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1 Introduction

Tailoring Yb** energy levels by local configuration
in the garnet structure: the case of Caz(NbGall);04,
laser single crystals as a model for Yb:YAG

@ Carlos Zaldo, (=) *@
d

Maria Dolores Serrano, (22¢ Concepcion Cascales,
Nicolas Trcera,” Jodo Elias F. S. Rodrigues, 2 ¢ Giulio Gorni,
Mamoru Kitaura (2 € and Hirokazu Masai® '

Crystallographic information on the cationic interactions that may broaden the Yb** optical bands in
garnets for sustaining shorter femtosecond laser pulses is provided. It is shown that the energy of the
Yb®* 2F,/,(0) < 2Fs,,(0’) optical absorption (0 « 0’ OA), measured at a cryogenic temperature (T = 6 K)
in Caz(NbGad)sO1, (CNGQG)-type disordered single-crystal garnets, is sensitive to the electric charge of
the cations incorporated in the 24d tetrahedral site, while it is much less sensitive to substitutions made
on the 16a octahedral site. CNGG single-crystals nominally doped with 8 at% of Yb and further modified
with other optically silent cations were grown by the Czochralski method. Li*, Mg?*, Ge**, and Ti**
were successfully incorporated into the crystals. Further, Yb-doped CNGG crystals grown in the
composition limits for congruent melting were studied to explore the effect of a change in the cationic
vacancy density. The lattice position of the three latter cations is unequivocally determined by the
combined analyses of X-ray absorption spectroscopy (XAS) and single-crystal X-ray diffraction (scXRD)
refinements. Li* and Ge** exclusively fill the tetrahedral garnet site, with a strong reduction in the
cationic vacancy density monitored in the Li case by positron annihilation lifetime spectroscopy (PALS).
Ti** sits exclusively in the octahedral garnet site with no effect on the crystal cationic vacancy density,
while Mg?* is distributed in the three garnet sites with preference for the tetrahedral one and a
moderate reduction in the crystal vacancy density. The Yb** 0 « 0’ OA bands observed at 4 = 973 nm,
9719 nm, 971.3 nm, 971.1 nm and 969.6 nm are correlated with the presence of a vacancy (electric
charge Q = 0), Li*, Mg?*, Ga®" and Ge** in the tetrahedral garnet sites nearest to Yb® respectively.
However, the incorporation of Ti*" in the octahedral site substituting mainly Ga®* has no observable
effect on the Yb*" 0 « 0’ OA. The elimination of tetrahedral cationic vacancies slightly reduces the
Yb** 300 K luminescence bandwidth in the Li*- and Mg®*-modified CNGG crystals, while the new
energy levels associated with the tetrahedral Ge** compensate for this effect and slightly increase it.

favourable physical properties of the media, namely, high ther-
mal conductivity, favourable thermo-mechanical properties and

The generation of ultrashort laser pulses requires active media
with a large optical emission bandwidth." Additionally, other
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low anisotropy, are also required for efficient laser operation.

Trivalent lanthanides (Lns), with an [Xe]4f" electronic
configuration, have much smaller optical (absorption and
emission) bandwidths than transition metal ions, for instance
Ti*" ([Ar]3d"), because the host crystal field (CF) on the f orbitals
is shielded by the outer, although less energetic, 5s and 5p
orbitals of Lns. However, Lns that can be resonantly pumped
with infrared semiconductor diode lasers (DL) have attracted
great attention as laser centres due to the fact that they have a
low energy difference between the absorbed and emitted
photons (low quantum defect), and thus, the heat transferred
to the host is minimised, allowing the output laser intensity to
be scaled up.

This journal is © The Royal Society of Chemistry 2026
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In comparison to other laser Lns, the near-to-full electronic
configuration of Yb**([Xe]4f'?) has the strongest interaction
with the host lattice vibrations, resulting in intrinsically larger
optical absorption and emission bandwidths than the other
Lns. Yb®" has received a lot of attention as an in-band DL
pumped mode-locked laser system.” Although many different
glasses and single crystals have been tested as Yb>" hosts, the
cubic Y;Al;04, (YAG) garnet remains the workhorse for indus-
trial laser systems in most cases because it possesses the
aforementioned favourable physical properties; however, the
narrow laser gain bandwidth (even shorter than the fluores-
cence bandwidth) of Yb** in YAG, i.e. ~8 nm at 4 = 1030 nm,
limits the laser pulse duration to ~140 fs.’

Fig. Sla in the SI sketches the structural units of garnet
lattice with the generic formula {A};[B],(C);04,. A, B and C
correspond to the 8-fold oxygen-coordinated cations at the
dodecahedral (24c) position, 6-fold oxygen-coordinated cations
in the octahedral centrosymmetric (16a) site, and 4-fold oxygen-
coordinated cations at the tetrahedral (24d) site, respectively.
Different cations with diverse oxidation states can occupy these
sites, giving rise to a plethora of garnet compounds. In YAG,
yttrium and dopant Lns fill the 24c site, while aluminium fills
both the 16a and 244 lattice sites.

Given that the energy of the Yb*" electronic levels is deter-
mined by the strength and symmetry of the CF on the Yb®" site,
attempts to enlarge the Yb (and other Ln) optical bandwidths in
YAG indeed have been pursued by partially or fully replacing
Y*" and AI** with other optically-silent isovalent cations, e.g.
Gd*", Lu**, S¢®*, and Ga**. In this approach, changes in the CF
rely on the strain of the garnet lattice due to the ionic radius
mismatch (Ar = (r, — r;)/r;) between the replaced ions (r; for Y
or Al) and the new ones introduced (r,). Fig. Sla graphically
shows the common occupancy sites as a function of the ionic
radius and site coordination, and Table S1 summarises the
ionic radius mismatches for common substitutions in garnets.
The possible cationic environments around the 24c¢ garnet site
of Yb*" are shown in Fig. S1b.

According to the published 300 K photoluminescence data,
the most intense Yb®>" emission in YAG at 4 = 1030 nm has a
fluorescence bandwidth with a full width at half maximum of
FWHM = 85 cm™ " If dodecahedral Y** (ry cn-g = 1.019 A) is fully
replaced by isovalent Lu®" (rpy oneg = 0.977 A), the fluorescence
bandwidth is reduced to FWHM = 56.2 cm™*,® which is a small
change likely due to the very small Y/Lu radius mismatch, i.e. Ar=
—0.0412. When the octahedral AI** (1 cn-6 = 0.535 A) is replaced
by S¢®" (Fseonee = 0.745 A, i.e. Arapseon-e = 0.392), the fluores-
cence bandwidth increases up to FWHM = 127 cm™ *.* Alterna-
tively, the full replacement of octahedral and tetrahedral AI** with
Ga®" leads to an emission bandwidth of only FWHM =102 cm ™ ',°
which could be associated with the smaller radius mismatches
induced in both sites with regard to the previous case, ie.
A7alGa,cn=6 = 0.159 and Ara_gacn-4 = 0.205. It is seen that the
isovalent replacement strategy induces a limited change in the
Yb** fluorescence bandwidth in YAG-like laser garnets. Thus, it is
necessary to understand the physical interactions in the garnet
structure to maximise the Ln optical bandwidths.

This journal is © The Royal Society of Chemistry 2026
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Other garnet families combine heterovalent substitutions
over two sites of the garnet structure. For instance, CazSc,-
Ge;0;, compensates the extra Ge*" charge (with regard to Al*")
in the tetrahedral site with Ca®>" charge deficit (with regard to Y*")
in the dodecahedral site, basically remaining an “ordered” lattice,
i.e. each 24c, 16a or 24d garnet site is occupied by a unique A, B or
C cation type. In this host, the 300 K fluorescence bandwidth of
the Yb®" emission at 4 = 1031 nm is FWHM = 73 cm™ %, ie.
no fluorescence bandwidth enhancement with regard Yb:YAG
is found.

In contrast to the above-mentioned approaches, the intro-
duction of heterovalent substitutions, along with the concept of
crystal cationic disorder, i.e. the same crystal site shared by at
least two cations with different electric charges and sizes, in the
Caz(NbGa);0;, (CNGG, O stands for cationic vacancies)
single crystal produced the largest Yb*" fluorescence bandwidth
reported thus far in a single crystal garnet, namely, FWHM =
220.6 em ™" for the 4 = 1027.5 nm emission band.*’

In the CNGG single crystal (and in related compositions
grown after host modification with Li* or Na* ions), Na*, Ca®*
and Yb®" share the dodecahedral site, while Nb®>" and Ga*" are
simultaneously distributed over the octahedral (preferential for
Nb>" with occupancy factor OF = 0.625) and tetrahedral (pre-
ferential for Ga®*, OF = 0.821) lattice positions.’® Furthermore,
Li" exclusively occupies the tetrahedral position, removing
cationic vacancies at this site.'" At the local level, the cationic
distribution around Yb*" is random but with given probabilities
from the macroscopic point of view. In this case, the CF on Yb**
is determined not only by the change in the Yb-O bonding
distance but also by the oxidation state of other surrounding
cations, i.e., the total electric charge around Yb**. This is the
ultimate reason for the large enhancement in the Yb** fluores-
cence bandwidth in CNGG with regard to other garnets.

The CNGG capability to incorporate foreign cations, often in
excess of 10% of the corresponding site occupancy, gives the
unique opportunity for the study of the influence of the cationic
size and charge modification in the garnet structure in the
spectroscopy of Lns. Yb>" is selected in the present study because
of its largest sensitivity to the lattice environment. To unambigu-
ously determine the impact of structural changes on the optical
spectroscopy of Yb**, we focused our study on the *F,(0) <>
®F5/5(0’) transition (shortly 0 «<» 0’) monitored at low temperature
(T = 6 K) with a high spectral resolution (<0.2 nm), which
effectively eliminates the thermal effects observed in spectro-
scopic measurements conducted at room temperature (RT).

The purpose of the present work is to examine the effect of
the incorporation in the octahedral and tetrahedral garnet sites
(shortest intercationic distances with the dodecahedral site, see
SI Table S3) of optically silent cations (Li*, Mg*", Ge*" and Ti*")
with increasing electric charge (Q) but ionic radius not very
different from that of Nb®>" and Ga®* for each corresponding
coordination; see SI Table S2. We intend to reach conclusions
about how to modify the energy of the Yb** levels by a proper
combination of cations, which in the end may give rise to the
operation of garnet hosts, such as YAG, LuAG, and GGG, in the
ultrashort (<100 fs) laser pulse duration regime.

J. Mater. Chem. C, 2026, 14, 2902-2918 | 2903
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A major uncertainty to reach conclusions in this respect is
the lack of unequivocal knowledge of the site occupied by the
cations used for lattice modification. To address this point, we
use a combination of X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
spectroscopies for Mg>", Ti**, and Ge*" cations and single crystal
X-ray diffraction (scXRD) analyses for all the studied crystals.

The vacancies present in the three cationic sites of the
CNGG garnet provide zero electric charge (Q = 0) on these sites.
It is known that in >5 at% Yb-doped CNGG, the dodecahedral
vacancies disappear, while their density in the octahedral site is
significantly reduced. Only vacancies in the tetrahedral site remain
in a significant concentration after Yb doping.'®"" Even without
any experimental proof, some authors postulate than Li" is
incorporated in the octahedral garnet site,'* despite the fact that
firm experimental evidence of the incorporation of Li" exclusively
in the tetrahedral garnet site and strong reduction of the corres-
ponding cationic vacancies was previously provided.'* To get a
deeper insight into the role of the different crystal modifiers on the
cationic vacancy density, we now provide further evidence of their
evolution by positron annihilation lifetime spectroscopy (PALS).

2 Experimental techniques

2.1. Crystal growth

Pure and modified 8 at% Yb:CNGG single crystals were grown
in air using the Czochralski technique and a Cyberstar puller.
Garnet powders obtained by solid-state synthesis (SSS) were
melted in Pt crucibles. Details of SSS can be found in the SI,
Section S2, and details of the CNGG crystal growth procedures
can be found in our previous works.'®''* CNGG modifications
with Li, Mg, Si, Ge, Ti and V were attempted, but successful
crystal growth and cationic incorporation into the garnet lattice
were possible only for Li, Mg, Ge and Ti modifiers. The presence
of Li in the crystal was assessed in a previous work using NMR
and neutron diffraction analyses."* The incorporation of Yb as
well as Mg, Ge and Ti modifier cations into the single-crystal
garnet lattice was qualitatively confirmed by energy dispersed
X-ray fluorescence (EDX) using an EDAX Genesis XM2i probe in
a FEI Nova Nano SEM230 scanning electron microscope; see
Fig. S7 of Section S3. Further, the content of the different
elements was found directly in the crystals by X-ray fluorescence
analyses (XFA) in a JEOL Superprobe JXA-8900 Electron Probe
Micro Analyser (EPMA). The ZAF method™* and corresponding
elemental standards, CaO, Nb,Os, Ga,03, Yb,03, MgO, GeO,
and TiO,, were used. Given that the segregation coefficient (ratio
between atomic crystal and melt compositions) of Yb is near to
one,"""™ for simplicity the melt crystal composition is used to
name the samples. The segregation coefficients of Ge and Ti
were found to be 0.4 and 0.96 assuming tetrahedral and
octahedral site occupancies, respectively (see later sections).
Two 8 at% Yb:CNGG crystals with 10 at% and 20 at% Si
substitution of Ga in the initial charge were grown. The
transparency of these crystals was poor; see in SI Fig. S3d and
EDX and EMPA analyses show that Si is incorporated in a very

2904 | J Mater. Chem. C, 2026, 14, 2902-2918
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small amount, with a segregation coefficient of 0.15. Further,
crystal regions with a low Ga content were observed; thus, these
solidified materials were not a single phase. The growth of
15 at% V-modified 8 at% Yb:CNGG produced a garnet single
crystal, but EDX and EPMA analyses showed that V is not
incorporated into the garnet lattice; see SI Fig. S7f.

2.2. Positron annihilation lifetime spectroscopy

Positron annihilation lifetime spectroscopy (PALS) was performed
using a positron surface analyser PSA TypeL-II (Toyo Seiko Co., Ltd)
adopting an anticoincidence processing system.'” A **Na source,
which was encapsulated with Kapton® film, was used for measure-
ment. The accumulated counts for each sample was 107,

Positron annihilation lifetimes and relative intensities were
determined using the LT9 program for decay analyses.'® The
apparatus response function (resolution function) and back-
ground signals were evaluated using stainless steel (CRM 5607-
a) from the National Metrology Institute of Japan (NMIJN).

The experimental PALS spectrum Se(t) is given by a con-
volution of the theoretical function S(¢) with the resolution
function R(¢), as follows:

Sex(?) = J

. R(t — 19)S(10)d1o (1)

where ¢, is called the zero-time, which corresponds to the time
at the peak-top of the S(¢) function. The resolution function R(¢)
is also approximated by a weighted sum of a few Gaussian
functions, as described by Kansy and Giebel.'® In this work, the
PALS spectra were analysed according to the two-state trapping
model of bulk and defect states,'” for which PALS spectra are
reproduced by the function S(¢) given by the linear combination
of two exponential decays with appropriate weights, as follows:

1 I
S(1) = —exp (—i) +2exp (—L) (2)
T1 T1 T2 T2

where 7, and 1, (>1,) are the positron annihilation lifetimes at
the bulk and defect states and I; and I, are the corresponding
relative intensities integrated over time, respectively. The value
of 7, is influenced by positron trapping at a defect state. The
bulk lifetime free from the positron trapping at the defect state,
1, was calculated using the following equation:

= (’—‘+’—2)_1 3)

)

The values of tg are compared between experiments and
calculations to validate whether they were carried out
appropriately.®

2.3. X-ray absorption spectroscopy (XAS)

XANES and EXAFS spectra of Mg and Ti were collected at the
LUCIA beamline of the SOLEIL synchrotron facility,’® with an
injected electron energy and current of 2.75 GeV and 500 mA,
respectively. XAS spectra were collected in fluorescence mode
with a silicon drift diode detector applying a dead time
correction. The bulk samples were put on graphite tape
stuck on copper slides. The sample holder was rotated by 35°

This journal is © The Royal Society of Chemistry 2026
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(for Mg K-edge) and 5° (for Ti K-edge) to increase the signal and
minimise self-absorption effects as much as possible.

Mg K-edge XAS spectra were obtained using a KTP(111)
double-crystal monochromator for CNGG samples and a Multi-
layer Grazing Monochromator (MGM) for Mg-model compounds.
The first inflection point of the Mg K-edge of periclase MgO at
1306.6 eV was used for energy calibration of the monochromator.
XAS spectra were recorded over the energy range of 1270 to
1598 eV with variable energy steps of 2 eV between 1270 and
1298 €V; 0.2 eV between 1298.2 and 1333 eV; 0.5 eV between
1333.5 and 1450 eV; 1 eV between 1451 and 1550 eV and 2 eV
between 1552 and 1598 eV. In all cases, a counting time of sixteen
seconds per point was used. To increase the signal-to-noise ratio,
a total of 16 spectra per sample were averaged.

Ti K-edge XAS spectra were collected using an Si(111) double
crystal monochromator over an energy range of 4850 to
5998 eV, with steps of 2 eV from 4850 to 4956 €V; 0.2 eV from
4956.2 to 5000 eV; 0.5 eV from 5000.5 to 5085 eV; 1 eV from
5086 to 5500 eV and 2 eV from 5502 to 5998 eV. For each point,
the counting time was three seconds. Two spectra were aver-
aged to increase the signal-to-noise ratio. Metallic titanium foil
was used to calibrate the monochromator at 4966 eV for the
first inflection point of the spectrum.

Ge K-edge (11.103 keV) XAS experiments were performed in
transmission mode at the BL22-CLASS beamline of CELLS-
ALBA.*® A collimated beam with dimensions of 1(H) x 1(V) mm*
was used. The monochromatic beam was generated by a pair of
Si(311) crystals. Finely ground powders were mixed with cellulose
and pelletised into 5 mm diameter discs to achieve the optimal
absorption edge jump. XAS data were collected across a k-range
extending up to 14 A~' under ambient conditions, with a step
scanning of 0.3 eV for XANES and 1 eV for EXAFS.

XAS spectra were collected both for modified Yb:CNGG
single crystals and for the Ge or Ti reference crystals specifically
grown for this purpose; see in SI, Section S4. In all cases, the
EXAFS oscillations y(k) were processed using the Athena
software,”" which facilitated pre-edge background subtraction,
edge jump normalisation, and extraction of the extended-range
oscillations. Fourier transformation (FT) of the k-weighted &*-
7(k) oscillations was performed using a Hanning-type apodiza-
tion function (Ak=2 A~*, AR =2 A) in both k- and R-spaces, with
Ak ranging from 2 to 9.5 A~" and AR ranging from 1 to 4 A.

2.4. X-ray diffraction (XRD)

The crystalline phases present in the SSS products and pow-
dered single crystals were determined at RT by powder X-ray
diffraction (XRD) 26 = 10°-80° scans using a Bruker D8 Advance
instrument with Cu K, radiation (1 = 1.5406 A).

Crystal structures were determined from scXRD data col-
lected at T = 296(2) K with a Bruker Kappa Apex II diffract-
ometer equipped with a fine-focus sealed Mo tube working at
50 kV/30 mA. K, radiation (/1 = 0.71073 A) was selected using a
graphite monochromator. Small prismatic single crystals cut
from the grown crystals were selected to minimise the possibi-
lity of twinning. Data were corrected for absorption using the
multi-scan method (SADABS). All calculations were performed

This journal is © The Royal Society of Chemistry 2026
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using the SHELXTL software.>® Structure refinements of all
studied crystals were performed in the cubic space group Ia3d
(no 230) characteristic of this structure. These refinements
included the evaluation of the cationic and vacancy distribu-
tions over available dodecahedral (24c), octahedral (16a) and
tetrahedral (24d) garnet sites.

2.5. Optical spectroscopy

The OA spectra of the Yb** 0 < 0’ transition in the single crystals
were determined at 7 = 6 K using an Agilent Technology spectro-
photometer, model CARY5000. The samples were cooled with a
closed cycle He cryostat. OA spectra were collected with a spectral
bandwidth resolution better than 0.2 nm and the reported results
are the average of at least twenty spectra.

The excitation and emission spectra of Yb®" fluorescence
were measured. For the compositions whose crystal growth was
not successful, SSS powders were dispersed in KBr pellets, and
their excitation spectra were collected. Two-side polished plates
were used for successfully grown crystals. In all cases, excitation
was performed using a chopped Spectra Physics Ti-sapphire
(Tisa) laser. The average Tisa laser power was always kept below
100 mW (<12.8 W cm™?) to minimise sample heating. The
luminescence was dispersed by a Czerny-Turner SPEX (model
340E, f= 34 cm) monochromator and detected by a 77 K cooled
Ge photodiode using a lock-in amplifier. The spectral resolu-
tion of the excitation spectra was determined by the Tisa laser
emission bandwidth, i.e. 0.05 nm.

3. Experimental results

3.1. Q = 0: cationic vacancies in CNGG single crystals

It is worth noting that to grow CNGG single crystals from congruent
melts, the composition of the precursor powder must deviate from
the stoichiometric garnet composition; namely, a cation-deficient
CazNb(; 541.50Ga3.5-2.50 02012 composition with x = 0.11-0.14 is
required. Most often, the CazNb, ¢575Ga3 1575012 (X = 0.125) compo-
sition is used for the Czochralski crystal growth of CNGG.>*** To
date, several works have studied the crystal cationic composition
using X-ray or neutron diffraction techniques.'®"""**>*¢ Beyond
experimental uncertainties, two structural characteristics are con-
cluded in all works, as follows: (a) Nb>* and Ga®" share the 16a and
24d garnet sites and (b) cationic vacancies are found in the three
garnet sites, particularly significant in the tetrahedral 244 site (up
to ~ 8% of the site population). Given that the electric neutrality of
this CNGG formulation is based in the cationic/anionic balance
(independently of x), these vacancies provide zero electric charge
on the corresponding site.

Thus far, the evaluation of the crystal cationic vacancy
composition has been indirectly obtained from the cationic
composition. Alternatively, we used PALS as a direct method for
monitoring the presence of crystal vacancies upon the intro-
duction of Yb dopant and other cations used here to modify the
crystalline lattice.

3.1.1. PALS results. To clarify the effect of impurity doping
on CNGG cationic vacancies, the PALS spectra were fit with

J. Mater. Chem. C, 2026, 14, 2902-2918 | 2905
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eqn (1) and (2). Fig. 1 shows the PALS spectra of CNGG,
Yb:CNGG, CLNGG, and Yb:CLNGG. Table 1 summarises the 7;
and I; (i = 1, 2) fit values, along with those obtained for Ti- or Mg-
modified 8 at% Yb:CNGG. Within the uncertainties, the 7 values
obtained are identical. These values are very close to that of other
multicomponent isostructural garnets previously studied, ie.
Y;AL;01, (YAG, 15 = 150-166 ps),”’ LuzAl;Op, (LUAG, 1 =
162 + 2 ps)*® or Gd;ALGaz04, (GAGG, 15 = 171 £ 9 ps).”® This
fact supports the validity of our present experiments and analyses.

The PALS spectrum of CNGG can be fit with a single expo-
nential decay function in eqn (2), while that of any other CNGG
crystal studied here requires the sum of two exponential decay
functions. The slow decay component of Li-modified CNGG
(CLNGG) is regarded as having the same origin as the decay
component of CNGG because their lifetimes are close to each
other. The lifetime values determined are consistent with the
calculated positron annihilation lifetimes either at the 16a or 24d
garnet sites in LuAG."® This fact indicates that in undoped CNGG,
positrons predominantly annihilate at these vacant sites, but in
CLNGG, the intensity of the slow decay component is weakened
by the occurrence of a fast decay component, suggesting that Li*
doping reduces the cation vacancy density at these sites.

2x10°
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To verify the effect of Li* doping on the suppression of these
cation vacancies in Yb-doped CNGG, the PALS spectra of 8 at%
Yb:CNGG and 8 at% Yb:CLNGG are compared. The PALS
spectra of these materials are also composed of two exponential
decay functions, as shown in Table 1. The 7, values of Yb:CNGG
and Yb:CLNGG are similar. Thus, it seems likely that positrons
are trapped at the same cation vacancies as in CNGG and
CLNGG. The I, value decreases in Yb:CLNGG compared to
Yb:CNGG. This feature was also seen in the comparison of
CNGG and CLNGG, indicating that Li" doping always plays an
active role in removing cation vacancies in CNGG.

It may be noted that Yb*" doping of CNGG also reduces the
I, value. The possibility that this situation could be associated with
the Yb®" antisite in the 16a octahedral positions, as found for other
garnet constituents (Fe, Ga, Y, Gd or Er),*® seems unlikely in the
CNGG case. In fact, this Yb*" antisite in the octahedral 16a site has
been evidenced by the presence of dipolar magnetic optical
transitions in 0.3 at% Yb:CNGG crystals® but the Yb solubility
limit in the octahedral site is very low, ~5 x 10" em 3, and it
cannot account for the strong I, reduction observed.

Further, the effect of Mg®>" and Ti** codoping on the 16a and
24d cation vacancies of CNGG was monitored by PALS. The
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data. Blue dashed lines are the components used to fit the experimental data using the two-state trapping model given by egn (2). The sum of the blue
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Table 1 PALS results for CNGG single crystals with several dopants, Yb, Li, Mg or Ti

Crystal 71 (ps)

I; (%)

7, (ps) I, (%) s (ps)

CNGG — —
8 at% Yb:CNGG 50.5 £ 0.7
10 at% Ti:8 at% Yb:CNGG 58.8 £9.3
30 at% Mg:8 at% Yb:CNGG 67.0 £ 10.0
CLNGG 67.8 £ 4.9
8 at% Yb:CLNGG 59.0 £ 7.0

value of I, in 8 at% Yb:CNGG decreases upon Mg>* codoping, as
in the case of Li* codoping. However, Mg>* codoping is not as
effective as Li" in reducing the 16a or 24d cationic vacancies
because, as will be shown later, ng is distributed in the three
garnet lattice sites. Conversely, the value of I, in 8 at%
Yb:CNGG is not changed by Ti*" codoping. Clearly, the incor-
poration of Ti** into Yb:CNGG has little effect on cation
vacancies at 16a and 24d sites.

Based on the PALS experiments alone, it is difficult to
identify which cationic vacancies are removed by the incorpora-
tion of Yb*®", Li*, Mg?*, or Ti*" into CNGG. In fact, the 1, values
calculated using a two-component density functional theory for
LUAG are close each other, i.e. 274 ps, 239 ps and 233 ps for 24c,
16a and 24d, respectively."® To get a clearer picture of the
crystallographic changes induced by these cationic incorpora-
tions, we present the XAS and scXRD results in following
sections.

3.1.2. OA of Yb*' in non-modified CNGG. Fig. 2a shows a
general view of the Yb®>" OA at T = 300 K and at cryogenic
temperature (T = 6 K). The origin of these bands was discussed
by Pappalardo et al in Yb:Y;Gas;O;, using a noncubic CF
associated with the distortion of the oxygen cube around the
24c site.>’ These bands arise from electronic transitions
between the Stark (m;) components of the ground *Fy, (0, 1,
2, 3) and excited *Fs;, (0/, 1/, 2/) Yb®" multiplets. At both
temperatures, the *F,, (0) — *Fsj, (0') (shortly 0 — 0') transi-
tion is observed near A = 971.1 nm as the narrowest and most
intense band. The bands at shorter wavelengths (higher energy)
correspond to transitions from the ground energy level *F5, (0)
to the excited *Fs), (1', 2/) ones. Thus, two further bands are
expected in the region of 900-950 nm. Instead, at least three
well-resolved bands are observed even at T'= 6 K due to the not
yet fully understood lattice phonon couplings of these
transitions.

Other bands at longer wavelengths (lower energy) than that
of the 0 < 0’ one are observed at T =300 K, for 2 > 975 nm.
These bands completely disappear by lowering the sample
temperature to 6 K, and thus they are ascribed to transitions
from the excited Stark m; sublevels of the ground ’F,,, multi-
plet, which are populated due to the Boltzmann electronic
distribution, i.e., *Fy, (1, 2, 3) — *Fsp (my) transitions. Their
spectral overlap with the 0 — 0’ OA band at T = 300 K
compromises the proper resolution of the features associated
with the inhomogeneous broadening in the disordered CNGG
lattice, i.e. different lattice environments around Yb**. Owing to
this reason, spectroscopy at T = 6 K is required to disclose the
effects of this disorder.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Optical absorption (OA) of Yb*" in the 8 at% Yb:CNGG single
crystal taken at a spectral resolution of 0.2 nm. (a) General view of the
absorption cross section (oags) at T = 300 K (red line) and at T = 6 K (blue
line). (b) Expanded view of the 0 — 0’ Yb®>* OA measured at T = 6 K and
normalised to unit area.

Fig. 2b shows the OA of Yb®" in CNGG measured at T = 6 K
exclusively for the 0 — 0’ transition region. It shows several
contributions ascribed to different Yb*" environments, whose
assignment is the purpose of the present work. The most
intense band at 4 = 971.1 nm should correspond to 24c Yb*"
in the most abundant garnet lattice environment, i.e. with 24c
Ca (x 4), 16a Nb (x 4) and 24d Ga (x 4 + 2) occupancies, see in
SI Fig. S1b and Table S2, while the side band at 2 = 973 nm
reveals the presence of some lattice modification in the Yb**
environment. It is worth noting that the relative intensity of the
A =973 nm band has a tendency to increase as the crystal grows,
i.e. its intensity is generally found to be higher at the final part
of the crystal than in its initial part, as shown in Fig. S13b. This
behaviour could be induced by the loss of gallium with crystal
growth, as evidenced in Fig. S12a. This Ga loss also suggests a
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slight increase in the 24d tetrahedral vacancy density given that
Ga is the most abundant cation in this site and the relative
enrichment in Nb®>" must be compensated to maintain charge
neutrality.

3.2. Q= +1: Li*-modified Yb:CNGG single crystal

Li-modified CNGG crystals (CLNGG) have been grown from
melts with the composition CazNb; ;75Ga,.95Li0.27500.025012,
i.e. closer to the stoichiometric garnet formula than in the
congruent CNGG case. According to the previously published
combined NMR, neutron diffraction, and scXRD analysis, it was
concluded that Li enters exclusively in the 24d tetragonal garnet
site and that the vacancy density in this site decreases strongly
upon the incorporation of Li."* The PALS results, as described
in Table 1, also show that the incorporation of Li is the most
effective way to reduce the presence of cationic vacancies
remaining in CNGG after 8 at% Yb doping.

Fig. 3a shows a comparison between the 0 — 0’ OA of Yb**
measured at T = 6 K in CNGG and in CLNGG. The most
significant difference between these two spectra is the drastic
reduction in the intensity of the 4 = 973 nm OA band upon the
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Fig. 3 Comparison of the 0 — 0’ Yb®* optical absorption (OA) measured
at T = 6 Kand normalised to unit area in 8 at% Yb:CNGG (black lines) and in
cationic-modified 8 at% Yb:CNGG single crystals (red lines). Spectra
collected at a spectral resolution of 0.15 nm. (a) Li-modified 8 at%
Yb:CNGG. (b) 30 at% Mg-modified 8 at% Yb:CNGG. (c) 20 at%
Ge-modified 8 at% Yb:CNGG. (d) 10 at% Ti-modified 8 at% Yb:CNGG.
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incorporation of Li'. Further, a band that is not fully resolved
appears as a shoulder at 4 ~ 971.9 nm.

Considering that the cationic vacancies on the 24c site are
removed by the substitution of Ca** by Yb** (thus they are not
present in 8 at% Yb:CNGG) and that cationic vacancies in the
164 site are near zero in all cases,'®'! as also shown in Table 3,
the main effect of Li incorporation is the reduction of the
tetrahedral 24d vacancy concentration from the OF = 0.075 in
5-15 at% Yb:CNGG to only OF = 0.009 in 8 at% Yb:CLNGG,
which is further confirmed by the presented PALS results. Thus,
we tentatively correlate both facts and ascribe the Yb*" OA band
at A = 973 nm to the specific CF created by a Yb surrounding
configuration containing a 24d tetrahedral vacancy Orgr, iLe.
Q =0, as the first cationic neighbour. In the same manner, the
new shoulder at 4 ~ 971.9 nm could be ascribed to a CF
including a nearest 24d tetrahedral Li*, Q = 1, close to Yb*".

3.3. Q= +2: Mg**-modified 8 at% Yb:CNGG single crystals

Garnets with stoichiometric concentrations of magnesium in
dodecahedral, {Mg;}{Al,](Si3)0;, (pyrope), octahedral, {Gds}-
[Mg,](GaGe,)0,,, {Cas}[TiMg](Ge;)0,,, {Casz}[ZrMg](Ge3)012, {Y3}-
[MgAl](Al,Si)O,, or distributed in both positions, {MgGd,}-
[Mg,](Ge;)01,, have been reported in the literature.**** The
low electronic density of Mg”* makes the analysis of its crystal-
line lattice distribution quite unreliable using exclusively X-ray
diffraction measurements. Owing to this reason, we first analyse
the XAS of Mg-modified CNGG crystals to determine the garnet
sites occupied by Mg and later we refine the scXRD results.

3.3.1. XAS of Mg in 8 at% Yb:CNGG single crystals. Fig. 4a
shows a comparison of the Mg K-edge XANES spectrum of the
30 at% Mg-modified 8 at% Yb:CNGG crystal and of some oxides
where Mg”* has different oxygen coordination numbers (CN),
namely, CN = 8 in pyrope (Mg3Al,Siz0;,, a silicate garnet where
Mg is in the 24c¢ dodecahedral site), CN = 6 in diopside
(CaMgsSi,0¢) and CN = 4 in the spinel (MgAl,0,).>*

The Mg K-edge XANES is usually described by three main
features in the energy range of 1305-1320 eV labelled with
increasing energy as A, B and C, followed by broader and
weaker peaks between ~x~1323 and =~ 1331 eV, labelled as D.
Also, a very weak pre-edge peak labelled P is seen for the
Mg CN = 8. The position of peaks A, B and C shifts towards a
higher energy when the Mg CN increases. This has been used in
previous works as a fingerprint of Mg coordination.>*3®

The distinctive feature of the Mg K-edge XANES spectra in
CNGG is that it simultaneously displays the characteristics of
the three Mg coordinations. At least eight XANES peaks can
be observed. The most intense A and C peaks of the spinel (Mg
CN = 4) can be observed in CNGG at 1306.4 and ~1318 eV,
respectively. The intense B and C peaks of the diopside
(Mg CN = 6) correspond to those observed in CNGG at
1313 and &~ 1318 eV, respectively, with the latter being broader
than in the reference due to the overlap of the CN = 4 and 6
oxygen coordinations. Finally, the A and B features of pyrope
are also observed in CNGG at 1310 and 1313 eV, respectively.

Fig. 4b shows the normalised and weighted k*y(k) experi-
mental EXAFS spectrum of Mg K-edge in a 30 at% Mg-modified

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Analysis of the K-edge Mg XAS of the 30 at% Mg-modified 8 at%
Yb:CNGG crystal. (a) Comparison with the XANES spectra (i) of several Mg
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coordinated in spinel (MgALO,). ®Mg, 6-fold coordinated in diopside
(CaMgSi»Og). 8Mg, 8-fold coordination in pyrope (MgsAlSizO;.). Plots
are vertically shifted for clarity. (b) k?-%(k) weighted EXAFS experimental
spectrum (circles) and its fit (line). (c) Real (circles and continuous line) and
imaginary (diamonds and dashed line) parts of the Fourier transform (FT) of
the k?y(k) signal in the phase-shifted scale.

8 at% Yb:CNGG crystal, and Fig. 4c shows its Fourier transform.
The EXAFS fit was performed in the three possible cationic
garnet sites by fixing CN = 4, 6 or 8 coordinations and leaving
the Debye-Waller factors, ¢, free, as shown in SI Fig. S11.
Although in all coordinations, the observed Mg-O bond length
results are 1.92-1.93 A, the fit obtained for CN = 6 or 8 provides
¢® > 10 % A%, which is unrealistic for crystal oxides, and the fit
errors are significantly larger for CN = 6 and 8 than in the CN =4
case; see SI, Table S3. Further, the Mg-O bond length deter-
mined in CNGG is consistent with the typical Mg-O distance
found in CN = 4 coordination in the MgAl,O, spinel,>***” or in
akermanite, CaZMgSiZO7,38 ie. 1.92 A. In contrast, the Mg-O
distances found for CN = 6 in diopside (Mg-O, at 2.073 A plus
Mg-O, at 2.147 A)**3%% or for CN = 8 in pyrope (Mg-O, 2.198 A
plus Mg-0, 2.343 A),***® are clearly larger.

Therefore, the combined XANES and EXAFS analyses clearly
indicate a Mg>" distribution in the three garnet sites, with the
majority in the 24d tetrahedral site with an Mg-O bond length

This journal is © The Royal Society of Chemistry 2026
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of 1.93(2) A in the latter. Table S4 summarises the results of the
EXAFS fit.

3.3.2. scXRD of Mg-modified 8 at% Yb:CNGG single crys-
tals. According to the conclusions of the above-mentioned XAS
results, the scXRD data have been refined considering the Mg**
distributed over the three cationic garnet sites. The full
results of this refinement can be found in Table 2 and in the
SI, Section SI.6, Table S7.

Firstly, it can be mentioned that the lattice parameter
determined for the 30 at% Mg-modified 8 at% Yb:CNGG crystal
is a=12.4892 A, i.e. larger than that corresponding to its Yb doping
level, @ = 12.4728 A for 8 at% Yb:CNGG, but lower than in undoped
CNGG, a = 12.4969 A, as shown in SI Table S2. This suggests the
incorporation of Mg in the garnet sites with a positive radius
mismatch, ie. 16a and 24d, as shown in SI Table S1.

The scXRD refinement provides the OF of Mg in the three
garnet sites; see Table 3 and in SI Table S7. 75% of the total Mg
is incorporated in the 24d site, where a positive radius mis-
match Ar = +21.27% occurs, which is in qualitative agreement
with the lattice parameter enlargement observed with respect to
8 at% Yb:CNGG, and thus it is not surprising that the EXAFS-
derived Mg-O bond distance was larger than that expected
from an 8 at% Yb:CNGG lattice. The rest of Mg is distributed
17% in the 24c site with Ar = —20.54% and 8% in the 16a site
with Ar = +12.5%, partially counterbalancing the lattice distor-
tions and limiting the lattice parameter increase.

3.3.3. OA of Yb*" in Mg-modified 8 at% Yb:CNGG. Fig. 3b
shows a comparison between the OA of Yb®>" measured at
T =6 K in 30 at% Mg-modified 8 at% Yb:CNGG and in 8 at%
Yb:CNGG. The OA intensity of the 4 = 973 nm band, which is
assigned to Yb®" near a 24d tetrahedral vacancy, decreases but
not as much as in the previous Li-modified 8 at% Yb:CNGG
case. Further, a shoulder appears at 4 = 971.3 nm. The latter
resembles that observed in the Li-modified CLNGG case, but
the new OA band appears at a higher energy. Following the
above-mentioned assignments, this new OA band is assigned to
a Yb*" ion neighbouring a 24d Mg”* cation. This assignment is
consistent with the large Mg population determined by the
scXRD refinement for the 24d garnet site. Further, the relatively
weak decrease in intensity observed for the 4 = 973 nm band is
also consistent with the moderate reduction of the 24d cationic
vacancy density upon the incorporation of Mg, as shown in
Table 3, and with the PALS results in Table 1.

3.4. Q=3+ Ga*" in Yb:CNGG. In CNGG, 77% of the total
Ga®' sits in the 24d tetrahedral garnet site, while only 23% is at
the 16a octahedral one,'® as also shown in Table 3. The most
intense OA band of Yb** in CNGG peaks at 4 = 971.1 nm. This
band position remains unchanged for all the CNGG crystals
studied independently of other cationic modifications; thus, it
should correspond to the most abundant crystalline environment
around Yb**, which, as explained above (Section 3.1.2), isa Q = 3+
(Ga*) electric charge in the 24d tetrahedral site nearby Yb*".

3.5. Q= 4+: Ge*"- or Ti**-modified 8 at% Yb:CNGG single
crystals. Natural Si-based garnets are well known in jewellery,
but they only melt congruently at high pressure (> 40 kbar).***"
Nevertheless, the synthesis and growth of 8 at% Yb:CNGG

J. Mater. Chem. C, 2026, 14, 2902-2918 | 2909
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Table 2 Crystal data and structure refinement for the 30 at% Mg-modified 8 at% Yb:CNGG crystal, {Caz70Ybo18MJo12}INb10sGaogoMgo o6l-
(Gaz07Nbp 22Mgos4018)012; 20 at% Ge-modified 8 at% Yb:CNGG crystal, {Caz733Ybo 267 ND121Gag 701(Gaz 34Nbo 039Ge€0 54 1 0.081)012: and 10 at% Ti-
modified 8 at% Yb:CNGG, {Cazg1Ybg 19} Nb158Gag 23 Tip 18](Gaz75Nbg 0700 0.18)O12. Bond lengths and angles are given in provided CIF data. CCDC accession
codes 2448685 (Mg), 2448696 (Ge) and 2448697 (Ti)

30 at% Mg 20 at% Ge? 10 at% Ti°
Temperature (K) 296(2)
Wavelength (A) 0.71073
Crystal system/space group Cubic/Ia3d
Unit cell dimensions
a=b=c(A) 12.4892(3) 12.4165(2) 12.4720(3)
a=f=7() %
Volume (A%)/Z = 8 1948.07(5) 1914.25(9) 1940.03(9)
Calculated density (Mg m ™) 4.584 5.004 4.852
Absorption coefficient (mm™*) 12.770 15.929 13.618
Crystal size (mms) 0.116 x 0.076 x 0.052 0.147 x 0.104 x 0.04 0.16 x 0.04 x 0.03
0 range for data collection (°) 4.00-30.49 4.02-28.28 4.02-28.2
Index ranges —17 < bk, 1 < 17 —-16 < h, k, 1 < 16 —-16 < h, k, 1 < 16
Reflections collected 69857 54992 54871
Independent reflections [R(int)] 254 [0.0878] 205 [0.0427] 207 [0.0489]
Completeness to 0 = 28.28° 100.0%
Refinement method Full-matrix least-squares on F
Data/restraints/parameters 254/3/27 205/2/23 205/2/23
Goodness-of-fit on F* 1.063 1.404 1.257
Final R indices [I > 20(1)]
Ry 0.0151 0.0104 0.0131
WR, 0.0365 0.0283 0.0456
R indices (all data)
Ry 0.0242 0.0118 0.0135
WR,, 0.0453 0.0289 0.0460
Extinction coefficient 0.0018(1) 0.00132(6) 0.0055(2)
Largest diff. peak/hole (e A™) 0.329/—0.390 0.187/-0.192 0.359/—0.449

“ A total of 6300 frames were collected. The total exposure time was 3.5 h. The final cell constant a = 12.4892(3) A was based on the refinement of
the xyz-centroids of 4943 reflections with I > 204(I) for 9.232° < 20 < 59.91°. © A total of 5507 frames were collected. The total exposure time was
7.65 h. The final cell constant a = 12.4159(3) A was based on the refinement of the xyz-centroids of 9252 reflections with I > 204(1) for 8.040° <
20 < 56.35°. © A total of 5507 frames were collected. The total exposure time was 7.65 h. The final cell constant a = 12.4720(3) A was based on the
refinement of the xyz-centroids of 9891 reflections with I > 200¢(I) for 8.004° < 20 < 56.525°.

Table 3 Comparison of the occupancy factors (OF) over the 24c, 16a and 24d sites in disordered CNGG crystal garnets with different Yb concentrations
and cationic modifiers, Li, Mg, Ge and Ti. [0 stands for cationic vacancies

CNGG crystal composition OF
In melt (at%) In crystal” (at%)  24c dodecahedral site 16a octahedral site 24d tetrahedral site
Yb Ca Yb Opop Nbl  Gal Oocr Ga2  Nb2 Orer
Undoped CNGG 0.985 0.015 0.625 0.372 0.003 0.821 0.102 0.077
8 at% Yb:CNGG 9.1 0.939 0.058 0.003 0.580 0.420 0.905 0.020 0.075
11.6 at% Yb:CNGG 12.7 0.900 0.100 0.579 0.421 0.877 0.048 0.075
15 at% Yb:CNGG 18.8 0.838 0.157 0.005 0.627 0.371 0.002 0.921 0.005 0.074
Li
CLNGG 0.998 0.002  0.66 0.34 0.842 0.052 0.080 0.026
8 at% Yb:CLNGG 7.57 0.931 0.069 0.67 0.33 0.810 0.069 0.111 0.009
Mg° Mg Mg Mg
30 at% Mgb:S at% Yb:CNGG 7 5.8d 0.900 0.060 0.041 0.524 0.44 0.03 0.006 0.689 0.07 0.18 0.061
Ge Ge
20 at% Ge®:8 at% Yb:CNGG  12.8 7 0.911 0.089 0.605 0.395 0.78 0.013 0.18 0.027
Ti¢ Ti
10 at% Ti%:8 at% Yb:CNGG of 10 0.936 0.064 0.79 0.12 0.092 0.917 0.023 0.060

4 EPMA results. ° In addition to the Nb amount. © With respect to the total cationic positions (Ca + Yb + Nb + Ga + Mg). ¢ With respect to the total
amount of Nb, Ga and Ge. The measured Ge concentration changes from 6 at% to 8 at% during crystal growth, and the given value is the average.
¢ With respect to the total amount of Nb and Ti. The measured Yb concentration changes from 8 at% to 10 at% during crystal growth, and the
given value is the average. ¢ With respect to the 16a site occupancy. Data are very similar to (e) hypothesis because Ti and most of Nb are in the 16a
site. The measured Ti concentration changes from 9.3 at% to 11 at% during crystal growth, and the given value is the average.

crystals modified with Si** was attempted in the present work. from these powders had poor optical quality, as shown in Fig.
The powders obtained by SSS were not a single phase, and the S3d. EDX and EPMA measurements show that Si was incorpo-
crystals (5, 10 or 20 at% Si-modified 8 at% Yb:CNGG) grown rated into the solid phase in small amounts, as shown in SI,

2910 | J Mater. Chem. C, 2026, 14, 2902-2918 This journal is © The Royal Society of Chemistry 2026
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Fig. S7e, while Ga was absent in some crystal areas. All the
grown Si-modified CNGG crystals show the same Yb*" cryogenic
(T = 6 K) OA spectrum as that of Yb:CNGG, consistent with the
residual incorporation of Si into the garnet lattice. Thus, Ge**
and Ti"" were studied as alternative tetravalent heterovalent
substitutions of Ga®>" or Nb**,

3.5.1. Ge*"-modified 8 at% Yb:CNGG. The crystallisation of
garnets containing Ge was extensively reported by Mills using
different molten fluxes,”” and an overview of the possible garnet
compositions and ion site preferences was given by Geller.*?
Garnets with 4-coordinated Ge in the 24d tetrahedral site occur
when the 24c site is occupied by a cation with a large ionic
radius, typically Ca>* or other divalent cations. Examples of these
garnets are Ca;B,Ge;01, (B = Sc, Ga, Y, Mg),*™* Lu,CaMg,-
(SiGe);04,,"® CazMgBGe;04, (B = Zr, Sn),*” Ce,CaMg,Ge;0;,,*
or Bao.25Mg2.75Y2G‘33012-49

In the present study, we grew 20 at% Ge-modified 8 at%
Yb:CNGG single crystals. The composition of the powder pre-
pared by SSS was Ca, 76Ybg 24Nb1 0853Ga5 8834G€0.0833012, 1.€. the
incorporation of Ge was equally subtracted from the Nb and Ga
compositions to avoid predetermining a specific site occupancy.

3.5.1.a. XAS of Ge in CNGG. A CazGa,Ge;0;, (CGGG) garnet
single crystal was also grown via the Czochralski method, as shown
in SI Section S4.1, and a powdered CGGG single crystal was used as
a reference for the XAS of Ge-modified 8 at% Yb:CNGG, as shown
in Fig. 5. Fig. 5a shows similar XANES spectra for both com-
pounds. Fig. 5b shows the Ge K-edge k*-y(k) weighted EXAFS
oscillations, and Fig. 5¢ shows their Fourier transforms.

The EXAFS standard equation was used for fitting, where the
theoretical scattering paths for the garnet-type CazGa,Ge;0,,
within the space group Ia3d were calculated using the FEFF
software.’® EXAFS analyses were performed considering the
most relevant single scattering paths to describe the radial
distance in the range of 1-4.0 A. The first shell is comprised of
the Ge-O1 tetrahedral site, the second shell has the Ge-Ca
scattering path (CN = 2), the third shell is made of Ge-Ga with
CN =4 and the last shell is made of both Ge-Ga and Ge-Ca at a
similar distance and with CN = 4. The introduction of the
Ge-Ca shell is necessary to reproduce the signal at long dis-
tances. Indeed, the removal of the Ge-Ca path gave a negative ¢°
value for the Ge-Ga shell, indicating the need for an additional
signal. It is important to remember that the assignment of the
scatterer, especially in the case of Ga and Ge, was made
according to the CIF file of the reference compound because
Ge-O and Ge-Ga scatterers cannot be distinguished from
EXAFS. The fit of the EXAFS spectra at the Ge K-edge of the
CGGG reference shows the local structure of Ge*" in the garnet,
where Ge*" ions are surrounded by 4 oxygens at 1.77(2) A, 2 Ca at
3.06(2) A and 4 Ga, Ge and Ca at 3.44(2), 3.74(2) and 3.78(5) A,
respectively. In the case of the Ge-modified 8 at% Yb:CNGG
crystal, its EXAFS signal is similar to that of the CGGG reference
and good agreement between the data and fit is obtained
considering Ge*" ions in the tetrahedral 24d sites of the CNGG
garnet structure. Table S5 lists the bond distances obtained for
the CGGG and Ge-modified 8 at% Yb:CNGG crystals.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Analysis of the X-ray absorption of the 20 at% Ge-modified 8 at%
Yb:CNGG (red symbols and lines) and CazGa,GezO1, (blue symbols and
lines) crystals. (a) Normalised Ge K-edge XANES spectra (u). (b) k2-y(k)
weighted EXAFS spectra. (c) Real (circles and continuous lines) and
imaginary (diamonds and dashed line) parts of the Fourier Transform (FT)
of the k?y(k) signal in the phase-shifted scale. In (b) and (c), symbols are the
experimental data and lines are the simulated fits. Plots are vertically
shifted for clarity.

3.5.1.b. scXRD of Ge-modified Yb:CNGG. The Ge*" site posi-
tion in the CNGG garnet cannot be discerned exclusively from the
scXRD data analysis because of the close atomic numbers of Ga
(Z=31) and Ge (Z = 32). However, once the Ge** position has been
determined based on the XAS analysis as the 24d garnet site, and
taking into account the cationic composition results from EPMA,
the scXRD structure refinement of the Ge-modified 8 at%
Yb:CNGG crystal was carried out. In the final refinement cycles,
the procedure considered a fixed Nb>* 24d occupancy (with a
value similar to that obtained for previous CNGG crystals),
whereas the Ga®* and Ge*" occupancies over the 24d sites were
allowed to vary. The obtained 24d Ge*" occupancy was in accor-
dance with the EPMA analysis, as shown in Table 3 and Table S9.
Later, by fixing these Ga®* and Ge" occupancies, the Nb**
population in the 24d site was refined. The last refinement cycle
yielded the lowest discrepancy factor R; [I > 20(I)] = 0.0104.
According to this, the number of 24d vacant sites was estimated
as ~3%. Table 2 and Table S8 include these data as well as the
unit cell parameter, the oxygen positional coordinates, and Ca**,
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Yb*', Nb*" and Ga®" populations over the other available dodeca-
hedral 24c and octahedral 16a garnet sites. Positive values of the
anisotropic thermal displacements were obtained for all atoms.

3.5.1.c. OA of Yb*' in Ge modified 8 at% Yb:CNGG. Fig. 3c
shows the OA of the Ge-modified 8 at% Yb:CNGG crystal measured
at T'= 6 K. Firstly, it is worth noting the strong decrease in intensity
of the 4 =973 nm band formerly associated with the presence of a
24d vacancy nearby Yb**. The main band at 4 = 971.1 nm appears
broader than in the unmodified 8 at% Yb:CNGG crystal because of
the evident presence of a band shoulder at the high-energy band
wing. The band spectral decomposition evidences a band con-
tribution at /4 = 969.6 nm (10314 cm '), with the details presented
in SI Fig. S14 and Table S10. It is important to note that this new
band induced by the presence of Ge*" appears at a higher energy
than that induced by any other studied cations with lower oxida-
tion states in the Yb*" neighbourhood.

3.5.2. Ti*"-modified 8 at% Yb:CNGG. The Ti*' site in CNGG
garnets is uncertain. In some natural and synthetic Si garnets, Ti
is found simultaneously in the octahedral and tetrahedral
sites,>*>* and thus a specific study of the CNGG case is required.
The incorporation of Ti** into the CNGG lattice was first assessed
in powders prepared by SSS (24 h annealing at 1000 °C, followed
by a 24 h annealing period at 1150 °C). The Ti atomic percentage
is expressed with regard to the total Nb amount. XRD of these
powders shows that with up to 10 at% of Ti composition, only the
garnet phase is formed. In the case of larger Ti concentrations,
although the garnet phase is dominant, a second phase is
observed; see SI Fig. S5a. Thus, the Ti composition in the single
crystal was limited to 10 at% with respect to Nb, and two crystals
were grown with the following compositions: 5 at% Ti-modified
8 at% Yb:CNGG, Ca,;6Ybg24ND; 6031 Ti0.0544Ga5.1575012, and
10 at% Ti-modified 8 at% Yb:CNGG, Ca, 76Ybg.24Nb; 5185Tio 169
Gaz 157501,. The results obtained are similar for both Ti composi-
tions, and thus here we present only those related to the latter
composition. The presence of Ti** either in the as-grown or even
in vacuum-annealed CNGG crystals is ruled out because the
characteristic photoluminescence associated with its d* electro-
nic configuration was not observed.

3.5.2.a. XAS of Ti*" in 8 at% Yb:CNGG. The XANES spectrum
of 10 at% Ti-modified 8 at% Yb:CNGG was collected, along with
that of other reference oxides with 6-fold (SrTiO;) or 4-fold
(Y,TiM0oOg and o-Ba,TiO,) Ti-O coordinations. SrTiO; powder
was obtained by grinding a bulk single crystal, while o’-Ba,TiO,
and Y,TiMoOg microcrystals were synthesised following pre-
viously described methods,***® and SI Sections SI4.2 and S4.3
present the details.

Fig. 6a depicts a comparison of the collected XANES. Pre-
vious XAS studies have established that the XANES spectra of
4-fold coordinated Ti is characterized by a well-resolved peak at
4969.8 + 1.0 eV, which is absent in the XANES spectrum of
6-fold coordinated Ti.’® This XANES peak is clearly observed in
Fig. 6a for o’-Ba,TiO, and Y,TiMoOs, but it is not observed
in the 10 at% Ti-modified 8 at% Yb:CNGG crystal; thus, we
can confidently conclude that Ti*" does not occupy the 24d

2912 | J Mater. Chem. C, 2026, 14, 2902-2918

View Article Online

Paper

Z_(a) ocBazTiO4

O 255050005020 —5040
) ENERGY (eV)
4
2k
!
4 6 8 10,
WAVENUMBER (A"

1 2 3 Z
RADIAL DISTANCE (A)

Fig. 6 Ti K-edge XAS results for 10 at% Ti-modified 8 at% Yb:CNGG (red)
and reference compounds: tetrahedral Ti in o’-Ba,TiO4 (green) or
Y,TiMoOg (black) and the octahedral Ti in SrTiOs (blue) crystals. (a)
Normalised XANES spectra (). (b) k%-¢(k) weighted EXAFS oscillations. (c)
Real (circles and continuous lines) and imaginary (diamonds and dashed
lines) parts of the Fourier transform (FT) of the k?4(k) signals in the phase-
shifted scale. In (b) and (c), the data are the symbols and the fits the lines.
Plots are vertically shifted for clarity.

tetrahedral site of the garnet. Given that dodecahedral Ti
occupation is not known in garnets, the only remaining possi-
bility for Ti in CNGG is the octahedral 16a site.

Fig. 6b shows the EXAFS spectra of the 10 at% Ti-modified 8
at% Yb:CNGG crystal in comparison to that of the octahedral Ti
(CN =6) in the SrTiO; perovskite. The fit of the EXAFS spectra at
the Ti K-edge of the SrTiO; reference agrees with the known
values for the perovskite with Ti*" ions surrounded by 6 oxygens
at 1.96(2) A, 8 Sr cations at 3.40(3) A and 6 Ti cations at
4.00(6) A. In the case of Ti in the CNGG single crystal, a good
fit of the experimental EXAFS data is obtained considering Ti**
surrounded by 6 oxygens at a distance of 1.96(2) A, followed by
6 Ca cations at 3.41(4) A and 6 Ga cations at 3.44(3) A. These
radial distances are evidenced in the EXAFS weighted FT, as
shown in Fig. 6c. The comparison of the EXAFS-derived Ti
radial bond distances with that expected in the three crystal-
lographic sites of the garnet, as seen in SI Table S2, agrees
exclusively for Ti*" cations occupying the octahedral 16a site of
the CNGG garnet lattice.

This journal is © The Royal Society of Chemistry 2026
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3.5.2.h. scXRD of Ti-modified 8 at% Yb:CNGG. In the case of
CNGG, the radius mismatch for the replacement of Nb>*/Ga**
with Ti*" is Ar = —5.47% and Ar = —10.64% for the 16a and 24d
sites, respectively; see in SI Table S1. The comparison of the
lattice parameters of 10 at% Ti-modified 8 at% Yb:CNGG, a =
12.4720(3) A, and that of 8 at% Yb:CNGG, a = 12.4728 A, as
shown in SI Table S2, shows that basically there is no change,
which suggests the incorporation of Ti in the site with the
smallest radius mismatch, ie. the octahedral 16a site, in
accordance with previous XAS results.

The refinement of the scXRD results given in Table 2
provides an occupancy factor of 0.092 of Ti in the 16a site, ie.,
titanium is incorporated during crystal growth with a segregation
coefficient close to unity. Both the dodecahedral and octahedral
sites are totally occupied, but still 6% of the tetrahedral sites are
vacant. Although the Ca and Yb populations on the 24c site are not
affected by the incorporation of Ti, as shown in Table 3, the
relative Nb/Ga distribution over the 16a site favours the incorpora-
tion of Nb>". On the contrary, in the 24d site, in which Ti is absent,
Nb** is basically displaced by Ga*", while the population of
tetrahedral vacancies (6%) remains close to that found in 8 at%
Yb:CNGG, ie. 7.5%, as shown in Table 3.

3.5.2.c. OA of Ti-modified 8 at% Yb:CNGG. Fig. 3d shows a
comparison of the 0 — 0’ OA of Yb*>" measured at 7= 6 K in
10 at% Ti-modified 8 at% Yb:CNGG and in 8 at% Yb:CNGG single
crystals. For ease of comparison, both spectra have been normal-
ised to a unit area. It is evident that both spectra are equal, and in
particular the optical absorption band at 4 = 973 nm is observed
in both cases with rather similar intensity as expected due to the
slight change in the 24d vacancy density determined based on the
scXRD and PALS (Table 1) results. New Yb®>" OA bands are not
observed but the increase in the intensity of the 4 = 971.1 nm
band is consistent with the enhancement in the Ga*" OF in the
24d site. One can conclude that the modification of the cationic
charge over the 16a garnet site (Ga®>*/Nb>" substitution by Ti**) has
no, or very little, influence on the CF on Yb>".

3.6. Q=5+ Nb’" in Yb:CNGG

Nb®" is a constituent element of the CNGG crystals, which in
undoped CNGG is distributed in the 16a and 244 sites in the
ratio of 0.86/0.14. Yb*" doping with high concentrations
(>5 at%) displaces this ratio basically to confine all Nb>* in
the 16a octahedral site, and in parallel the concentration of 24¢
dodecahedral vacancies decreases near zero, while that of the
24d tetrahedral ones remains constant in the OF = 0.075 level,
as shown in Table 3.

The 6 K OA spectrum of Yb®" changes very little with an
increase in Yb concentration, suggesting that the minor
amount of Nb®>' in the tetrahedral 24d site has a minimal
contribution to the Yb** band shape. Basically, no tetrahedral
Nb’" is found in the 8 at% Yb-doped CNGG crystals, and both
the amount of tetrahedral vacancies and the intensity of the 1 =
973 nm OA band remain independent of the Yb concentration.

Attempts to dope the CNGG crystals with V' as an alter-
native pentavalent cation failed due to the lack of incorporation

This journal is © The Royal Society of Chemistry 2026
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of this ion into the garnet lattice, as shown in SI Fig. S7f, and
correspondingly no difference in the cryogenic (7' = 6 K) OA of
Yb** was found between the nominally V-modified and non-
modified 8 at% Yb:CNGG crystals, as shown in SI Fig. S17.

3.7. Room temperature fluorescence

Fig. 7 shows the Yb®*" luminescence of the Li-, 30 at% Mg- and
10 at% Ge-modified 8 at% Yb:CNGG single crystals. The
purpose of this characterization is to determine if the decrease
in the tetrahedral cationic vacancies has any effect on the
observed bandwidth. For this purpose, plate samples with the
same thickness (0.2 mm) were tested under identical experi-
mental conditions, i.e. keeping the same excitation power level
(130 mW) and wavelength conditions (Zgxc = 971.6 nm), as well
as monochromator slits (0.2 mm).

Fig. 7a and 7b show that the Li- and 30 at% Mg-modified
8 at% Yb:CNGG single crystals have slightly narrower Yb
emission than the unmodified 8 at% Yb:CNGG crystal, respec-
tively. On the contrary, in the 10 at% Ge-modified 8 at%
Yb:CNGG crystal, the intensity of the Yb** emission is observed
to increase in the low-energy band side in comparison to the
unmodified 8 at% Yb:CNGG crystal.

4. Discussion

The heterovalent substitutional strategy used in the present
work pursues the replacement of the 5+ and 3+ electric charges
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Fig. 7 Comparison of the room temperature fluorescence of the 8 at%
Yb:CNGG single crystals modified with (a) Li, (b) 30 at% Mg, and (c) 20 at%
Ge. All spectra have been excited at 2 = 971.6 nm with a TiSa laser.
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of the constituent Nb and Ga elements with other electric
charges in the range of 1+ to 5+. For this purpose, the growth
of CNGG single crystals modified with Li*, Mg**, Si**, Ge**, Ti*",
and V** cations was attempted. Only Li*, Mg>*, Ge**, and Ti**
produced single crystals of the garnet phase. The other cations
either do not incorporate into the crystal, as in the case of V**,
or the polycrystalline precursor and solidified materials are not
exclusively the garnet phase, as in the case of Si*'. Nonetheless,
the range of electric charges, namely, from 0 to 4+, that we are
presenting for the successfully grown CNGG single crystals
allows us to disclose their influence on the optical properties
of Yb*".

Firstly, it must be noted that the CNGG composition is
sensitive to the growth conditions as well as to the presence
of lanthanide doping elements. In particular, the incorporation
of Yb not only reduces the cell volume but also has a deep
influence on the density of cationic vacancies and the incor-
poration of Nb into the tetrahedral 244 site.'®'" Therefore, any
comparison of the changes induced by the incorporation of
other modifier cations in Yb-doped crystals must employ the
proper Yb:CNGG composition as the reference rather than the
undoped CNGG single crystal. To compare the different mod-
ified Yb:CNGG crystals, we selected a nominal (melt) 8 at% Yb
composition in the dodecahedral 24c site for all the presented
crystals. However, the segregation coefficient of Yb is also
sensitive to other co-dopants and may change from 0.9 to
1.1," which should be considered to explain minor fluctua-
tions in the observed results.

Further, the Ga volatility from the melt during the Czochralski
growth, which is also observed in other Ga-based crystals,>”>®
leads to a small depletion of the Ga/Nb ratio as the crystal is pulled
out from the melt during the growth process, as shown in SI
Fig. S12a. Given that the crystal becomes enriched in Nb>* ions, an
increase in cationic vacancy density can be expected to maintain
charge neutrality, which could explain the increase in the relative
intensity of the 6 K 0 — 0’ Yb*" OA band at / = 973 nm observed
from the seed to the end of the crystal, as shown in SI Fig. S13.

From the point of view of cationic incorporation into the
CNGG lattice, the simplest cases to be considered are Ge** and
Ti*". The similarity of the XAS results of Ge-modified 8 at%
Yb:CNGG and the reference Ca;Ga,Ge;0,, crystal, as shown in
Fig. 5, indicates unequivocally that Ge in CNGG sits exclusively
in the 24d tetrahedral garnet site (as in the reference). Alter-
natively, the absence of a peak at 4969.8 eV in the XANES
spectrum of the Ti-modified 8 at% Yb:CNGG crystal, as shown
in Fig. 6a, rules out its presence in the tetrahedral garnet site,
and the similarity of the XANES and EXAFS spectra for the Ti-
modified 8 at% Yb:CNGG and SrTiO; clearly indicates that Ti**
sits exclusively in the octahedral 16a garnet site. Thus, Ge** and
Ti*" are each in a different site of the garnet lattice, and their
influence on the Yb®*" 0 — 0’ OA observed at T = 6 K is quite
different. Although Ge** induces a reduction in the intensity of
the A =973 nm OA band and creates a new one at A = 969.9 nm,
as shown in Fig. 3c, the presence of Ti** does not introduce a
significant change in the energy position of the Yb** 0 — 0’ OA,
as shown in Fig. 3d. Therefore, it can be concluded that the
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most important contribution to the CF on Yb*' comes from the
occupancy of the 244 tetrahedral sites at the shortest distances
to Yb®" in the 24c sites, as shown in SI Fig. S1 and Table S3. In
fact, there are two edge-sharing 24d tetrahedra linked to the 24¢
dodecahedral polyhedron at the shortest intercationic distance
of 3.1242 A, which are expected to create the strongest CF
interaction with Yb*".

Li is another cation in CNGG that sits exclusively in the
tetrahedral 24d garnet site."" The CLNGG single crystals were
grown from a melt composition much closer to the stoichio-
metric garnet formula than CNGG, i.e. the amount of nominal
cationic vacancies in the precursor CLNGG composition is five-
times smaller (x = 0.025) than in the CNGG precursor (x = 0.125).
The reduction in the cationic vacancy density in CLNGG with
regard to CNGG was previously determined by scXRD refine-
ments,"* and now it is experimentally demonstrated by the PALS
results presented in Section 3.1.1. Table 1 shows that the
intensity of the long-lived lifetime for positron annihilation in
the cationic vacancies is reduced by x~16.6% from CNGG to
CLNGG, and by 6.2% from 8 at% Yb:CNGG to 8 at% Yb:CLNGG.
On the contrary, in the case of Ti-modified 8 at% Yb:CNGG, the
difference with regard to the unmodified 8 at% Yb:CNGG is less
than 1%. Clearly, the incorporation of Li reduces the vacancy
density upon the site it enters, i.e. the tetrahedral 24d garnet site.
In parallel to this cationic vacancy reduction, Fig. 3a shows a
decrease in the intensity of the A = 973 nm Yb®*" OA band
observed at T = 6 K upon the incorporation of Li'. Thus, in
parallel to the previous discussion for Ge**, this decrease in the
Yb*" OA must be ascribed to the reduction in vacant tetrahedral
sites in the first neighbor cationic shell around the dodecahedral
Yb**. Further, the OA intensity loss at /. = 973 nm is parallel to the
appearance of a new band at 971.9 nm in 8 at% Yb:CLNGG.

A decrease in the 4 = 973 nm band intensity and the
appearance of a new Yb®" OA band at / = 971.3 nm are also
observed for the 30 at% Mg-modified 8 at% Yb:CNGG single
crystal. In this case, the reduction in the 2 = 973 nm band
intensity is clear but its amount is smaller than that for the Li"
or Ge** cases. Unlike the incorporation of Li*, Ti*" or Ge*", the
Mg>" in 8 at% Yb:CNGG crystal is not located at a single site.
The Mg-modified Yb:CNGG XANES spectrum in Fig. 4a shows
features corresponding to the three garnet sites, and the scXRD
refinement quantified this distribution as 17% (24c), 8% (16a)
and 75% (24d) of the total Mg composition. The PALS results
elucidate that the vacancy density in the Mg-modified 8 at%
Yb:CNGG is intermediate between that of 8 at% Yb:CNGG and 8
at% Yb:CLNGG; thus, one would expect a lower reduction in the
A =973 nm OA band intensity than in the Li and Ge cases. In
fact, this is observed in the comparison of Fig. 3a and c with 3b.
Thus, the presence of Mg”* in the 24d tetrahedral site induces
similar spectroscopic changes in the Yb 0 — 0’ OA than that
observed for other heterovalent cations in this same site, while
the Mg fraction in the dodecahedral and octahedral sites would
behave as the Ti*" case, i.e. they do not have much influence on
the Yb®" energy level position.

Ga®" is the most abundant cation on the 24d tetrahedral site
(OF ~ 0.8). It even displaces 24d Nb°" to compensate for the
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increase in electric charge associated with Yb>" doping in the
Ca”" site, reaching OF > 0.9. The most intense Yb 0 — 0’ band
at 4 = 971.1 nm must be associated with the most abundant
environment around Yb, ie., where all the tetrahedral and
octahedral first neighbors are occupied by 24d Ga** and 16a
Nb>*, respectively.

In summary, we have shown that the different Yb>" 0 — 0’
OA bands observed at 4 = 973 nm, 971.9 nm, 971.3 nm,
971.1 nm and 969.6 nm can be correlated with the presence
of a vacancy (Q = 0), Li* (Q = 1), Mg>" (Q = 2), Ga*" (Q = 3) and
Ge"" (Q = 4) in the tetrahedral garnet site, respectively, while the
presence of Ti*" in the octahedral site substituting Nb>* has no
observable effect on the energy position of Yb*" OA. This shows
that the main contribution to the CF on the Yb*" sites arises
from the electric charges at the closest tetrahedra.

Nb>* is indeed found in the tetrahedral sites of CNCG.
According to the findings described above, it could be expected
that it would contribute with a Yb** 0 — 0’ OA band at 2 <
969.6 nm. However, the Nb 24d OF is only 10%, and as already
mentioned, the presence of Yb** decreases the Nb 24d OF to
0.5-0.3%. It seems likely that such a minor amount of Nb>* in
the tetrahedral site cannot be resolved in the experimental
spectra despite the high spectral resolution used.

From a mode-locked lasing point of view, the interest is to
find how the changes introduced in the energy of the Yb**
electronic levels may modify the fluorescence bandwidth.
Fig. 7a and b show that in parallel with the disappearance of
the =973 nm 0 — 0’ OA band, the Yb*" fluorescence becomes
slightly narrower. This is consistent with the reduction in the
range of energies exhibited by the available Yb centres in each
case including 1.2744-1.2769 eV (1 = 973-971.1 nm) for
Yb:CNGG versus 1.2758-1.2769 eV (1 = 971.9-971.1 nm) in the
Yb:CLNGG case. Thus, elimination of the tetrahedral vacancies
present in CNGG would not be desirable for a reduction in the
laser pulse duration. However, Fig. 7c shows that in the 20 at%
Ge-modified 8 at% Yb:CNGG case, some band broadening is
observed despite the fact that Ge in the tetrahedral 24d garnet
site also reduces the concentration of cationic vacancies of this
site. Somehow, the new OA observed at A = 969.9 nm associated
with the presence of a 4+ charge in the 24d site is able to
compensate for the loss of centres with absorption at A =
973 nm. Nevertheless, this preliminary conclusion must be
taken with caution because the actual Yb concentration in the
crystals is reduced from 9.1 at% in nominally 8 at% Yb:CNGG to
7-7.5 at% in the Li- or Mg-modified 8 at% Yb:CNGG crystals; on
the contrary, in the case of the used Ge-modified crystal, the Yb
concentration increases up to 12.8 at%. These modifications in
the Yb concentration may have an influence in the Yb*" fluores-
cence profile due to the emission reabsorption. Future work is
required to confirm the Yb®* fluorescence profiles free of
fluorescence reabsorption as well as to extend these concepts
to the most common 3-5 at% Yb concentration level used in
laser applications.

Several works, some of them described in the Introduction,
have studied isovalent substitutions in YAG single crystals or
transparent ceramics® to modify the Yb®" electronic level

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry C

energies but without great success. Heterovalent substitutions
in YAG have been rarely attempted. One such case was the mixing
of Yb:YAG with Mn;Al,(SiO,); garnets.® In the latter work, the
heterovalent substitutions of Y** by Mn>" and AI*" by Si*" were
attempted. Unfortunately, the incorporation of Si into the crystal
was not detected, as in the current case of Si-modified CNGG, as
shown in SI Sections S2.2 and S8.2; thus, no modification of the
tetrahedral garnet site was achieved. Conversely, Mn*" sits in the
dodecahedral site, or it could also be distributed in the octahedral
site; see in SI Fig. S1. However, as discussed above, the electric
charge modification on these sites has little influence on the Yb**
0 — 0’ OA. As a result, the Yb*" fluorescence bandwidth obtained
through this YAG modification was only FWHM = 140 cm™ ', which
is somehow higher than in Yb:YAG (FWHM = 85 ecm ™), but far
below that observed in Yb:CNGG (FWHM = 220 cm ™). From this
perspective, the heterovalent substitution of AI*" with Ge**, rather
than Si**, would seem more favourable, although in the ceramic
processing, other factors, such as refractive index matching, could
limit the transparency.

5. Conclusions

Single crystal growth of 8 at% Yb-doped Ca;(NbGa[d);0,,-type
garnet (CNGG) modified with other optically silent cations was
possible for Li*, Mg>*, Ge*" and Ti** within some incorporation
limits of ~10% of the corresponding site occupancy. These
heterovalent substitutions of the trivalent (Ga®") and pentava-
lent (Nb>") constituent cations simultaneously introduce some
lattice strain and electric charge misfit in the CNGG crystalline
lattice. The *F,/,(0) — F5/,(0') transition (shortly 0 — 0’) of
Yb*" measured at T = 6 K has been found to be a sensitive local
probe for the crystal field (CF) changes introduced by these
crystal modifications.

The combined X-ray absorption (XAS) and single crystal
diffraction (scXRD) analyses of Mg-, Ge- and Ti-modified
Yb:CNGG single crystals, along with previous studies on the Li
case, show that Li and Ge are found exclusively in the tetrahe-
dral 24d crystal garnet site and Ti is found exclusively in the
octahedral 16a site, while Mg distributes in the three (dodeca-
hedral, 24c¢; octahedral, 16a; and tetrahedral 24d) garnet sites.

Previous scXRD studies showed that cationic vacancies in
the three crystal sites are characteristic of undoped CNGG, but
in CNGG crystals doped with Yb in excess of 5 at%, they are
found with significance only in the tetrahedral 24d site. This
view is now corroborated by positron annihilation lifetime
spectroscopy (PALS), which shows a significant reduction in
the intensity of the long-lived lifetime characteristic of positron
annihilation at the vacancy defects upon Yb doping. The PALS
results show a further reduction in the Yb:CNGG vacancy
density when the crystal incorporates Li (as anticipated by
ScXRD in previous works), and to a lesser extent, Mg, but Ti
incorporated in the octahedral 16a site does not reduce the
concentration of cationic vacancies present in Yb:CNGG.

The 0 — 0’ Yb*" optical absorption (OA) shows several bands
related to the coexistence of several Yb** centres in the disordered
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CNGG host. The most intense OA band of Yb:CNGG at 4 =
971.1 nm should be related to the most common Yb environment
associated with the exclusive presence of Ga®" in the nearest-to-
YD 24d tetrahedral site. Another less intense but well-resolved OA
band at 4 = 973 nm is also found in the non-modified Yb:CNGG
crystals. The intensity of the latter band increases as the crystal
growth proceeds, i.e. its intensity is larger at the crystal end than
at the beginning, which is associated with a decrease in Ga
incorporation as the growth proceeds. This minor band at 4 =
973 nm is ascribed to the presence of an empty tetrahedral
vacancy with zero electric charge nearby Yb*'.

Heterovalent cations incorporated in the tetrahedral site,
such as Li*, Mg** and Ge**, simultaneously reduce the cationic
vacancy density on this site and the intensity of the 4 = 973 nm
Yb*" OA. Conversely, the incorporation of Ti** in the octahedral
site does not modify the OA Yb®" spectra. The modification of
the Yb*" environment produces new OA bands at A = 971.9 nm
for Li*, 2 = 971.3 nm for Mg**, and 1 = 969.6 nm for Ge"".
Consequently, the position of the 0 — 0’ Yb** OA shifts to a
higher energy (shorter wavelength) as the cationic electric
charge in the Yb*" neighbourhood increases. This shows that
heterovalent substitution in the tetrahedral 24d site of the
garnet structure is the main driving force to change the CF on
Yb and could be implemented in laser garnets (YAG and others)
either by crystal growth or ceramic processing with the potential
of larger inhomogeneous fluorescence broadening than that in
the previously widely conducted isovalent substitution strategy.
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