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In this work nanostructured powders with nominal composition Y4Zr;0;,, undoped and doped at Yb®* 1 mol%,
were synthesized by the polymerizable complex method. The crystal structure, microstructure and performance
to produce white-light continuous emission spectra of powders under 975 nm continuous laser irradiation were
investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), high resolution transmission
electron microscopy (HRTEM), and optical spectroscopy. Continuous emission spectra of white-light were well-

fitted by Planck's law of blackbody radiation. The threshold power values for generating white-light in sample
annealed at 800 °C and 1100 °C were 1.36 W and 1.75W, respectively. This difference was attributed to the
crystallite size. The dependence of the absolute temperature, obtained from Planck's law fittings, as a function of
the laser's power is explained as due to the microstructural changes, verified by XRD measurements. Finally, a
stimulating mechanism of white-light generation involving non-radiative processes of Yb** is suggested.

1. Introduction

The generation of white-light (WL) in nanostructured materials
undoped and doped with lanthanides using infrared lasers, has been a
subject of different research studies. The materials investigated com-
prise semiconductors (e.g silicon) [1,2], carbon nanotubes [3], gra-
phene foam [4,5], and SiC [1]. Perhaps the most widely studied systems
to exhibit broadband WL emission are insulating oxide hosts, both
doped and undoped, where the materials are almost always nano-
powders. The undoped oxides in which WL has been observed include,
for example, YAG and GGG [6], and Y505 [7], y-Y2Si,0; [8], and Al,03
[9]. Oxide systems partially-doped with rare earth and transition metal
ions in which WL emission has been observed include the following:
Lay05 doped with Er®* and Yb®* [10]; Yb**-doped ZrO, [11]; Ln-
doped YVO, (Ln®** = Er®*, Tm®*, Ho®*) [12]; Yb-doped YAG [13];
Y,053 doped with trivalent lanthanides such as Nd [14], Yb [15,16] and
Er [16]; y-Y,Si,0, doped with Yb®* [9]; and GGG [6]; and (Gd, Er,
Yb),03 attached to gold nanorods [17]. Finally, white light has been
observed in several oxides containing lanthanides ions in stoichiometric
concentrations, including NdAlO3 [18], LiYbP4012 [19], Er,03 [9,20],

Yb3A15012 [21], Yb203 [21,22], Sm203 and Trn203 [22] and Nd203/
gold composites [23].

Noticeably, many of the above insulating materials where WL has
been observed contain Yb®*. This is likely because the absorption of
Yb®* is resonant with diode lasers near 980 nm, which can produce
high power. Thus, the presence of Yb®* allows for absorption of the
photons from the IR laser, which helps lead to the WL emission. In
several researches works there is a lack of the details about the exact
shape of the emission spectra, as there was little information as to
whether the spectra were corrected or not, which makes comparisons
difficult. In those works that have reported corrected data, there is
strong evidence supporting thermal radiation as the origin of the WL
generation [5,11]. However, other mechanisms originating WL have
also been proposed such as multiphoton excitation followed by emis-
sion [2,4,7,8,12]. In any case, the exact mechanisms by which Yb ab-
sorptions lead to WL emission are unclear.

In order to gain additional insight about the origin of the WL gen-
eration, it could be of interest to investigate this phenomenon in sam-
ples of the ZrO,-Y,03 solid-solution, designated in general as yttria
stabilized zirconia (YSZ). YSZ's possess remarkable physical properties,
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making them suitable for a wide range of technological applications
such as thermal barrier coatings [24,25] and electrolytes in solid oxide
fuel cells [26]. Moreover, one of the most interesting characteristic of
YSZ is its low thermal conductivity, which results from the chemical
disorder induced when Zr*" is replaced by Y>* [27]. The cubic like-
fluorite phase is strongly stabilized relative to monoclinic and tetra-
gonal phases of ZrO2 by the addition of Y>*, and dissolves up to about
70 mol% Y3 [28]. At around 57 mol% Y>* it has been confirmed the
Y4Zr30,, intermediary phase, with nominal composition Y4Zr30;o,
with an ordered fluorite structure [29,30].

Among YSZ systems, in none of its compositions, except in ZrO2:
Yb3*, has been reported the generation of WL by the infrared laser
irradiation [11].

To ascertain if a YSZ compound and whether Yb®" and crystallite
size may have any effect on generation of continuous white-light under
laser irradiation, in this work, we synthesized Y4Zr;0,5 undoped and
doped at Yb®** 1mol% having different crystallite size in the nano-
metric scale and irradiated them with a 975 nm laser. Finally, emission
spectra observed were analyzed using the Plank's law.

2. Experimental

Polymerizable complex method was used for the synthesis of
Y4Zr301, and Y3 93Ybg 721305, hereafter referred as YZO and YZOYb.
The raw materials used were yttrium(III) nitrate hexahydrate (99.8%),
zirconium(IV) oxynitrate hydrate (99%), ytterbium(III) nitrate penta-
hydrate (99.9%), citric acid, ethylene glycol and deionized water. An
aqueous solution was prepared by dissolving the required amounts of
zirconium oxynitrate, yttrium and ytterbium nitrates. This solution was
stirred for 30 min, then citric acid and ethylene glycol were added. The
solution was kept at 70°C for evaporating the excess water and to
produce a viscous solution. For promoting polymerization, the tem-
perature was set at 90 °C until a solid resin was formed. The resin was
then transferred to an oven for a heat treatment at 350 °C for 30 min.
After that, the pre-calcined powders were heat treated at 800 °C for 1 h.
Then, powders were calcined again at 1100 °C for 1 h.

The X-ray diffractograms (XRD) of the samples were measured in air
at room temperature using a Bruker D-8 Advance diffractometer with
the Bragg-Brentano 0-6 geometry, Cu Ka radiation, a Ni 0.5% Cu-Kf
filter in the secondary beam, and a one-dimensional position-sensitive
silicon strip detector (Bruker, Lynxeye). The diffraction intensity as a
function of 26 angle was measured between 15° and 105°, with a 26 step
of 0.020415°, for 76.8 s per point. Crystalline structures were refined
using the Rietveld method by using the fundamental parameters ap-
proach [31] during the refinements, as implemented in the TOPAS
Academic code, version 6. The parameters used in refinements included
polynomial terms for modeling of the background, the lattice para-
meters, terms indicating the position and intensity of the “tube tails”,
specimen displacement, structural parameters, and the width of a Lor-
entzian profile for modeling the average crystallite size. This last fea-
ture was modeled in reciprocal space with a symmetrized harmonics
expansion [32]. The standard deviations, given in parentheses in the
text, show the variation in the last digit of a number; when they cor-
respond to Rietveld refined parameters. The morphology of powders
was observed by field emission scanning electron microscopy in a
JEOL7600F electron microscope. High resolution transmission electron
microscopy (HRTEM) was performed in a JEOL microscope model JEM-
ARM200F.

Emission spectra were recorded in the range from 425 nm to 880 nm
at room temperature and at a pressure of 0.5Pa with an Ocean Optics
USB4000 spectrometer fitted with a 3648-element linear silicon CCD
array detector. The excitation source of light was provided by the laser
diode power supply LDI-820 coupled with a diode laser emitting at
975 nm. A 900 nm short-pass filter was employed to block the signal of
the laser. Samples were mounted in a Janis Research cryostat model
RD, which was evacuated to attain the low pressure. The spectra were
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Fig. 1. X-ray diffraction patterns of sample YZO and YZOYb annealed at 800 °C and
1100 °C for 1h. The vertical lines correspond to the adapted reference pattern PDF-30-
1468. Miller indices of planes associated with each maximum are given on the top.

corrected for the wavelength dependent response of the spectrometer/
detector system.

3. Results and discussion

In Fig. 1 are shown the X-ray diffraction patterns of powders of YZO
undoped and doped with Yb®*. All the diffraction peaks match well
with those corresponding to the cubic like-fluorite crystal phase of ZrO,
(PDF-30-1468) when it is stabilized with concentrations higher than
15mol% of Y3* [28]. The only noticeable difference among the XRD
patterns is the width of the peaks, associated with different crystal size:
broader for samples annealed at 800 °C as compared with those ones
annealed at 1100 °C, i.e., smaller crystal size obtained at lower an-
nealing temperature, as expected. In order to quantify the average
crystallite size, and the cell parameter as function of composition and
annealing temperature, the XRD patterns were analyzed by the Rietveld
refinement method. The unit cell of the zirconia fluorite-type structure,
was modeled with the cubic symmetry described by the Fm-3m space
group, and a basis containing one Zr** and one O%at the relative co-
ordinates (0, 0, 0), and (1/4, 1/4, 1/4), respectively The initial cubic
cell parameter was approximated in terms of the molar composition w
in the formula Zr;,Y,05.,,, from the linear equation a = 0.200w
+ 5.1063 [33], except that in this case, w represents the sum of mole
fractions of Y>* and Yb®*. The Y®* and Yb®* were set at Zr*™ site.
Occupancy of ions was fixed in accordance with the stoichiometry given
by the formulae Y4Zr30:5 and Y3 93Ybg 07Zr3015.

To compare experimental X-ray diffractograms with the calculated
ones, Rietveld refinement plots of sample YZOYb annealed at 800 °C
and 1100 °C are depicted in Fig. 2. The figure of merit (Ry,,) for these
fits are given in Table 1, and show excellent agreement between ex-
perimental and calculated data. Table 1 also shows the average crys-
tallite size, and the cell parameter obtained from the Rietveld refine-
ment analyses. As it is noticed from data in Table 1, the cubic cell
parameter seems to be insensitive, at the uncertainty level of the
Rietveld analysis, to the incorporation of Yb®*, but not to the annealing
temperature. The first fact may be due to the small difference between
the ionic radii of Y>* and Yb®*. According to Shannon [34], in an VIII-
coordination as that present in the fluorite-like structure, the ionic radii
of Y>* and Yb®* are 1.019 A and 0.985 A, respectively. Average crys-
tallite size for all specimens are in the nanometric scale. However, it is
more than three times larger for samples annealed at 1100 °C than for
samples annealed at 800 °C; furthermore, the addition of Yb** also
promotes a reduction of the crystallite size.

Given that crystallite size, morphology and composition could play
an important role in the performance of the materials to produce WL,
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Fig. 2. Rietveld refinement plot of the sample YZOYb annealed at 800 °C (a) and 1100 °C (b). The scatter crosses and the upper solid line correspond to the experimental and calculated
data, respectively. The lower curve in each plot is the difference between calculated and measured diffraction patterns. Marks on the bottom represent the Bragg reflections associated

with the cubic fluorite-like crystal phase.

Table 1
Lattice parameter, average crystallite size and R,,;, of YZO and YZOYb annealed at 800 °C
and 1100 °C.

Sample  Annealing temperature a Average crystallite size Ry
Qo) (&Y (nm)

YZO 800 5.2346(8) 8.4(1) 5.66

YZO 1100 5.2277(1) 30.2(1) 4.93

YZOYb 800 5.2322(11) 7.4(1) 6.05

YZOYb 1100 5.2274(3) 25.8(1) 5.73

SEM and HRTEM studies were carried out to get information about the
morphology and the crystallite size of our samples. In Fig. 3(a) and (b)
are shown images of the YZOYb sample annealed at 800 °C and 1100 °C,
respectively. In the micrographs are observed agglomerates of crystal-
lites. The morphology of both samples seems similar despite the dif-
ference in the annealing temperature. Although the average crystallite
size cannot be measured exactly from these images, the sizes are smaller
than 100 nm being compatible with those values obtained from the
Rietveld analyses. However, HRTEM images can provide the appro-
priate information about the crystallite size and the crystal structure at
the local scale. In Fig. 4, are presented some representative images of
sample YZOYb annealed at 800 °C (Fig. 4(a)) and at 1100 °C (Fig. 4(b)).
From these images, it is also evident the nanometric size of the crys-
tallites, despite the synthesis method makes difficult to de-agglomerate
them. The scale in both images, is in accordance with the average
crystallite size calculated from the Rietveld refinement, confirming at
more local level the enlargement of crystallite sizes due to the increase
in the annealing temperature. Regarding the crystal structures, Fig. 4(c)
shows an image of the sample annealed at 1100 °C along the [111] zone

100 nm

—
1.50kV SEI

X 100,000

axis and its respective periodic ion arrangement within the nanocrystal.
If both images in this figure are looked in detail, the good agreement
between them is clearly seen.

Irradiation by the 975 nm laser generates WL emission in a persis-
tent way only in the sample containing Yb®>*, while the undoped
sample exhibited only ephemeral WL production, thus making its
characterization impractical. Fig. 5 shows the emission spectra of
YZOYb sample annealed at 800 °C (Fig. 5(a)) and 1100 °C (Fig. 5(b)) for
different laser powers as well as representative images of the WL
emitted by both samples. As it is observed, the intensity of emission
increases as the wavelength increases, and similarly an increase in the
integrated intensity of the emitted WL is observed as the laser irradia-
tion increases. The sudden dropping in signal at 890 nm is due to the
cut-off filter employed for blocking the laser signal. For the data shown
in Fig. 5(c) (800°C) and (d) (1100 °C), the spectra are taken con-
secutively, first starting at low laser power and increasing the power up
to 5.55W, and then decreasing the laser power. It seems, that after the
sample is exposed to the laser at the maximum power (5.55W), the
material likely undergoes some modification because the emission in-
tensity, for the same powers when decreasing the laser power, is re-
duced as compared when going up. This hysteresis effect, similar to one
previously reported [15], is more noticeable for sample annealed at
800 °C.

Following the approach reported in [5,11] we fit our spectra using
the Planck's law of blackbody radiation given by the expression
I, T) = a2
Blexp( ) = )
ture of the blackbody, A is wavelength, a is a fitting parameter related
with the view factor [35], which is the proportion of the radiation
which leaves the surface of the sample and strikes the detector, h is the

(see Fig. 6), where T is the absolute tempera-

100 nm

—
1.50kV SEI

X 100,000

Fig. 3. SEM images of YZOYb annealed at 800 °C (a), and 1100 °C (b).
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Fig. 4. HRTEM images of sample YZOYb annealed at 800 °C (a), 1100 °C (b). Notice the difference in the scale between (a) and (b). In (c) is shown the image from a thin crystal of sample
annealed at 1100 °C along [111] zone axis (left) and its ion arrangement (right). It is clearly seen the agreement between both.

Planck constant, c is the speed of light, and k is the Boltzmann constant.
An important data resulting from Plank's law fitting of the emission
spectra is the absolute temperature of the sample surface, irradiated by
the laser. In Fig. 7 the temperatures obtained from fittings of sample
YZOYb annealed at 800 °C and 1100 °C, are plotted as a function of the
laser power. In the inset of Fig. 7 are depicted the chromaticity color
coordinates CIE 1931 calculated from some emission spectra for dif-
ferent laser powers, and they match well with the corresponding
Planckian locus in that diagram at their respective temperatures.

Interesting to notice, is the different behavior in the temperature as
a function of the laser power for both samples, depending on the an-
nealing temperature. The power thresholds for WL generation are
around 1.36 W and 1.75W for annealing at 800 °C and 1100 °C, re-
spectively. This fact is attributed to the differences in the thermal
conductivities associated with the average crystallite size. In a previous
report, reducing crystallite size to 30 nm was found to have little effect
on the measured values of the thermal conductivity [36]. On the other
hand, Soyez et al. [37] have found a significant reduction in thermal
conductivity when crystallite size was reduced to around 10 nm. Thus,
it would be expected substantial differences between samples annealed
at 800° and 1100 °C when exposed to the laser radiation, because as
reported in Table 1, their average crystallite sizes are 7.4nm and
25.8 nm. Less power is needed to increase the temperature in sample
with smaller crystallites, since conductive losses of heat would be
lower.

Also intriguing in Fig. 7 is the temperature dependence of the
sample annealed at 800 °C; the temperature increases up to a maximum
at ~ 2190K, followed by a decrease in its value. We propose this
change is due to the enlargement of the crystallites at the very localized

323

zone where laser power is falling on the sample. This enlargement
would result in a higher thermal conductivity at a local level, leading to
the spread of the “hot zone” where WL is generated, explaining in this
way why the temperature is lower, but the integrated intensity in-
creases, as noticed in Fig. 5(b). The temperature of sample annealed at
1100 °C increases if the irradiance does the same. From the power
threshold, up to 3.00 W, the temperature increases quickly, but then a
linear trend is observed up to 8.00 W, the maximum value we could
reach in our experimental setup. In this sample, a more stable micro-
structure is expected since this sample was heat treated at higher
temperature. However, it is not possible to rule out some micro-
structural changes in the zone irradiated by the laser, because although
the melting temperature of our compound is greater than 2750 K [28],
the temperatures reached are between 400K and 800K higher than
those ones used for annealing this sample. Moreover, despite the sample
YZOYb annealed at 800 °C and 1100 °C, reach these high temperatures,
any macroscopic evidence of the degradation of the sample is observed
after laser irradiation.

Above, we proposed that the emission intensity of the 800 °C sample
reaching a maximum and then decreasing as the laser power increases
(see Fig. 7) is due to the enlargement of the crystallite size under laser
irradiation. To test this hypothesis, we performed X-ray diffraction
measurements on the sample YZOYb annealed at 800 °C and 1100 °C
before and after it was irradiated with the laser at 3.21 W for 30 min;
these are representative conditions of the laser power and elapsed time
during our experiments. Certainly, this measurement represents, in a
way, a challenge because the spot of the laser is around 1 mm in dia-
meter, very small in comparison with the size of the X-ray beam. To
overcome this problem, and be able to observe noticeable changes, we
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Fig. 5. Emission spectra of sample YZOYb annealed at 800 °C ((a), (c)), and 1100 °C ((b), (d)) for different laser powers. In (a) and (b) the laser power was changed from lower to higher
values; while in figures (c) and (d) the laser power was first increased until reaching a maximum and then decreased until the light emission disappeared. In the insets of (a) and (b),

pictures of white-light produced by both samples are shown.

used small amounts of sample to have comparable areas between the
total area scrutinized by the X-rays and that one exposed to the laser. In
Fig. 8 are depicted the X-ray diffraction patterns, before and after laser
irradiation, of the sample YZOYb annealed at 800 °C and 1100 °C. Also
shown in the figure is the background, which has an important con-
tribution to the X-ray patterns due to the small area exposed by the
sample in comparison with the whole area of the sample holder exposed
to the X-ray beam.

The effects of the laser irradiation on the microstructure of the
sample annealed at 800 °C are evident; their manifestations are the
increase in the intensity of the diffraction maxima and their respective
narrowing. These observations are compatible with the enlargement of
the crystallites. On the other hand, the pattern of the sample annealed
at 1100 °C does not exhibit any evident change after being exposed to
the laser (for the verticals shifts see caption of Fig. 8). Thus, some
evolution happens in the evidently less stable sample annealed at lower
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Fig. 6. Representative emission spectra of sample YZOYb annealed at 800 °C (a), and 1100 °C (b) for different laser powers and their corresponding Planck's law blackbody radiation

fitting.
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Fig. 8. XRD patterns, before and after laser irradiation (3.21 W and 30 min) of sample
YZOYDb annealed at 800 °C and 1100 °C. For each annealing temperature, the order of the
pattern is as follows: the lower corresponds to the background, the middle corresponds to
the sample before it is irradiated, and the upper corresponds to the sample after it is
irradiated. The small vertical shifts between the patterns before and after irradiation,
were incorporated by us for the sake of clarity. Also, are showed the positions of the XRD
maxima according to PDF- PDF-30-1468. Miller indices of planes associated with each
maximum are given on the top.
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e
60

temperature. This fact strongly supports the previous ideas about the
behavior seen in Fig. 7.

Although the XRD pattern of the sample annealed at 800 °C exposed
to the laser shows significantly changes, it is also important to note that
the modification of the crystallite size must occur only in the specific
point where the laser hits the powder, because sharp maxima coexist at
the same time with broad peaks, almost identical to those of the sample
before it is irradiated with the laser, and in our opinion produced by the
X-ray diffraction in those areas not exposed to the laser. This detail,
which may seem minor, could provide insight into the region in which
the laser is heating the sample, and therefore the region where white-
light is “produced”.

Despite the previous results, it remains open the question about why
there are differences in the emission intensity at the same laser intensity
depending on whether the laser power is being increased or decreased.
We hypostatize this could be due to subtler microstructural changes,
because in sample annealed at 1100 °C no evident modifications are
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Fig. 9. Selected emission spectra (of a larger series), illustrating the emission behavior of
the sample YZOYb annealed at 1100 °C and irradiated under a laser power of 5.18 W, 4 s
before WL emission starts. Band on the right, corresponds to Yb*>* emission.

noticed by the XRD measurement, even when the emission intensity at a
certain laser power was different when going up and going down in
power.

Regarding the role of Yb®* in the generation of WL, we have found
very interesting results due to the experimental set up we used to
perform the emission spectra measurement. Since the spectro-
photometer used can obtain the emission intensity over a wide wave-
length interval at the same time, we were able to record many spectra
in a short period of time. We used this feature to monitor the emission
from the sample just prior to the generation of white light. For this
purpose, an integration time of 100 ms was selected, and a time of
250 ms elapsed between each measuring. In the Fig. 9, some selected
spectra of a larger series of them are depicted, and it shows the emission
behavior of sample YZOYDb annealed at 1100 °C four seconds before the
sample starts to emit WL. At early times, we observe a single emission
band in the 850-900 nm region. We ascribed this incomplete (because
the 900 nm cut-off filter) emission band in the long wavelength region
of the spectra to Yb®*. This result is also supported by the fact that such
band was not observed in the undoped sample, but only in the doped
one, even at irradiances far below the threshold needed for WL gen-
eration. It is seen in Fig. 9 that as the time increases, the Yb®* emission
diminishes continuously. After that, the tail at the shorter wavelengths,
i.e. white-light region, suddenly appears, and after 0.50s the WL
emission becomes stable. The behavior depicted in Fig. 9, seems to
explain, at least for samples containing Yb®*, the role of this ion in
stimulating the WL generation. The absorption of the laser is efficient
because it matches the energy difference between the levels °F,,, and
2F5,, of Yb®*. Then, since non-radiative processes are always present,
the system gains energy and increase its temperature in a such way that
the non-radiative processes become dominant leading to the quenching
of the Yb®* emission, and to an abrupt increase in the temperature of
the system which produce the continuous emission of light. Alter-
natively, the emission of Yb®* could be also decreasing due to excited
state absorption from Yb ions to other (defect) centers in the solid,
which may decay nonradiatively.

4. Conclusions

Powders of Y4Zr3015 and Y3.93Ybg 07Zr30:, were synthesized by the
polymerizable complex method. Crystallite size, in the nanometric
scale, was tuned by changing the annealing temperature. The samples
exhibit a cubic fluorite- like crystal structure. The average crystallite
sizes of sample Y3 93Ybg o07Zr30;, estimated by Rietveld analysis were
7.4nm and 25.8nm for samples annealed at 800°C and 1100 °C.
Confirmation of the crystallite size was done by HRTEM. Sustained
white-light emission under 975 nm laser irradiation was only observed
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for sample doped with Yb®". Emission spectra of the white-light were
successfully fitted by Planck's law of blackbody radiation, and the ab-
solute temperatures as a function of the laser irradiation resulting from
fittings were explained in terms of the expected thermal conductivity.
Furthermore, the dependence of the absolute temperature as a function
of the laser irradiation was explained as due to the microstructural
changes, and then verified by XRD measurements. Also, the hysteresis
of the emission intensity depending on whether the laser power is in-
creasing or decreasing could be related to the microstructural changes,
though in the sample annealed at 1100 °C are subtler; no changes were
noticed by XRD measurements between the irradiated and non-irra-
diated samples annealed at 1100 °C. Calculated color coordinates (CIE
1931) from emission spectra agreed well with their corresponding
temperatures in the Planckian locus. Finally, we explain a possible
mechanism which favors the white-light generation when Yb®™ is
present in the samples.
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