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A B S T R A C T

In the present work, Y4Zr3O12 bulk ceramics doped with Yb3+ and Pr3+ were characterized to assess their
structural, mechanical, thermal and optical properties. Specimens were synthesized by the polymerizable
complex method and sintered as pellets at 1550 °C for 2 h. Samples were analyzed by X-ray diffraction (XRD),
scanning electron microscopy (SEM), Vickers-indentation method, thermodilatometry, laser flash method, dif-
fuse reflectance and luminescence spectroscopies. All compositions exhibit cubic like-fluorite structure, low
thermal conductivity, moderate fracture toughness and thermal expansion coefficient values comparable to
those of other yttria-stabilized zirconias. Regarding the optical properties, diffuse reflectance spectra support the
oxidation of praseodymium from Pr3+ to Pr4+ in the Pr-doped specimens. When irradiated under an IR laser
(975 nm), only the pellet containing Yb3+ showed white light emission at low and room pressures, but not the
undoped, and those pellets doped or codoped with Pr. These results demonstrate that it is possible to produce
white light not only in nanostructured systems but also in bulk ceramic oxides, and that the introduction of
additional electronic states within the band gap of the host associated with the Pr, inhibits the generation of the
white light.

1. Introduction

Compositions of the ZrO2-Y2O3 solid-solution, better known as yt-
tria stabilized zirconias (YSZ), possess remarkable physical properties,
making them suitable for a wide range of technological applications
such as electrolytes in solid oxide fuel cells [1] and thermal barrier
coatings (TBC) [2,3]. Among the three polymorphs of ZrO2, namely,
monoclinic, tetragonal and cubic, the last one, being isostructural with
fluorite, is strongly stabilized relative to the other two by the addition
of Y3+, and dissolves up to about 70mol% Y3+ [4]. At around 57mol%
Y3+ it has been confirmed the Y4Zr3O12 intermediary phase, with
nominal composition Y4Zr3O12, and forming an ordered rhombohedral
structure [5,6].

YSZ are used as TBC because they have low thermal conductivities,
which originate from the chemical disorder induced when Zr4+ is re-
placed by Y3+ [7]. Apart from the low thermal conductivity, TBC may
have similar thermal expansion coefficient as those of the substrate and

the bond coats, and suitable mechanical properties as well as good
fracture toughness. Despite the importance of the concurrent presence
of these features in TBC, their mechanical properties are not as fre-
quently reported as the thermal properties are.

On the other hand, the generation of white-light (WL) in nanos-
tructured materials under near infrared (NIR) laser irradiation is an
active subject of research. So far, the most prominent materials in
which this WL is produced, are undoped [8–11], and doped oxides
[8,11–19] or containing stoichiometric concentrations of lanthanide
ions [11,20–26]. We recently demonstrate this phenomenon in Yb-
doped Y4Zr3O12 powders [19]. Despite all these reports, many questions
remain still open about the processes that give rise to this peculiar
white-light emission. Among others, it is not clear: 1) what is the me-
chanism allowing the transformation of a narrow light-band, such as
that one of a laser into a continuous broad emission band proper to
thermal radiation; 2) when lasers used to stimulate the white light
emission can efficiently excite the Yb3+ (e.g. 975 nm, 980 nm) what is
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the role played in that mechanism by the Yb3+; and 3) whether the
generation of white light takes place exclusively in nanostructured
systems.

To assess the physical properties of YSZ, in this work we present
measurements of the mechanical, thermal and optical properties of a
series of cubic (Pr, Yb)-doped Y4Zr3O12 bulk-ceramic pellets. The pellets
were also irradiated with a 975-nm laser in order to get additional in-
sight into those open questions related to the generation of white-light
stimulated by NIR lasers.

2. Experimental

2.1. Synthesis and sintering of ceramic samples

In this work the polymerizable complex method was used for the
preparation of Y4-(x+y)PrxYbyZr3O12 (hereafter YZO for Y4Zr3O12 and
YZO-PrxYb for those containing Pr3+ and Yb3+) ceramics. The raw
materials used were yttrium (III) nitrate hexahydrate (99.8%), zirco-
nium (IV) oxynitrate hydrate (99%), praseodymium (III) nitrate pen-
tahydrate (99.9%), ytterbium (III) nitrate hexahydrate (99.9%), citric
acid, ethylene glycol and deionized water. An aqueous solution was
prepared by dissolving the required amount of zirconium oxynitrate,
yttrium nitrate, and ytterbium or praseodymium nitrates. This solution
was stirred for 30min, and then citric acid and ethylene glycol were
added. The solution was kept at 70 °C for evaporating the solvent excess
and to produce viscous solution. For promoting polymerization, the
temperature was set at 90 °C. The resin was then transferred to an oven
for a heat treatment at 300 °C for 30min. Then, the pre-calcined pow-
ders were heat treated at 700 °C for 1 h. The calcined powders were
uniaxially pressed at 300MPa into disks of 13mm in diameter and
2mm in thickness. The pellets were sintered in air at 1550 °C for 2 h.

2.2. Structural and morphological characterization

The X-ray diffractograms (XRD) of the samples were measured in air
and at room temperature using a Bruker D-8 Advance diffractometer
with the Bragg-Brentano θ-θ geometry, Cu Kα radiation with a Ni 0.5%
Cu–Kβ filter in the secondary beam, and a one-dimensional position-
sensitive silicon strip detector (Bruker, Lynxeye). The diffraction in-
tensity as a function of 2θ angle was measured between 15° and 75°,
with a 2θ step of 0.010208°, for 38.4 s per point. Crystalline structures
were refined using the Rietveld method by using the fundamental
parameters approach [27] during the refinements, as implemented in
the TOPAS Academic code, version 6. SRM-NIST 660 b (LaB6) [28] was
used to model the contributions of the instrument to the X-ray dif-
fraction patterns. The parameters used in the 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 [29]. 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. Scanning Electron Microscopy
(SEM) was used to reveal the morphology of sintered pellets in a JEOL
JSM IT300 electron microscope. These images were acquired from
polished samples and from fractured specimens.

2.3. Fracture toughness measurements

Fracture toughness was measured by a Vickers-indentation method
using 1.5 mm thick specimens polished to colloidal silica finish. The
specimens were indented at a load of P=49N for 15 s. The fracture-
toughness value was calculated using the following two equations
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where E is the elastic modulus (MPa), Hv is the Vickers hardness (MPa)
and C is half the radial crack length (m). The Hv value was determined
from the elastic recovery of Vickers indentations, where the dimensions
of the indentations introduced at 49 N were measured by an optical
image analysis. The Young's modulus was measured by the na-
noindentation technique (Ubi 1 nanoindenter, Hysitron) by considering
the unloading process i.e. the elastic recovery.

2.4. Thermal characterization

The thermal expansion coefficient was measured in a high tem-
perature thermodilatometer from room temperature to 1200 °C.
Measurements were performed on samples of ∼ 10mm in length. The
thermal conductivity was measured using the laser-flash method [30],
where the thermal conductivity was calculated from specific heat ca-
pacity, thermal diffusivity and density

= D Cλ ρth p (3)

where Dth is the thermal diffusivity, Cp the specific heat capacity and ρ
is the density. The experiments were conducted using laser flash device
(LFA 1000 Laser Flash Apparatus, Linseis Company) on disk-shaped
carbon-coated samples of ∼ 10mm in diameter and 1mm in thickness.

2.5. Optical characterization

The diffuse reflectance spectra measurements were recorded using
an integrating sphere in the range of 200–1200 nm and performed in a
750 Perkin Elmer spectrophotometer.

Emission spectra were recorded in the range from 425 nm to 880 nm
at room temperature, and in vacuum (0.5 Pa) and at room pressure (100
kPa), 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
Sheaumann Laser, Inc. 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 corrected for the wave-
length dependent response of the spectrometer/detector system.

3. Results and discussion

3.1. Structural, microstructural and mechanical properties

The XRD results are shown in Fig. 1. The crystal structure of all
samples can be indexed to the cubic fluorite-like lattice, the same
crystal structure as the cubic ZrO2 (PDF-30–1468). It is known that
Y4Zr3O12 can transform to rhombohedral upon long heat treatment
process (must be maintained at 1300 °C or higher temperatures for
several months [5,31]); but for example, in the case of application for
TBCs, the operation temperature is at around 1200 °C, then it would
require even longer time for the transformation to take place.

In order to establish, in a more quantitative way, the structural ef-
fect of the incorporation of Pr3+ and Yb3+ into the YZO, the XRD
patterns were analyzed by the Rietveld refinement method. Additional
details about space group, ionic coordinates and initial lattice para-
meter of the unit cell used for the Rietveld refinement analyses can be
found in [19]. To compare experimental X-ray data with the calculated
ones, a Rietveld refinement plot of sample YZO-Pr0.0105Yb1 is de-
picted in Fig. 2.

In Table 1 are presented the cell parameter and the average
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crystallite size for each composition. Assuming a cubo-octahedral co-
ordination for the cations, and according to [32], the ionic radii for
Zr4+, Yb3+, Y3+ and Pr3+ are 0.84 Å, 0.985 Å, 1.019 Å and 1.126 Å,
respectively. The cell parameter for each composition, is consistent
with those ionic radii. If the cell parameter of the YZO sample is taken
as a reference, it is observed an increase in the cell parameter when
Pr3+ is incorporated in the sample YZO-Pr0.0105, even when this

amount of Pr3+ represents only 0.15mol% among all the cations pre-
sent for this composition. On the other hand, the incorporation of Yb3+,
which is smaller in size than Y3+, results in the reduction of the cell
parameter for the sample YZO-Yb1. Intermediate, but accordant with
the Pr3+ content, are the cell parameter values for compositions YZO-
Pr0.0105Yb1 and YZO-Pr0.105Yb1 containing both, Pr3+ and Yb3+.

Regarding the average crystallite size, first a reduction in the size is
observed when only Pr3+ or only Yb3+is added, but an increase when
Pr3+ and Yb3+ are simultaneously added.

In Fig. 3 the SEM images of some fractured sintered samples are
observed. The crystal size is around 1 µm for all compositions. Also,
some porosity is observed in sintered pellets even when they were
sintered at such high temperature as 1550 °C, which is advantageous for
TBC application [33]. Moreover, the measured densities for all com-
positions were between 77% and 92.4% (of the theoretical density).
This degree of densification is moderate considering that commonly hot
or hot isostatic pressing is used to get almost theoretical densities in
such compositions [33,34]. In Fig. 3e, a Vickers indentation is shown, it
was done applying 49 N, and from this, the indentation size and the
cracks generated were measured for obtaining the fracture toughness.
This process was repeated for all compositions.

The results for fracture toughness calculated with Eqs. (1) and (2)
are shown in Table 2. This property, describing mechanical resistance
to thermal and stress cycling, is one of the most important issues when
considering materials as possible candidates for TBCs along with low
thermal conductivity. The values obtained in this study are similar to or
slightly higher than those for YSZ and silica doped YSZ [35], TiO2 and
Al2O3-TiO2 [36], and a just slightly lower than those values reported for
ceria-alumina toughened YSZ [37].

3.2. Thermal properties

The thermal conductivity as a function of temperature for the in-
vestigated compositions are shown in Fig. 4; as it can be seen, it is
almost temperature independent. All the compositions have remarkable
low thermal conductivities, and are comparable with those reported for
the pure Y4Zr3O12 (YZO) base-composition, YSZ, YAG, and other zir-
conates [30,38–40]. The lowest thermal conductivity reported for un-
doped YZO is 2W/mK at around 600 °C [34], and for pyrochlore zir-
conates and YSZ they are in the range from 1.2W/mK to 3.0W/mK
[38,41]. It is important to underline that in our case, porosity could aid
to get such low values as those showed in Fig. 4. For example, in porous
YSZ, a porosity around 20% results in a decrease of around 30% in the
thermal conductivity [38].

It is well known that for YSZ, the low thermal conductivity is due to
the scattering of phonons by oxygen vacancies and other defects, as
well as oxygen vacancy “hopping” [38]. The Y4Zr3O12 (YZO) system in
fact can be considered as an oxygen deficient zirconia (Zr3/7Y4/7O2-2/7);
so, the exceptionally low thermal conductivity can be attributed to the
high concentration of oxygen vacancies [7]. Moreover, the lowest
thermal conductivity was observed for those samples doped with Yb3+

only, or Yb3+ and small amount of Pr3+. Then, it can be inferred that
mass disorder has a major contribution. This is because the phonon
scattering is enhanced when the difference in atomic mass of dopants
increases [34].

The thermal expansion coefficient measured for all the samples is
reported in Table 3. These values are on the same order of magnitude as
those reported in yttria stabilized zirconia for compositions up to
10mol% of Y2O3 and other materials [42,43]. According to the pre-
vious mechanical and thermal properties, all the compositions could be
used as materials for thermal barriers.

3.3. Optical properties

In Fig. 5 reflectance spectra of the all samples are shown. Interesting
to notice is the presence of a well-defined band from 850 nm to
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Fig. 1. X-ray diffraction patterns of the samples YZO-PrxYby sintered as pellets
at 1550 °C for 2 h. 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.
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flections associated with the cubic fluorite-like crystal phase. In the inset is
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Table 1
Lattice parameter and average crystallite size for all the YZO-PrxYby compo-
sitions.

Sample a Average crystallite size
(Å) (nm)

Y4Zr3O12 5.22803(2) 626(5)
Y3.9895Pr0.0105Zr3O12 5.22855(3) 480(5)
Y3YbZr3O12 5.21617(4) 468(7)
Y2.9895YbPr0.0105Zr3O12 5.21629(2) 585(3)
Y2.895YbPr0.105Zr3O12 5.21996(2) 630(7)
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1000 nm in samples containing Yb3+, it is ascribed to the transition 2F7/
2 → 2F5/2 of that ion. However, no evidence of the presence of Pr3+ is
observed in the reflectance spectra; a probable reason for this, is the
oxidation of Pr3+ to Pr4+. Supporting this fact, is the color of the
samples since those ones that do not contain Pr ion have a white color,
but those ones that do contain it, have an orange color which is ac-
centuated by increasing the Pr concentration. Thus, the noticeable
broad band from 200 nm to 600 nm exhibited in the reflectance spectra
of the sample YZOPr0.105Yb is assigned to the O2-Pr4+ ligand-to-metal
charge transfer state (LMCT). This association is supported by previous
reports about the optical properties of ZrO2 and other zirconates doped
with Pr [44,45]. Judging by their color, this O2-Pr4+ LMCT state should
be also present in the other samples containing Pr, but it is reasonable

to think that such a broad and intense band is not observed so con-
spicuously in their reflectance spectra because they have ten times less
praseodymium ions as compared with those the sample YZOPr0.105Yb
has.

To determine if the samples could produce white light under laser

Fig. 3. SEM images of YZO-PY ceramics sintered at 1550 °C for 2 h: a) YZO, b) YZO:Pr0.0105, c) YZO:Pr0.0105Yb1, d) and e) YZO:Yb1.

Table 2
Fracture toughness calculated with Eqs. (1) and (2) for YZO-PY ceramics.

Sample KIC (MPa m0.5) KIFR (MPa m0.5)

Y4Zr3O12 2.0506 ± 0.1242 2.3069 ± 0.1397
Y3.9895Pr0.0105Zr3O12 1.9040 ± 0.1296 2.1420 ± 0.1459
Y3YbZr3O12 1.7717 ± 0.2870 1.9932 ± 0.3228
Y2.9895YbPr0.0105O12 1.9769 ± 0.3625 2.2240 ± 0.4078
Y2.895YbPr0.105O12 1.7309 ± 0.0559 1.9473 ± 0.0629

Fig. 4. Thermal conductivity of YZO-PY sintered ceramics at 1550 °C for 2 h.
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irradiation, all the pellets were irradiated with a 975-nm laser.
Surprisingly, although other samples have the same Yb concentration,
and despite this phenomenon has been observed in undoped powder
oxides made of nanocrystallites [8–11], only the pellet corresponding to
the Y3YbZr3O12 composition shows white light emission. In the cases of
the undoped YZO and the YZO-Pr0.0105 samples, we explain the ab-
sence of the white light emission because there is no means to in-
corporate energy into the system as it is, when Yb3+ absorbs the ra-
diation of the 975-nm laser (see Fig. 5). For those samples co-doped
with ytterbium and praseodymium, the reasons are not clear at all, but
we will propose an explanation later.

Fig. 6(a) shows the emission spectra of that pellet in vacuum at ~
0.5 Pa. The spectra are taken consecutively, first starting at low laser
irradiance and increasing the irradiance in steps up to 877W/cm2, and
then decreasing the laser irradiance, following the same values as when
the irradiance is increased. As previously observed [19], the intensity of
emission increases as the wavelength increases, and similarly an in-
crease in the integrated intensity of the emitted WL as the laser irra-
diance increases. The drop-in signal at ~ 890 nm is due to the cut-off
filter employed for blocking the laser signal. In accordance with pre-
vious results [17,19] a hysteresis effect is also observed, but less pro-
nounced than that one observed in Yb3+-doped Y4Zr3O12 powders
made of nanocrystallites [19]. This result is consistent with the fact that
less microstructural modifications induced by the laser irradiation, and
which are thought as responsible for the hysteresis effect, are expected
in sintered pellets in comparison with those present in powders.

The white-light is produced not only at vacuum but also at room
pressure (~ 101 kPa), as it is seen in Fig. 6(b). However, the irradiance
threshold for its generation is larger than the one needed when pellet is
in vacuum. From Fig. 6(a) and (b) the observed irradiance thresholds at
vacuum and at room pressure are 409W/cm2 and 707W/cm2, re-
spectively. These values are even higher than those reported for the
Yb3+-doped Y4Zr3O12 powders, which are 173W/cm2 and 223W/cm2,
for samples having average crystallite sizes of 7 nm and 26 nm, re-
spectively. But what is certainly surprising is that the powders have one
hundred times less Yb3+ with respect to the pellet [19].

On the other hand, and in a similar way as it has been described
previously [17], for the lower laser irradiances, namely, 85W/cm2 and
196W/cm2 (see Fig. 6(a)), for the pellet in vacuum, and 85W/cm2,
196W/cm2 and 303W/cm2 (see Fig. 6(a)) for the pellet at room pres-
sure, the Yb3+ emission is present and its intensity increases as the
irradiance increases, but it seems that at higher irradiances a “deloca-
lization” process arises since the energy absorbed by the Yb3+ ions is no
longer located at them, but it spreads throughout the bulk because the
Yb3+ emission is significantly reduced [19]. This process, finally, gives
place to the continuous WL emission. In this regard, the integrated
intensity of the emission spectra for the YZO-Yb pellet shown in
(Fig. 6c) accounts for the whole process. First, both plots show an in-
crease in the emission intensity as the laser irradiance rises. If the ir-
radiance increases even more, a decrement in emission is observed, and
after reaching a minimum as the irradiance continues rising, the in-
tensity increases and the white light starts to be emitted (see inset
Fig. 6(c)). Although both curves present similar trends, higher laser
irradiances are required for the pellet at room pressure to produce
comparable intensity to the pellet in vacuum. In particular, it is ob-
served that the intensity of the white light, when the pellet is irradiated
at the highest laser's irradiance, differs noticeably. This effect can also
be seen in the pictures shown in Fig. 6(d) and (e).

Following the previously reported approach [13,19,20], we fit the
white light spectra using the Planck's law of blackbody radiation. To
achieve the fitting between the white light emission spectra and the
Planck's law, the only parameter is the absolute temperature. Fig. 7
shows plots of that temperature as a function of the irradiance of the
laser. As it is seen, the value of the temperature at the same irradiances
of the laser depends on the pressure, which is always higher for sample
in vacuum. These differences are attributed to the significance of the
modes of heat transfer involved in each pressure condition. While at
room pressure, convection and conduction between the pellet and the
surrounding air are present, which do not participate in vacuum.
Therefore, given a irradiance laser, in vacuum the temperature of the
system would be expected to be higher when compared to at atmo-
spheric pressure, just as it is observed in Fig. 7. Also, it should be no-
ticed that the temperature increases linearly with the laser irradiance in
all cases when the pellet is at room pressure and for laser irradiances
higher than 563W/cm2 when the pellet is in vacuum. This linear trend
has been observed before in nanosized systems [19,20].

The fact that white light is not observed in samples containing both
Yb and Pr is intriguing, but we can hypothesize some explanation about
this result, which also could provide insight into the process that leads
to the emission of the white light. When Pr3+ is oxidized to Pr4+, ac-
ceptor levels are formed within the host band gap [46]. The fingerprint
of these acceptor states is the presence in the reflectance spectra of
Fig. 5 of the O2-Pr4+ LMCT broad band. On the other hand, it has been
established a relationship between the white light and the photocurrent
generated under IR laser irradiation in graphene [47] and Yb-doped
yttrium aluminum garnet [48]. Thus, whatever process leads to the
generation of white light, the evidence suggests that an electronic
contribution is important for the emergence of this phenomenon. In this
sense, we can speculate that, in insulator materials, some participation
should have the electrons of the valence band, since the creation of
acceptor states would have an impact on the dynamics of such electrons
when they gain energy.

All the previous results concerning the response of the samples
under the IR laser irradiation complement the knowledge about the
production of white light when Yb3+-doped insulators are irradiated
with IR lasers because: 1) Yb3+ allows the incorporation of energy into
the system by absorbing the laser which ultimate leads to the white
light (thermal radiation) emission, 2) it is demonstrate that the gen-
eration of white light is also possible in bulk ceramic oxides, and 3) that
the introduction of additional electronic states, in this case associated
with the Pr, inhibits the generation of the white light.

Table 3
Thermal expansion coefficient of sintered pellets (at
25–1200 °C).

Sample α (10−6/°K)

Y4Zr3O12 7.300 ± 0.034
Y3.9895Pr0.0105Zr3O12 7.542 ± 0.030
Y3YbZr3O12 7.869 ± 0.039
Y2.9895YbPr0.0105O12 9.182 ± 0.041
Y2.895YbPr0.105O12 9.160 ± 0.040

Fig. 5. Diffuse reflectance spectra (a) and pictures of the YZO-PrxYby pellets.
The vertical line in (a) corresponds to the wavelength of the 975-nm laser.
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4. Conclusions

Y4Zr3O12 bulk ceramics doped with Yb3+ and (nominally) Pr3+

were synthesized by the polymerizable complex method and sintered as
pellets at 1550 °C for 2 h. All the specimens exhibit cubic fluorite- like
crystal structure. The average crystallite size estimated by Rietveld
analysis for all samples was around 0.5 µm, and confirmed by SEM.
Regarding the thermal properties of the ceramics, it was found that
thermal conductivity values were even below those reported for some
YSZ, while the thermal expansion coefficient was in the same order as
in the YSZ and other thermal insulator materials. The measured fracture
toughness values seem promising because they are only slightly below
those known for common compounds used as thermal barrier coatings.
Concerning the optical properties, diffuse reflectance spectra show the

presence of Pr4+, which results from the oxidation of the originally
added Pr3+. Under a 975-nm laser irradiation, interestingly, only the
sample doped with Yb3+ showed white light emission, originated from
thermal radiation. In the undoped YZO and the YZO-Pr0.0105 samples,
this finding is explained because there is no way to absorb the radiation
of the 975-nm laser. In samples co-doped with Pr and Yb, the absence of
white light generation seems to be related to the presence of acceptor
levels within the band gap of the host, and ascribed to the Pr4+. In
summary, our results are important for the following reasons: 1) as far
as we now, there is no previous reports about the production of white
light in bulk ceramic oxides under NIR laser irradiation, 2) since no
white light generation is observed in the undoped sample, it is rea-
sonable to assume that defects and porosity should play an important
role in favoring the white light generation in undoped powder oxides,

Fig. 6. Emission spectra of the pellet Y3YbZr3O12 for different laser irradiances at vacuum (a) and at room pressure (b). In (a) the laser irradiance is first increased
(solid lines) in steps until reaching a maximum (877W/cm2) and then it decreases (dotted line) to reach again the same values as those used when the irradiance is
increased until it finally reaches the lowest irradiance value (85W/cm2). In (b) only spectra when the irradiance of the laser is increased are shown. The enclosed
irradiance value on the right in (a) and (b) corresponds to the higher one at which the Yb3+ emission is still observed, for higher irradiances WL starts to be dominant
(see text for further explanation). In the inset, emission spectra for lower irradiances are shown. Arrows pointing down indicate (continuous) emission for the lower
laser irradiance (409W/cm2 vacuum, 707W/cm2 room pressure) at which white light starts to be observed. Normalized intensity is presented in (c) for vacuum and
room pressure. Pictures of the white light emitted for the pellet in vacuum (d) and at room pressure (e) when the irradiance of the laser is 877W/cm2.
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and 3) due to the fact that the introduction of additional electronic
states within the band gap, in this case associated with the Pr4+, in-
hibits the generation of white light, it is possible to speculate that
electrons in the valence band participate in the emergence of the white
light production in insulators materials.
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