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Abstract : We have developed laser grade and highly Yb*-doped cubic rare-earth sesquioxides (RE,Os, RE = Y, Gd, Lu)
single crystals by means of a newly designed high-temperature solution growth method which gives them spectroscopic
properties different from those obtained by high-temperature solidification methods. Absorption and emission cross
sections, visible anti-Stokes emission, fluorescence decays of the new cubic Gd,03:Yb?* single crystals are presented and
compared to those of Y,03:Yb3" and Lu,03:Yb3* crystals. The case of cubic Gd,03:Yb3* is particularly interesting since its
basic spectroscopic properties have never been detailed and we were capable of achieving Yb-doping level as high as 20%.

1. Introduction

Since at least 20 years, the growth and development of laser grade cubic RE;O5 (RE=Y,Gd,Lu,Sc) single crystals have been
proceeding apace [1-5]. In 2010, a successful power scaling of a single passively mode-locked thin-disk laser cavity was
achieved with Lu,03:Yb?* crystals which delivered an average power of 141 W under diode pumping at 976 nm [4]. In
2011, it is an impressive 670 W output power that was obtained in CW regime also using thin disk technology with a
Lu,03:Yb>* crystal [6]. Several methods have again been put forward these last three years to grow pure and RE’**-doped
(RE’=Tm, Er or Yb) cubic RE;O3 (RE=Y, Lu or Sc) single crystals [2,5,7,8]. In this work, we present spectroscopic
characterizations of newly flux grown cubic and Yb3*-doped RE,Os; (RE=Y,Gd,Lu) single crystals [5], focusing more
particularly on Lu,03:Yb3* and Y,0s:Yb** crystals, while also showing the heretofore unknown absorption, stimulated
emission and anti-Stokes emission spectra of highly-doped cubic Gd,0s:Yb** crystals. Our flux growth technique validated
with Y,03:Yb3* and Gd,03:Yb3* crystals laser operation, which exhibited laser efficiencies comparable to those of crystals
obtained by means of other growth techniques [9]. We emphasize that this flux growth process, which uses LisRE(BO3)3
(RE=Y, Gd, Lu) as the solvent working at half the melting temperature of the corresponding RE,Os3, allows to achieve
optimal doping for high-power laser applications, impedes the dissolution of OH" groups in the crystals, avoids the
reduction of Yb** ions into Yb?* ones (and its resulting absorption lines around 600, 520 and 480 nm [10]), favours broader
absorption and emission lines. Such a broadness, as well as anti-Stokes emission spectra, are discussed within the scope
of an exhaustive chemical analysis of Lu,03:Yb3* and Gd,0s:Yb** crystals by GDMS. Moreover, it is found that in Y,03:Yb3*
crystals, up to an Y3* substitution rate for Yb3 cations of 6.5 %, this growth technique drastically hinders the formation
kinetics of Yb3* pairs that would lead to a cooperative emission around 500 nm [10,11] detrimental to the fluorescence
quantum vyield of the Yb*' ions near infrared (NIR) emission.The intermetallic SmCos was prepared by melting of
stoichiometric amounts of the constituent elements under a purified argon atmosphere in an induction levitation furnace.
The purity of the starting materials was as follows: Sm, 99.9%; Co, 99.99%. Before milling, the powder was sieved at 100
um in a dry-box. SmCos particles were obtained by grinding using a Fritsch P5 high-energy apparatus. The ratio weight of
ball over weight of sample is 15 and the rotation speed was fixed at 300 rpm. The diameter of the ball used for grinding
is 10 mm. The applied pressure of H, was 1.1 MPa.

2. Experimental

All the experimental details about the growth and characterization of the samples have been given elsewhere [5,12]. The
Yb** contents were determined by EPMA/WDS over large facets and the following average compositions in the crystals
that were studied in this work are: Lui91Yboo9Os, Lu1seYbo1403, Y1.87Ybo.1303 and Gdi7,Ybo2s0s3. So far, the highest
concentrations that we could achieve are LuissYbo.1403, Y1.69Ybo3103 and Gdi161Ybo 3903, and we have not identified the
solubility limit. The ratio of final Yb3* concentration in the crystals over initial Yb3* concentration in the growth melt was
determined to be ~2.1 in Gd;03, #1.6 in Y,03 and ~0.9 in Lu;0s. Magnetic susceptibility was measured in field-cooled




mode using a Quantum Design SQUID MPMS XL magnetometer operated in the 4.2-354 K temperature range under an
applied magnetic field of 5 mT. A high-temperature HEM-grown Lu;.sesYbo 03503 crystal from Fee GmbH, of mass 185.7 mg,
and a flux-grown Lui gYbo 1403 crystal of mass 199.7 mg were mounted in a capsule placed in a straw. The negligibly small
diamagnetic contribution of the capsule was not subtracted from our data. Visible and NIR absorption spectra were
recorded with a Varian Cary 5000 spectrophotometer. Continuous-wave emission spectra were collected at room
temperature in the visible and NIR spectral range by exciting the sample between 910 and 954 nm, and recorded with a
HORIBA Jobin Yvon spectrometer. Exhaustive trace element chemical analysis (75 elements except C, H, O, N) was
performed by GDMS on a single crystal of composition Luie1YboosOs, and another single crystal of composition
Gd1.72Ybo.280s.

3. Experimental

3.1 Absorption and emission spectra, Yb** ions radiative lifetimes

The absorption and reciprocity method (RM)-calibrated emission spectra of Lui.91Ybo0sOs and Y1.57Ybo.1303 single crystals
have been shown and interpreted elsewhere [5,12]. Yb*-doped Gd,03 absorption spectrum is shown in Fig. 1. Calibration
in cross-section units was performed with a concentration of 3.6 10%! cm?, that is, 14 % of Yb3* cations substituted for
Gd* ones. Such a concentration is certainly much higher than the concentration that would optimize the experimental
lifetime. This optimum, resulting from the antagonistic effects of self-trapping and concentration quenching, was found
to be 1.6 10%° cm™ in Y,03:Yb3* crystals [13]. The high substitution rate achieved in our crystals should permit to reduce
its thickness down to a few hundred microns, allowing for an efficient cooling while maintaining a high absorption yield
under thin-disk laser operation. The fact that the 5-4 transition peaks at 1074 nm proves the cubic structure of the crystals,
in which % of the Gd®* cations exhibit a C, point group symmetry and % of them a C3; point group one. Indeed, in monoclinic
Gd;0s crystals, this transition is shifted at ~1105 nm [14]. The inset in figure 1 shows an energy level diagram and the
transition lines actually observed are compatible with the expected crystal-field Yb3*-ion manifold splitting for the C,-point
symmetry. The forced electric dipole contribution to this transition oscillator strength is much higher (f°/f¥°~11) in Gd,0s
than in Y,03 and Lu,0s crystals [5]. The radiative lifetime calculated with this absorption spectra, taking a degeneracy ratio
of the 2Fs;; and %F7, multiplets g(*Fs/2)/g(?F-/2)=% and an average wavelength ~950.8 nm, is about 0.495 ms. Such a small
value must be corrected by means of Auzel’s method [15]. Indeed, by calculating the oscillator strength and the
spontaneous emission probability with, in his notations [15], a=1.67 10%° cm?, B=1.417 10%° cm?, y=0.183 10%° cm?, 3~0
cm?, and the energy level diagram given in figure 1’s inset to estimate each multiplet’s partition function, we find
g(%Fs2)/g(%F72)~1.49, hence a radiative lifetime ~0.982 ms, slightly lower than the radiative lifetime estimated for
Y,03:Yb3* crystals (1.1 ms, [5,11,12]). The Yb*-doped Gd,0s; emission spectrum shown in Fig. 1 was calibrated in cross-
section units by the method discussed by Payne et al. [16]. The radiative lifetime necessary to match the Fuchtbauer-
Ladenburg (FL)-transformed spectrum with the reciprocity method (RM)-transformed one is ~67 % higher than the correct
radiative lifetime determined above. The origin for such a discrepancy is likely to be due to a strong reabsorption effect,
which was confirmed by varying the excitation wavelength at 910, 932 and 954 nm. The 5—3 emission line profiles in our
crystals are different from those of Hraiech PhD thesis work [11], in the sense that they are broader (FWHM=~15.6 vs 13.7
nm in Y,03:Yb** and FWHM=15.1 vs 12.4 nm in Lu,03:Yb3* crystals [5,11,12]) and that we do not observe any covalence
effect on the cross-section peak value in Lu;03 with respect to Y,0s crystals.

The 5—4 emission line cross-section peak values also are much smaller and the FWHM higher in our samples than in hers
[11]. Moreover, the 5—3 emission peak cross section is ~25% higher in Gd1.7,Ybo 2503 crystals than in Y1.37Ybo.1303 and
Lu1.91Ybo.09O3 counterparts [5], which is likely to be due to some covalent effect. The transmission spectra measured in the
range 200-800 nm (Fig. 2) also establish the absence of absorption lines due to Yb* ions, likely to appear around 600, 520
and 480 nm [10]. FTIR spectra (Fig. 2) were devoid of any absorption line around 3 um in Lu,O3:Yb3* crystals, and a small
one was detected in Y,0s:Yb® crystals which, once adequately corrected for Mie, Rayleigh and Urbach diffractions and
integrated, leads to an OH™ concentration [5,11,12] of 2.2 10?! cm?. Indeed, for the 0-3.4 10*! cm™ OH -concentration
range in Y,0s:Yb®" crystals, one can extract an approximate law from Hraiech PhD thesis work [11], now.(cm3)~6.9348 10%°
A(cm??), with A being the area below the absorption coefficient (cm™) (versus wavenumbers (cm™)) peak assigned to the
OH- groups absorption. In order to check the presence of Yb% in Lu,Os crystals, as well as that of possible other TM3*
contaminants (TM=transition metal), we measured the magnetic susceptibility, expressed in the MKSA units system, of
two single crystals, one Lui gsYbo 1403 flux-grown crystal and one HEM-grown Lus.gesYbo.03503 crystal from Fee GmbH (figure
3).



The Lui.s6Ybo.1403 flux-grown crystal exhibit a Curie-Weiss behavior from ~110 K to at least 354 K, with a Curie constant
C~0.097 K and a paramagnetic Curie temperature 0,=-43.1 K, showing that the overall magnetic couplings are
antiferromagnetic, and leading to an effective magnetic moment pe~4.29 ps/Yb*. This value corresponds to 94.7% of
the theoretical free ion value. The discrepancy only slightly exceeds the error bar (~5%) and is likely to be due to the
ionocovalent nature of the chemical bond. In the HEM-grown Lui.sesYboo3sOs crystal, it is not possible to identify a
temperature range broad enough to perform a Curie-Weiss fit. Instead of this, it looks like there are three successive
linear segments of the inverse susceptibility over the same temperature range (from ~110 K to 354 K), which suggests
that Yb3* cations are distributed over several crystallographic sites which do not appear in the flux-grown crystal. In
addition, it is obvious that the Curie constant is weaker, which taking into account the weaker Yb concentration, suggests
that their magnetic moment is higher than both the effective Yb%*" magnetic moment determined above and the
theoretical free ion value. As Yb?* cations are isoelectronic with Lu®* ones, they have no magnetic moment and display a
weak diamagnetic response to the magnetic field. Consequently, we are led to assume that this “multi Curie-Weiss”
behavior might be due to the dissolution of paramagnetic impurities, such as Fe* (Uifree-ion®5.95 pa/Fe®), Tm** (Usree-ion~7.56
ue/Tm?*), GA®* (Uifree-ion~7.94 1s/Gd>*) or Er** (Uree-ion~9.58 us/Er3*).

3.2 Yb*-ions fluorescence decays and NIR fluorescence quantum yield

Yb3**-ions fluorescence decays under resonant excitation are exponential over three times the experimental lifetime (Fig.
4), which is 0.93 ms for Y,03:Yb?*" and 1.02 ms for Lu,05:Yb** single crystals. The former value, when inserted in the Texp
versus [Yb*] curve of Auzel [13], leads to an Yb3'-concentration value consistent with the Yb3* ions concentrations
characterized by both X-ray diffraction and electron probe microanalysis [5], and turns out to be slightly lower than the
highest values (~1 ms) found in the literature [10,11]. The latter value stands among the highest ones ever obtained in
this family of crystals, suggesting that Lu,03:Yb?* single crystals are optimally doped [10,13]. The GemTexp Storage parameter
around 1030 nm is on the order of magnitude of 7 10%* cm?.s, that is, one order of magnitude lower than that of state-
of-the-art YAG:Nd3* crystals at 1064 nm, but still likely to make these crystals competitive for energy storage with a view
to high average or peak output powers delivery in diode-pumped laser operation. The exponential fit is less convincing
for the Gd,0s:Yb*" crystal but however leads to an experimental lifetime 0.48 ms, which is likely to be due to the high
substitution rate. To explain the difference between the experimental and the radiative lifetimes, which leads for example
to a fluorescence quantum yield of ~85 % in the Y,03:Yb3* crystals, one must consider a series of mechanisms competing
with the radiative one [11,17]. The non radiative multiphonon emission relaxation mechanism can be looked upon as
negligible. As a matter of fact, for Y,03:Yb3* crystals, several classical and refined gap laws have been established [18-21],
and for AE=9704 cm™ [5], the probability for this mechanism is, to the maximum, ~10* s’*. Another mechanism which can
be discarded is that of radiative quenching by excitation of OH" vibrations. Indeed, for the OH™ concentration determined
in our Y,03:Yb3 crystals, the decay time series of measurements as a function of proton content performed by Hraiech
[11] allows for an estimate of this mechanism’s probability 67 s*. For the 7.1 10%° - 3.4 10%! cm™ OH -concentration range
in Y203:Yb3* crystals, one can extract from her measurements an approximate law, Ton-(s)*-2.1749 102* nou.(cm™) +
0.0199353, with tlou. the contribution of this mechanism to the total non radiative relaxation probability, assumed to be
independent on the other contributions.

3.3 Anti-Stokes (AS) emission spectra, Er>* and Tm3* impurity ions fluorescence transients

Looking for relevant mechanisms, such as Yb3* pairs cooperative luminescence [22] and Yb-RE energy transfers by
upconversion (ETUs) [23-25] competing with the NIR radiative one [17], we carried out anti-Stokes emission spectroscopy
on our crystals (Fig. 5). According to the purity assessment performed by means of mass spectroscopy by the raw powder
suppliers for 5N Y,05, 5N Gd,03, 4N Lu,03 and 4N or 3N8 Yb,03 raw powders, the maximum impurity concentration that
we should expect in the initial loads that we prepared for growth runs are gathered in table 1.

Figure 5 shows in the three crystals the typical AS emissions from Er3* (*Ss2, *Fg/2) and Tm3* (1Ga) ions in the visible range.
At an excitation power of ¥1 mW, no AS emission from the Er3* 2Hg;; multiplet around 410 nm was observed [11],
suggesting a very low concentration of this ion. In the case of the Lu,03:Yb3 crystal a low Er concentration was indeed
found by GDMS analysis. No Li nor B traces are found at the ppm level in Yb,03, Gd,03 and Y,0s3 starting products and yet
they were found in the final crystal in substantial amount (~3 1017 cm), which firmly establishes their dissolution in atomic
forms because their concentration ratio is not that expected from the flux composition. As these impurities were not
found in Hraiech crystals [11], we believe they might constitute part of the explanation for the higher inhomogeneous
broadening of the 5-3 and 5-4 emission lines observed in our crystal. Another contribution to the inhomogeneous
broadening could lie in the elastic strain field arising from flux inclusions, especially in Y,03:Yb3* crystals where the



exhaustive GDMS chemical analysis was not possible. Table 1 suggests that our flux growth method has the ability to
lower the Er, Tm, Nd, Dy and Fe contents of Lu,0s:Yb*". The inset in Fig. 5 displays a zoom of the data in the blue-green
spectral range (500-525 nm) together with a convolution of the NIR spectrum by itself indicating the possible peaks likely
to arise from cooperative luminescence from Yb3* pairs (with characteristic lifetime Texp/2). This mechanism usually gives
emission lines in cubic Lu,0s:Yb** single crystals at 513 nm [10], 505 and 520 nm [11] and can be related to Yb3* cluster
formation [26,27]. The absence of such cooperative emission lines in our measurements, even at excitation powers higher
than 1 mW, suggests that Yb3*-ions pairs were not formed in the course of our crystal growth process. This might be a
result of hindered formation kinetics due to the fact that the crystals grow at half their melting point temperature, at least
for Yb* substitution for RE®* cations rates up to 6 %. As a matter of fact, in the case of Gd,03:Yb3* crystals, the large
substitution rate achieved in this study makes the Yb-pairs formation unavoidable and a very broad emission is observed
between 495 and 520 nm, where cooperative emission lines are expected (502 and 517 nm).

Ln-Ln plots of the AS emission intensity vs excitation power, far from saturation, are shown in Fig. 6 to evidence the two-
and three-photon processes involved in the population of the Er3* 4S3/, and “Fg/2 multiplets, and of the Tm3* 1G4 multiplet.
As non radiative phonon emissions relaxations are also involved in these Yb-RE ETUs, there are some deviations from the
expected 2 and 3 slopes. In the case of Tm>* ions, the stronger deviation from the expected value may also arise from
other transfer or emission mechanisms simultaneously at play under these excitation conditions.

Er* (%S3;2) and Tm3* (1G,) fluorescence transients under non resonant excitation at 976 nm in Lu;.91Ybo0sOs, Y1.57Ybo 1303 and
Gd1.72Ybo.2303 crystals are shown in Fig. 7. They exhibit two main features: (i) an intensity rise with a finite characteristic time due to
the multiple photon absorptions, intermediate non radiative decays and Er®* #S3;; and Tm3* 1G, multiplets experimental lifetimes; (ii)
once the intensity maximum is reached, a non exponential decay with a decay time related to the Yb3* 2Fs;; multiplet lifetime (typically
Texp/2). Since the rise time and the average decay times for both ions dissolved in these crystals are on the order of a few hundreds of
us, it is clear that under high excitation powers, or at high Er®* and Tm3* concentrations, such mechanisms are likely to deplete the
Yb3* 2Fs/, multiplet and to increase the heat load released in the crystal. As a first approach, we could fit these transients with Buisson-
Vial’s kinetic model [28] and find that W,isex7967 s and Wgec~1415 s for the Er3* 4S3;, AS emission, and that W.~2417 s and
W ecr2406 st for the Tm3* 1G4 AS emission in lutetia crystals. In the case of Er3* 4Ss, fluorescence transient, the higher intensity slope
near t=0, as compared to that of Tm®* 1G4, may also mean that in the former ions a GSA+ESA sequence involving the Er3* *l;;,, multiplet
is efficient in feeding the 2H11/,-%Ss/; levels, after a fast non radiative relaxation from the %F7,, multiplet by multiphonon emission.

3.4 RE* impurities partition in the crystals

The rare earth (above all Er, Tm, Nd and Dy) contents in our flux grown crystals probably give the beginnings of an
explanation for the trend in laser performances obtained recently [9]. With a pumping wavelength Ap=977 nm, an
absorption yield of 1ps~98 %, a pump beam diameter of ¢p»=60 um and an output coupler of Toc=4 % in Gd1.72Ybo 2303 and
of 6 % in Y157Ybo.1303, the following thresholds and laser slopes in quasi continuous regime were obtained:

e in Gd17,Ybo2803, P4p=729 mW, Nap=33 %, Prisa=464 MW, Mrisa=45 %, and in continuous regime nap=26 % (“dp” means
diode pump);

®in Y187Ybo.1303, Pap=307 mW, Ngp=58 %, Pri:sa=212 mW, Nrisa=66 %, and in continuous regime Mgp=51 %.

The main counterintuitive facts about our growth process are twofold: firstly, it permits to reach unprecedented
substitution levels, secondly, it dissolves more Yb3* cations in Gd,0s than in Y,03, and more Yb* cations in Y,0s than in
Luz0s. Our growth experiments suggest that the solubility limit of Gd,0s (main solute) in LisGd(BO3)s (solvent) is higher
than that of Yb,05 (secondary solute), and that the situation is reversed for Lu,Os (main solute) in LisLu(BOs)s (solvent), in
such proportions that compensate for solid state thermodynamics. As a matter of fact, in the TM impurity concentration
range 10 cm™ and less, the LisGd(BOs)s solvent/Gd,0s crystal partition equilibrium coefficient, ko, reads:

S L ASLGB  AslGB LGB LGB . RV
~,LGB;sat , LGB sat AS o TASTEd astM—‘ ’VN{d.'[MEL.‘r} Md.ud£03 AU 5 —87GTq (rr—T6a)
ko ~ 1 Gd;03 “"Gdy04 - e .
0~ IGBsat ,LGBsat
/1 TM03 “"TM; 03

provided that the entropy changes upon dissolution of any TM;0s in solid Gd>0s and in liquid LisGd(BOs)s, and of Gd;0s in
liquid Li¢Gd(BOs3)s, are mainly of vibrational origin. In this expression, Y™ and x'™*? stand for the activity coefficient and
solubility limit of Gd,03 or any TM,03 in saturated liquid LisGd(BOs)s. Since the first ratio is usually close to 1, the solubility



limits ratio appears as the most important term which is likely to compensate for the “solid state thermodynamics” terms
playing arole in the exponentials brackets [29]. AS’s and AH’s are entropy and enthalpy changes upon dissolution of Gd,03
in liquid LisGd(BO3)3 or any TM,03 in solid Gd,0s3 or in liquid LigGd(BOs)s. Dissolution enthalpy changes in high temperature
melts are to be measured by drop calorimetry and cannot a priori be easily calculated. AUit, G and r symbolize the lattice
energy change upon dissolution in the crystalline state between pure TM,0;5 and pure Gd;0s, the Gd,03 shear modulus
and the ionic radii of Gd** and TM3* cations in the relevant coordination number, respectively. Since any TM3* solubility
increases with native Schottky defects concentrations in solid Gd,03 and in liquid LisGd(BOs)s, and the same occurs for
Gd* in liquid LisGd(BO3)3, one understands that the lower the solubility limit of Gd,0s in liquid LisGd(BOs)s with respect
to that of any other TM,0s3, the lower its contamination by any other TM will be. The ratio of Li over B concentrations
(~0.9 in Lu,03 and ~4.6 in Gd,03) clearly discards the presence of solvent inclusions in the investigated samples but the
effect of the solvent is evidenced. A logical consequence of this thermodynamic property of the LisRE(BOs); (RE=Lu,Gd,Y)
solvent is that while LigLu(BOs)s purifies Lu,03:Yb3* crystals in Er®*, Tm3*, Nd**, Dy** and Fe3* impurities, the LisGd(BOs)s
solvent contaminates Gd,03:Yb*" with the same elements, thus explaining the anti-Stokes emission transients and part of
the fluorescence quantum yield and closely related laser slopes.

4. Conclusions

We have shown that Yb3**-doped cubic RE,0; (RE=Y,Gd,Lu) single crystals grown by the widely spread flux method, using
an original and nontoxic solvent, and growth setup design operative in air and at half the melting temperature of these
compounds, can be optimally doped for high-power laser applications, without OH™ groups dissolution, without Yb®* ions
reduction into Yb?* ones and with broader absorption and emission lines in the NIR spectral range. Such a broadness, as
well as anti-Stokes emission spectra, were discussed within the scope of an exhaustive chemical analysis of the samples
by GDMS which established that this flux growth process has the ability to purify the lutetia crystals for Er, Tm, Nd, Dy
and Fe impurities but contaminates them with Li and B atoms. It is found that up to an Y** substitution rate of 6 % this
growth technique drastically hinders the formation kinetics of Yb3* pairs that would lead to cooperative emission around
500 nm detrimental to the fluorescence quantum yield of the Yb3* ions near infrared (NIR) emission. Yb** absorption and
stimulated emission cross sections in cubic Gd1.7,Ybo 2503 crystals at the zero phonon line were found to reach ~1.6 10°%°
and 2.8 10 cm?, respectively, and the experimental lifetime ~0.48 ms. The trend in laser slopes is consistent with
fluorescence quantum yield and partly interpreted by means of GDMS trace element analysis.
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Fig. 1. Absorption and stimulated emission cross-sections of a cubic Gd1.72Ybo 2303 crystal grown by the flux method. The
excitation wavelength of the Fuchtbauer-Ladenburg (FL)-calibrated spectrum was 932 nm. RM stands for reciprocity
method.

a)
0.6
T —Gd; 5,Ybg 503, T(365 nm)=0.5
0.4 Luy g4Ybg 9903, T(313 nm)=0.5
0.2}
1 1 1 1 1 1 1 1 1 ]

0.0 P A . N . R . L
200 250 300 350 400 450 500 550 600 650 700 750 800

Wavelengths (nm)



12 Ll @(OH)~0,06 cm®

0.D.

0.0 L 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1

Wavelengths (um)

Fig. 2. (a) Visible and near UV transmission, uncorrected for reflection losses, of the Yb*'-doped cubic gadolinia (t=3.02

mm) and lutetia (t=1.11 mm) crystals grown by the flux method. (b) FTIR spectra of Yb**-doped cubic gadolinia, yttria and
lutetia crystals.
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Fig. 3. MKSA magnetic susceptibility and inverse magnetic susceptibility of a Lu;gsYbo1403 flux-grown crystal and an HEM-

grown LusesYbo03503 crystal. The blue dashed line is a guide to visualize the Curie-Weiss behavior or what could potentially
be interpreted in terms of such behavior.
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Fig. 4. Yb* ions fluorescence decays in gadolinia, yttria and lutetia single crystals grown by the flux method, at Aem=1030
nm under Aexc=985 nm for the two latters and Aexc=975 nm for the former.
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obtained under excitation at 975 nm for the two former and at 932 nm for the latter.
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Table 1
Maximum impurity concentration expected in the growth loads and impurity concentrations found in the flux grown Lu;.91YbppgO3 and Gd 73Ybg2503 crystals.
Initial maximum impurity concentration Y 57Ybg 1305 (cm—3) Gdy75Ybg 2505 (cm—3) Luq g;Ybge05 (cm—3)
Er (3-5)- 10" 10'° 2.10'®
Tm (0.4-2)-10'® <10'® §-10®
Nd 8.10'® 3-10' 10
Dy 3.10"° 6-10™ 9.10'"
Fe (0.2-2)-10"7 5.10' 108
Li <10" <10™ <10
B <10" <10 <10™

Impurity concentrations found in the Lu; g;YbggeO3 crystal.

[Er]=3.7-10"cm >, [Tm] =1.1-10"® cm 3, [Nd] =3.9 - 10" cm 3, [Dy] = 10" cm 3.
[Fe]=10""cm~3, [Li| =2.9- 107 cm>, [B] =3.2 - 10" cm 3.

Na, Mg, Si, P, K, Zn, As, Y, Zr, Sb, Ce, Gd ~ 10'8 cm™.

Al Ti, Cu, Ba, Tb ~ 10" cm 2.

La~10"em™.

Impurity concentrations found in the Gd; 72Ybg 2505 crystal.

[Er]=2.4-10"%cm™3, [Tm| =4.5 - 10'"® cm~3, [Nd] =3.6 - 10'® cm~3, [Dy] =2.5 - 10" cm~2.
[Fe]=1.7 - 107 cm™3, [Li] =1.8-10" ecm™3, [B] =3.9-10"% ecm™3, [Y] =1.3- 10" cm™3, [Ce] =9 - 10" cm 3.
Na, Al Si, Ca, Zr, Tb ~ 10" cm .

Mg, K, Ti, Cu, Zn, Sb, La, Eu, Sm ~ 10’ cm—3.

P, Ba, Pr~ 10" cm™3,






