") decrease considerably with
composition, the corresponding variation of the a value is very
small. This fact explains the apparent progressive splitting of the
peaks in the XRPD patterns of the LaHo0-LaHo70 compositions
(Figure 1), as noted above. On the other hand, the behavior of
the G-(LaHo),S1,0, unit cell volume (Figure 2) shows two
different stages: it decreases linearly with increasing Ho®"
content from LaHoO to LaHo70 and stays constant from
LaHo70 to LaHo8S. On the other hand, the 5-(Ho,La),Si,O,
unit cell volume remains constant in the LaHo75—LaHo090
compositional range and decreases with increasing Ho®* content
from LaHo90 to LaHo100. The fact that the unit cell volume
remains constant over a specific compositional range is a clear
indication of the saturation of both phases in La** and Ho®*
(La/Ho ratio remains fixed in each phase) and, therefore, of the
coexistence of both phases in such a range. This is possible
because the G/4 ratio is changing with composition. The linear
behavior, on the other hand, indicates that Ho,Si,O, is
completely soluble in G-La,Si,O, from LaHoO up to LaHo70
and that La,Si,O, is soluble in 6-Ho,Si,0; from LaHo90 to
LaHo100.

Table 1. Unit Cell Parameters for the G- and §-(La,Ho),Si,0, Phases from Combined Neutron and X-ray Rietveld Refinements®

% of Ho™" a(A) b (A)
G Phase
10 5.41202(5) 8.76170(8)
30 5.40397(5) 8.69484(7)
50 5.38338(7) 8.6081(1)
70 5.36262(8) 8.4933(1)
75 5.3626(1) 8.4916(2)
80 5.3596(1) 8.4859(2)
85 5.357(1) 8.4767(8)
S Phase
75 13.7609(3) 5.0274(1)
80 13.7611(2) 5.02977(9)
85 13.7651(6) 5.0314(2)
90 13.7523(1) 5.0328(4)
100 13.6754(5) 5.0226(2)

c(A) B (deg) V(&%)
14.2216(1) 112.6512(6) 622.35(1)
14.0823(2) 112.489(1) 611.365(8)
13.9307(2) 112.147(1) 597.93(2)
13.7865(2) 111.269(1) 585.16(2)
13.7825(3) 111.275(2) 584.75(3)
13.7825(3) 111.194(2) 584.07(3)
13.811(2) 111.20(1) 584.77(8)

8.2244(2) 568.98(3)
8.2240(1) 569.23(4)
8.2238(3) 569.57(6)
8.21361(7) 568.48(1)
8.1594(3) 560.44(3)

“The space group is P2,/c for the G phase and Pnam for the & phase.
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Figure 2. G- and 6-(La,Ho),Si,0, unit cell volume values. The error
bars are within the size of the symbol.

Crystal Structure and Substitution Mechanism of La** and
Ho** in the G-(La,Ho),Si,0, Compositions. The G-La,Si,0,
unit cell contains two different La crystallographic sites (RE1 and
RE2), both of which exhibit 8-fold coordination. We performed
combined neutron and X-ray diffraction measurements and
found that all sites were fully occupied (no vacancies) and no
special ordering or supplementary crystallographic positions
were apparent. Unfortunately, the rather similar neutron
scattering lengths of La and Ho (8.24 and 8.01 fm, respectively)
and their close X-ray scattering factors did not allow definition of
the La*>" and Ho®" occupancies on both RE sites. In order to
analyze precisely the substitution mechanism of La** and Ho®"
on both crystallographic sites, anomalous synchrotron powder
diffraction (ASD) patterns were then recorded on several
compositions of the G-(La,Ho),Si,0; solid solution. The
structural refinements of the ASD data for LaHoS5, LaHolO,
LaHo30, LaHo50, and LaHo70 have been performed using the
single G phase with space group P2,/c and starting parameters
for G-La,Si,O, from Christensen.’® Figure 3a shows, as an
example, the experimental and fitted patterns for LaHo50 (G-
La; yHo; 4Si,0-) recorded at A 0.3185 A. Tables 2 and 3 contain
the refined atomic parameters with site occupation factors for
RE1 and RE2, as well as main distances and angles. These data
have been used to represent the structure of the G-
La, Ho, (Si,0, phase (Figure 3b). The structure consists of
columns containing eclipsed double-tetrahedra Si,O, groups,
packed with their backbones toward each other but at alternating
heights of a/2. Both lanthanide sites are in 8-fold oxygen
coordination. The anomalous diffraction data clearly evidenced
that Ho much prefers to occupy site RE2. This behavior was also
observed in the other compositions analyzed, as shown in Figure 4,
which displays the behavior of the Ho occupation of the RE1 and
RE2 sites versus the nominal Ho content. Therefore, the La>* for
Ho® substitution mechanism in the G polymorph does not obey a
homogeneous distribution evolution. The preference of Ho®* (of
smaller ionic radius than La*)® to occupy the RE2 site can be
explained by the fact that, in the La,Si,O, end member, the RE20;
polyhedron is smaller than the RE10; group (and, correspondingly,
the RE2—O distances are shorter than the RE1—O distances). The
substitution of the RE1 site for Ho®" is thus unfavorable. In this
sense, the G-(La,Ho),Si,0; solid solution shows a behavior very
similar to that observed in G-(La,Y),Si,O,, where the RE1 site
becomes Y-substituted only when the RE2 site is nearly fully Y-
substituted (around the LaY50 composition)."

Interisity (2.}

Intensity (a.u.)

Figure 3. (a) Experimental (circles) and fitted (solid line) anomalous
X-ray diffraction pattern (4 0.3185 A) of G-La, oHo, ¢Si,O; (LaHo050).
The difference curve is also shown. The indexing is the G phase.
Inset: magnification of the 15—35° 20 region. (b) View of the
G-La, gHo, ,Si,O; refined structure along the [100] direction.

Crystal Structure of §-La,;Ho; gSi;0;. The following details
the crystal structure refinement of 5-La, ,Ho, §Si,0-, which is the
0-RE,S1,0, structure with the highest La composition. Two
similar crystallographic descriptions for the 6-RE,Si, O, structure
can be found in the literature: Smolin®® described the structure of
0-Gd,S1,0, considering two different RE crystallographic sites
and using space group Pna2,, while Dias et al.* described the
0-Y,Si,0; structure using the space group Pnam with a unique
crystallographic site for the RE. The existence of a unique Y**
crystallographic site in 6-Y,Si,0, was confirmed later through
%Y NMR studies,** and we have therefore preferred the latter
description to refine the crystal structure of d-Lay,Ho, ¢Si,O,.
Because there is only one RE site in the Pnam description, no
specific long-range La/Ho substitution mechanism can take
place. Therefore, anomalous diffraction was not necessary in this
case and combined X-ray and neutron diffraction were used
instead. The relative occupancies of the single RE site by La and
Ho were fixed in agreement with the corresponding nominal
composition. Anisotropic thermal parameters have been
considered for the single RE site. Figure S5a shows the
experimental and fitted neutron diffraction patterns, while
Tables 4 and S show the related refined atomic parameters and
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Table 2. Refined Atomic Coordinates for G-La, jHo, (Si,O, (LaHo50) Calcined at 1600 °C from ASD Data Collected at Room

Temperature®
atom site X y
Lal/Hol 4e 0.51426(9) 0.80505(5)
La2/Ho2 4e 0.82223(8) 0.60693(4)
Sil 4e 0.7468(4) 0.2475(2)
Si2 4e 0.9541(4) 0.5001(2)
01 4e 0.7935(8) 0.4169(5)
02 4e 0.0332(8) 0.1589(5)
03 4e 0.5783(8) 0.1348(5)
04 4e 0.5482(7) 0.2543(4)
0os 4e 0.7908(8) 0.4779(5)
06 4e 0.2385(8) 0.4219(5)
o7 4e 0.0304(7) 0.6837(5)

z U,, (x100) (A?) occ
0.77054(4) 0.83(1) 0.804(2)/0.196(2)
0.59044(3) 0.63(1) 0.196(2)/0.804(2)
0.0218(2) 1.07(6) 1
0.1825(2) 0.85(5) 1
0.0711(3) 1.4(1) 1
0.0434(3) 1.4(1) 1
0.0735(3) 0.7(1) 1

—0.0960(3) 0.6(1) 1
0.2560(3) 1.1(1) 1
0.2423(3) 0.9(1) 1
0.1699(3) 1.2(1) 1

“Crystal data: space group P2,/c, a = 5.38354(2) A, b = 8.61038(5) A, c = 13.92948(8) A, § = 112.1389(2)°, R, = 7.81%, R,= 5.86%, y* = 0.87.

Table 3. Main Atomic Distances and Angles for G-La, jHo, (Si,O, (LaHo050) Calcined at 1600 °C from ASD Data Collected at

Room Temperature

Lal/Hol—O distance (A)

La2/Ho2—O distance (A)

Si—O distance (A)

Lal/Hol—-02 2.827(4) La2/Ho2-02 2.318(5) Si-01 1.592(5)
Lal/Hol-03 2.460(5) La2/Ho2—02 2.740(5) Si—02 1.645(5)
Lal/Hol-04 2.366(4) La2/Ho2-03 2.492(3) Si-03 1.666(5)
Lal/Hol-05 2.883(5) La2/Ho2-03 2.425(4) Si—04 1.586(4)
Lal/Hol—05 2.445(5) La2/Ho2-04 2.390(4) Si—05 1.630(4)
Lal/Hol-06 2.409(5) La2/Ho2-05 2.468(4) Si-06 1.592(6)
Lal/Hol—-06 2.729(4) La2/Ho2-06 2.484(5) $i—07 1.590(4)
Lal/Hol-07 2451(4) La2/Ho2-07 2.190(4) Si—08 1.660(S)
Si—O Angles (deg)
04-S§i1-01 1103 06-Si2—0S 105.6
04-8i1-02 1153 06-52—01 1119
04-Si1-03 101.8 06-Si2—07 103.3
01-Si1-02 111.3 05-S8i2—-01 109.6
01-Si1-03 111.7 05-Si2—07 113.7
02-Si1-03 106.0 01-Si1-07 112.4
$i1-01-Si2 139.0
777 T small thermal parameters with no specific anisotropy were
90 | ===~ nominal ° ] observed on the unique RE site, the use of the Pnam structural
5] : EE; . ] model appears correct (high thermal parameters with especially a
2 ; ; strong anisotropy along the z axis would have led us to reconsider
w o e T the Pna2, space group instead). The structure consists of isolated
% 80 s g - Si,0, double-tetrahedra groups with 157.2° for the Sil—03—Si2
ﬁ 50 J " i 1 angle and 7-fold coordination for the RE. It is interesting to note
';g* il A 1 that the double-tetrahedra groups show a distinct difference
= S _ l between the lengths of the terminal oxygens to the Si atoms
2 304 L e 2 (mean Si—O, distance 1.610(6) A) and that of the bridging
E 20 ’ A 4 oxygen to the Si atom (mean Si—O,, distance 1.671(16) A).
B s e ] These values are very similar to those reported for o-
! ™ A Lay,Y,; §51,0, (mean Si—O, distance 1.609(6) A, mean Si—Oy,
o = .T._. — —— distance 1.670(5) A).13
0 10 20 30 40 50 60 70 80 Luminescent Properties of Ho**-Doped G-La,Si,0;.

% Ho in La,Si,0,

Figure 4. Ho®" content of the two RE sites vs the nominal Ho®*
substitution content in the G phase.

main distances and angles. These data have been used to
represent the structure of the § phase, showing RE thermal
ellipsoids drawn at the 99% probability level (Figure Sb). As
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The energy levels of Ho®" and the relevant optical transitions are
summarized in Figure 6a. Figure 7a shows the excitation
spectrum of the 2.5% Ho-doped G-La,Si,O, sample monitored
at the characteristic 5F,:°S, — °I; emission of Ho®" at 550 nm.
Several sharp peaks can be observed in the spectrum,
corresponding to f—f transitions of the Ho** ion, with maxima
at 360 nm (°Iy = *Hg:*Gs), 417 nm (*Ty — *Gy), and 446 nm
(’Iy = °Gg: °F)).

dx.doi.org/10.1021/ic401867c | Inorg. Chem. 2013, 52, 13469—13479
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Figure S. (a) Experimental (circles) and fitted (solid line) neutron
diffraction pattern (4 1.594 A) of 5-Lay,Ho, ¢Si,0, (LaH090). The
difference curve is also shown. The indexing corresponds to the & phase.
(b) View of the &-Lay,Ho, ¢Si,O; refined structure along the [010]
direction. The thermal ellipsoids correspond to the unique RE site and
have been drawn with a 99% probability presence.

The emission spectrum of the 2.5% Ho-doped G-La,Si,0O,
sample excited at 446 nm is presented in Figure 7b. Three
characteristic emission bands in the 500—800 nm region are
observed, which are responsible for the strong green
luminescence of the sample (inset of Figure 7b), which shows

Table S. Main Atomic Distances and Angles for 6-
Lay,Ho, §Si,0, (LaH090) Calcined at 1600 °C

La/Ho—O distance (A) Si1—O distance (A) Si2—O distance (A)

La/Ho—O1  2238(2) Sil-O1 1606 (3) Si2—03  1.681(4)
La/Ho—O1  2.384(2) Sil-O01 1606 (3) Si2—04  1.617(2)
La/Ho—02  2.327(2) Sil—-02 1606 (4) Si2—04  1.617(2)
La/Ho—03  2512(2)  Sil-03  1.659(4) Si2—05  1.606(4)
La/Ho—04  2.466(2)
La/Ho—04  2.284(2)
La/Ho—0S  2.345(2)
Si—O Angles (deg)
01-Si1-01 112.7(2) 03-Si2—04 98.9(2)
01-Si1—-02 115.1(1) 03-Si2—04 98.9(2)
01-Si1-03 100.2(2) 03-Si2—-05 110.2(2)
01-Si1—-02 115.1(1) 04-Si2—04 116.5(2)
01-Si1-03 100.2(2) 04-Si2—05 114.8(1)
02-Si1-03 111.4(2) 04-S8i2—05 114.8(1)
i ) 5Gg:5F, | ]
J€ 1] "l(s:"-‘lfz s 1]
20000 Rk
: C ] SF‘: SSz C 1]
Sy ) = 5 L. ~
‘E 15000 Fs &
L2, ] : E Frre = 51, X e = i
4 = = | &)
Eﬁ 1%3-g='=8— 3, .'pLh
G 10000 4! o = [ I T T
=1 1 8- = 8 —1— .'=.'= 51 e M AV .
43} ] f ] B 6 ! B “l 3
g 2 i -4 \
4 < W = " 1 o L]
5000 o— 1 '17 [ 1
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Figure 6. (a) Energy level diagram of Ho’*:La,Si,O, showing the
relevant luminescent emissions. Under 446 nm (continuous wave) or
532 nm (pulsed) excitations, the °F,:°S, and °F¢ multiplets are
populated, giving rise to emissions in the 550—800 nm wavelength
range, as shown in the diagram. (b) Possible cross-relaxation schemes
affecting the green and red emitting levels.

CIE coordinates x = 0.29 and y = 0.69. The dominant yellow-
green emission in the 525—560 nm region of the spectrum is
attributed to the transition from the thermalized °F,:°S, states of
Ho™" to the *I; ground state, while the red emission (630—670 nm)
corresponds to the *Fg — °I transition and the 740—770 nm band is
associated with the SF,:’S, — °I, transition.

Table 4. Refined Atomic Coordinates for §-La, ,Ho, ¢Si,0, (LaH090) Calcined at 1600 °C from Neutron Powder Diffraction Data

Collected at Room Temperature®

atom site x y
La/Ho 8d 0.12585(8) 0.3378(2)
Sil 4c 0.3198(2) 0.3765(6)
Si2 4c 0.5403(2) 0.6227(6)
01 8d 0.2686(1) 0.4847(3)
02 4c 0.3447(2) 0.0648(5)
03 4c 0.4202(2) 0.5596(5)
04 8d 0.5470(1) 0.7909(4)
05 4c 0.6005(2) 0.3493(5)

z U,, (x100) (A?) occ
—0.0080(2) 0.26(2) 0.1/0.9
0.25 0.57(7) 1
025 0.52(6) 1
0.0872(2) 0.82(4) 1
0.25 0.89(6) 1
025 0.61(5) 1
0.0826(2) 0.98(4) 1
025 0.97(5) 1

“Crystal data: space group Pnam, a = 13.7482(4) A, b = 5.0316(1) A, ¢ = 82123(3) A, R, = 3.05%, R, = 2.39%, * = 1.64.
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Figure 7. Excitation (a) and emission (b) spectra of the 2.5% Ho-doped G-La,Si,O, phosphor. Inset: photograph of LaHo2.5 powder taken under
455 nm illumination. (c) The 525—565 nm region of the emission spectra of the different Ho-doped G-La,Si,O; phosphors. (d) Linear increase of
luminescence intensity of all visible emissions with Ho content up to [Ho] ~ 10 mol %, (at higher concentrations this proportionality is lost and all

emissions show concentration quenching effects).

The rest of the compositions showed emission spectra very
similar to that of the 2.5% Ho sample, but a progressive loss of
resolution of the emission lines was observed with increasing Ho
content (Figure 7c). This fact could be explained on the basis of
the ASD results, which indicated the presence of Ho in a unique
crystallographic site at low Ho content, while a second site was
occupied as the Ho content increased above ~50%. On the other
hand, the luminescence intensities of all visible emissions
increase linearly with Ho content up to [Ho] =~ 10 mol %
(Figure 7d), while for higher concentrations this proportionality
is lost and the emissions show concentration quenching effects.
In order to understand the origin of such concentration
quenching, the luminescence dynamics under pulsed excitation
has been investigated.

For that purpose the luminescence of Ho* ions has been
obtained under pulsed excitation using the second harmonics of a
Nd:YAG laser at A, 532 nm. Under this excitation, the °F,:S,
multiplet is directly populated (see Figure 6a) and the emission
spectra are coincident with those shown in Figure 7b. The
lifetimes of the °F,:°S, levels have been obtained by monitoring the
green (550 nm) luminescence, corresponding to the 5F4:SS2 - I,
transition. The luminescence decays are presented in Figure 8a, for
samples with variable Ho concentration, from LaH00.5 to LaHo70.
The decays exhibit single exponential behavior, I; = Iy exp(—t/7¢),
and the characteristic lifetime values () have been obtained from
the least-squares fitting of the experimental data. The corresponding
theoretical decays are also included in Figure 8a (solid lines). The
calculated lifetime is 7 = 0.22 ps, independent of Ho concentration
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in the range 0.5% < [Ho] < 10%. Above this concentration the
lifetime decreases sharply (Table 6 and Figure 9) and reaches the
value 7, = 0.04S ps at [Ho] = 70%. It has been verified that the same
lifetime values are obtained with monitoring at 4., ~750 nm,
corresponding to the °F,:°S, — I, transition, which originates from
the same emitting multiplet.

The second emission of Ho* ions in the visible range appears
in the red spectral region at A ~660 nm, and it can be associated
with the SFs — SIg transition. The luminescence decays, for
different dopant contents, are presented in Figure 8b. As is
illustrated, the luminescence temporal evolution reveals an initial
rise, reaching a maximum value and then an exponential decay.
The observed rise is related to the fact that the emitting °Fs
multiplet becomes populated from the upper levels and therefore
its filling is expected to follow the dynamics of the green-emitting
5F,:°S, multiplet (see Figure 6a).

According to this scheme the overall temporal evolution can
be described by a double-exponential dependence given by

Iy = Iyo(exp(—t/7) — exp(—t/74.)) (1)
where 7y is the characteristic lifetime of the “F multiplet while
Tyse describes the initial rise of the red emission. This last time
constant, describing the initial filling of the *Fy multiplet from
the upper levels, is expected to be coincident with the lifetime
of the °F,:*S, multiplet (z5) (see the Supporting Information
for a further description of the de-excitation dynamics of
Ho> ions).

dx.doi.org/10.1021/ic401867c | Inorg. Chem. 2013, 52, 13469—13479
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Figure 8. Decay of the 550 nm (a) and 660 nm (b) emissions of
Ho%*:La,Si,0, for different dopant concentrations, after 532 nm pulsed
excitation. The symbols correspond to the experimental data and the
lines to the fitting to a single- (a) and double-exponential (b)
dependence.

Table 6. Calculated Characteristic Lifetimes of the Visible
Luminescence Emissions of Ho®" Ions for Different RE
Contents

SFs — I
(Aem 660 nm)
[Ho] (mol %)  *E,°S, = *Ig (Ao 550 nm) £ (is) tise (H3) tr (us)
0.5 0.22 0.21 0.22
1.5 0.22 0.21 0.22
2.5 0.21 0.21 0.22
S 0.20 0.20 0.21
10 0.19 0.19 0.20
30 0.12 0.12 0.18
50 0.070 0.072 0.16
70 0.045 0.045 0.14

The experimental decays have been fitted to eq 1 by using a
least-squares algorithm and calculating simultaneously both
characteristic time constants (7, and 7z). The calculated
parameters are summarized in Table 6, and the theoretical decays
are included as solid lines in Figure 8b. As can be observed, the
time at which the luminescence pulse has its maximum intensity
changes with Ho concentration, appearing at shorter times when
the Ho concentration increases. This fact is due to the shortening

. 5"'41553"5[3 (h_, =550 nm) |

. F = (1 =660 nm)

rise

Lifetime (us)

T "]-'5—951& (}.m = 660 nm)

L e | T LI B B B | T — T T

1 10 100

%Ho in LaZSiIO?

Figure 9. Concentration dependence of the characteristic time
constants of Ho** luminescence decays. The rise time of the 660 nm
emission is always coincident with the decay of the S50 nm emission.
The lifetimes are basically constant up to [Ho] < 10%, and above this
value they are reduced when the Ho concentration increases, the
emission from the °F:%S, multiplets being more sensitive than that of
the °F¢ multiplet. Continuous lines represent the least-squares fitting of
the experimental data to eq 4. The best fitting corresponds to S = 6,
which is a dipole—dipole coupling between interacting Ho*" ions.

of the °F,:°S, multiplet’s lifetime, as described above, and it is
predicted from the temporal evolution given in eq 1. The
characteristic lifetimes of the green- and red-emitting levels for
different Ho®>* concentrations, as well as the rise time calculated from
the experimental fitting of Figure 8b, are included in Table 6 and
represented in Figure 9 as a function of Ho concentration. It can be
observed that, indeed, the rise time values of the red emission
(circles) are coincident with the °F,:*S, lifetimes (squares).

These lifetimes are independent of Ho concentrations up to
[Ho] ~ 10% and then become progressively shorter as the
concentration increases, this decrease being more pronounced
for the green emission than for the red emission. The lifetime
reduction is possibly related to cross-relaxation (CR) processes
between Ho®" ions, leading to concentration quenching. Such
phenomena have been observed in many Ho**-doped materials,
and several cross-relaxation mechanisms involvinlg Ho®* excited
state levels have been proposed in the literature.*' ~>° It is worth
mentioning that in some materials with a high Ho content, such
as HoLiF,,*' concentration quenching can be so severe as to
fully suppress some of the luminescent emissions (including the
550 nm emission).

The most plausible cross-relaxation schemes affecting the
green and red emitting levels (indicated in Figure 6b) are as
follows.

For the 550 nm emission

CRI1: (°F,:%S,, 5Iy) — (1, °L,) refs 42, 43, 45, 46, 48, 49
CR2: (°F,:%S,, 5Iy) — (L, 1,) refs 48, 49
CR3: (°F,:%S,, 5Iy) — (I, I5) refs 41, 42, 49
For the 660 nm emission
CR4: (°Fq, °Iy) — (L, L) ref 48

In the present case, it has been shown in Figure 9 that both
green and red emissions exhibit lifetime reduction for a doping
concentration above [Ho®"] ~ 10%, although the decrease is
more pronounced for the green than for the red emission. This
suggests that cross relaxation from the °F; multiplet is less
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efficient than that from the upper °F,:*S, levels. This is consistent
with the fact that these last multiplets are potentially affected by
several cross-relaxation paths (CR1—CR3), while the >Fs multiplet
seems to be affected by a single process (CR4). The fact that several
CR processes are possibly involved in Ho concentration quenching
makes difficult a detailed description of this phenomenon.
Nevertheless, it is possible to make some quantitative estimation
of its efficiency and concentration dependence, always bearing in
mind that such a description will be a phenomenological average of
all the possible CR schemes involved.

Cross relaxation, as does any other energy transfer process,
reduces the lifetime in comparison to the value observed for low
concentration (noninteracting ions). Its probability will depend
on dopant concentration and on the multipolar order of the ion—
ion interaction.”™* Its calculation will depend also on the
possibility of energy migration between excited donors
(diffusion) and its 6probability compared to that of transfer to
the acceptors.”® >° Considering a sufficiently fast diffusion
between donor ions, luminescence decays follow a single-
exponential dependence (in agreement with our experimental

observations) and the lifetime is given by>>>">®

L = = + Wl(zST)NA

Tp To 2
where 7y, is the experimental lifetime for an acceptor concentration
N, while 7, represents the intrinsic lifetime in the absence of energy
transfer, i.e. at low dopant concentration, while the transfer rate,
W), depends on donor concentration Np, as

W = v x NS ®

where V depends on the microparameters of energy transfer and the
multipolar order of interaction, S (S = 6, 8, 10 for dipole—dipole,
dipole—quadrupole, and quadrupole—quadrupole, respectively).

For cross relaxation, where donors and acceptors are the same
rare-earth ions (N, = N = [Ho]), the concentration dependence
of the decay time can finally be summarized as

To

1+ VX1, X [Ho]

Texp S/3

)
From the observed concentration dependence of the green and
red emissions (Figure 9), a least-squares fitting to eq 4 indicates
that the best fitting corresponds to S = 6, which is a dipole—
dipole coupling mechanism between interacting Ho*" ions. The
calculated concentration dependences for both green and red
emissions have been included (continuous lines) in the figure.
The calculated coupling parameters V, for both emissions, are given
in Table 7. It can be observed that the calculated V value for the red

Table 7. Fitting Parameters of the Concentration Dependence
of Ho’* Lifetimes (Eq 4)°
V(em®s™)  7o(us) Nc(mol%) Rc(A)
SE,:%S, = Ig (A 550 nm) 2.5 X 1077 022 34 6.1
SFg — Iy (e 660 nm) 32x107% 021 95 4.4
“1 mol % = 1.28 X 10* ions/cm’.

emission is 1 order of magnitude smaller than that for the green
emission, consistent with the lower quenching of the former.

An alternative description would rely on the dependence of
concentration quenching with the distance between interacting
ions. It is usually expressed defining a “critical doping

concentration” (N), for which the probability of cross relaxation
equals that of intrinsic de-excitation and which, from eq 4, is
given by N¢ = (Vz,)™"/% and then a “critical distance” (R¢ =~
(N¢)'3) for cross relaxation can be obtained. The corresponding
values are also given in Table 7.

When these values are compared with the nearest-neighbor
distance between lanthanide ions in G-La,Si,O, (~4 A), it can be
observed that the critical distance for cross relaxation affecting
the red emission would be reached only for nearest-neighbor
occupancy between interacting ions and then becomes operative
only at very high Ho concentrations. Cross relaxation affecting
the green emission would be operative for Ho ions at higher
separations and therefore at some lower dopant levels; this is
consistent again with the observed data presented in Figure 9.

In comparison to other Ho-doped hosts, the lifetime values
reported in the literature for the visible Ho emissions vary among
wide limits, from tens of microseconds to tens of nanoseconds,
depending on the host. This variation can be understood by
considering the energy level scheme of Ho*" ions (see Figure 6)
with a number of electronic levels filling the gap from the ground
state to the emitting upper levels. This energy ladder implies that
the role of nonradiative (multiphonon) transitions between the
different multiplets becomes extremely important, with its
probability increasing with the phonon energy of the host.”’
Consequently, low-phonon materials exhibit generally long
lifetimes, while increasing the phonon energy of the material
reduces lifetime values. For instance, for YLF (E,;, ~ 566 cm™")
the lifetime reported for the °F multiplet is 57 us, while it is
reduced to 9 us for LNB (E, =~ 880 cm™!) and 57 ns for borate
crystals (EP}1 ~ 1400 cm_lsj.sg’éo_é2 Considering the relatively
high-phonon energies of silicate materials (Eph ~ 1100 cm™"), the
measured lifetimes, and their concentration dependences, are
consistent with the observed variations between different hosts.

B CONCLUSIONS

The La,Si,O,—Ho0,5i,0; system annealed at 1600 °C shows a
solid solubility region of G-(La,Ho),Si,0; which extends to the
Lay ¢Ho 4Si,0, composition ,while 5-(La,Ho),Si,O; is the stable
phase for Ho contents higher than 90% (Laj,Ho,sSi,0-).
Intermediate compositions show a two-phase domain (G+§),
where the G/6 ratio decreases with increasing Ho content while
the La/Ho ratio is kept fixed for each phase. Unexpectedly, the
phase boundaries appear at different compositional values in
comparison to the (La,Y),Si,0;, system, which indicates that
factors other than purely the ionic radii influence the phase
stability of binary disilicate systems. Anomalous diffraction data
interestingly indicated that the La for Ho substitution
mechanism in the G-(La,Ho),Si,0, polymorph is not
homogeneous; rather, a preferential occupation of Ho for the
RE2 site is observed. Another remarkable aspect of the structural
analysis of this system is the confirmation of space group Pnma
for the 0 phase, as evidenced from neutron powder diffraction
data. Finally, it has been demonstrated that, in spite of the high
phonon energy characteristic of silicates, Ho®" ions exhibit their
typical luminescence in the 500—800 nm range, arising from the
excited °F,:*S, and °F multiplets. The lifetimes remain unchanged
with Ho concentration in the range 0.5% < [Ho**] < 10%, and only
above this value does concentration quenching become operative
with the corresponding lifetime reduction. The observed
concentration dependence of the visible emissions’ lifetimes can
be explained by considering a dipole—dipole coupling between
interacting Ho®" ions. The calculated critical distance for cross
relaxation affecting the red emission (R¢ & 4.4 A) would be reached
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only for nearest-neighbor occupancy between interacting ions and
then becomes operative only at very high Ho concentrations. Cross
relaxation affecting the green emission would be operative for Ho
ions at higher separations (Rc & 6.1 A) and therefore becomes
operative at some lower dopant levels.
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Text giving rate equations describing the de-excitation dynamics
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