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The structural and spectroscopic properties of (Eu;_,Yby),O3 nanocrystals with cubic (C-type) and mono-
clinic (B-type) crystalline structures have been studied. NCs have been synthetized by the sol-gel Pechini
method and characterized at room temperature by X-ray diffraction, transmission electron microscopy,
diffuse reflectance, Raman spectroscopy and photoluminescence techniques. NIR emission from Yb>* ions
has been observed in both C- and B-type NCs upon excitation of Eu>* ions at 532 nm, where Yb®* ions do not
absorb photons. This fact reveals that an efficient non-resonant energy transfer process from Eu3* to Yb>*
takes place, allowing to obtain simultaneous visible and NIR emissions under visible excitation. The decay
curves of the °Dy — ’F, Eu* emission of C-type NCs corroborate this phenomenon since the Eu* lifetime
has been found to decrease as the Yb>* content increases. Finally, we discuss the use of the Eu** lumi-
nescence as a structural probe to distinguish between different RE;O3; polymorphs.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Materials based on trivalent rare earth (RE) ions have attracted
considerable attention due to their possible applications in a wide
range of fields, including catalysis, biomedicine, electronics and
optics [1-6]. The synthesis of these materials in the nanoscale has
drawn much attention, since they can exhibit properties different
from those presented by the bulk material, among which we can
highlight higher chemical and thermal stability, higher luminescent
efficiency, relatively longer luminescent lifetimes and well identified
emission bands [7,8]. Among RE-based systems, oxides (RE;03) are
relevant for a wide variety of applications, such as phosphors for
fluorescent lighting, catalyst, solid state lasers, scintillators, or ra-
diation detectors [9-13]. Due to the promising future of these
compounds, many studies have focused on them (or in RE;05 doped
materials) in the last few years, and their applications and prospects
in the optical and biomedical fields have been recently reported
[14,15]. These compounds can crystallize in three polymorphic forms
at ambient conditions: A (trigonal, space group P-3m1), B (mono-
clinic, C2/m) or C (cubic, Ia-3), depending on the RE ionic radius and
on thermal treatments [ 16,17]. Different synthesis routes can be used

* Corresponding author at: Dpto. CITIMAC, Universidad de Cantabria, Avda. Los
Castros 48, 3900 Santander, Spain.
E-mail address: aguadof@unican.es (F. Aguado).

https://doi.org/10.1016/j.jallcom.2022.166043

to produce pure or doped RE,03 nanocrystals (NCs), among which
we can include hydrothermal [18], Pechini sol-gel [19], co-pre-
cipitation [20] or combustion [21] methods, although not all of them
produce nanomaterials with the same homogeneity, mono-
dispersity, crystallite size, etc. This can lead to distinct behavior, as it
has been reported for the optical properties of Y,03:Pr>* NCs, for
example [22].

Regarding the optical properties of RE ions, the luminescence
spectrum is based on different types of transitions: intraconfigura-
tional (4f-4f) and interconfigurational (4f-5d). The former kind of
transitions is characterized by sharp lines whose positions barely
depend on the host material, while the latter ones are generally
broad and their energy depends on the local environment around
the RE ion [7,23]. Nevertheless, the luminescence efficiency of a
material depends on factors such as the structural environment
around dopants, their distribution in the host material and their
concentration, since high concentration of RE ions can lead to lu-
minescence quenching due to cross-relaxation or energy transfer
(ET) processes [24]. Resonant ET, also denoted as energy migration if
it occurs between ions of the same type, is a process that can take
place when the emission of the donor ion overlaps with the ab-
sorption of the acceptor ion [23]. If there is a small mismatch be-
tween the energy levels of the donor and the acceptor and it can be
bridged by the emission or absorption of several lattice phonons, a
non-resonant (or phonon assisted) ET can take place [25]. Although
ET processes can produce luminescence quenching, they can also
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allow to obtain color-tunable luminescence, as in the case of co-
doped Gd,0s3: Eu**-Dy**, where multicolor luminescence can be
reached via ET from Dy>* to Eu®* [26]. Hence, mixing RE’ ions into a
RE,05 host lattice can improve some properties of the materials and
lead to new applications. In fact, it has been recently reported that
mixing RE,;O3 can lower its melting point (if compared with the
melting temperature of the separate constituents), allowing the
growth of high optical quality crystals by the Czochralski technique
[27,28]. Among RE,0Os host lattices, Y,03 doped or co-doped with
different RE (Eu®*, Tb3*, Dy>*, Er®*, etc.) is probably the most studied
one [22,29-31], while little research has been performed on the
effect of Yb>* concentration on the Eu,0; matrix or Eu* on the
Yb203 host [32,33]

Focusing on Eu,03 and Yb,0s3 sesquioxides, the former is a
compound commonly used in the fluorescent glass industry and it is
also employed as an activator for RE;03 based phosphors, such as
Y,05:Eu, due to is bright red luminescence. The latter is an inter-
esting compound investigated for gate dielectric applications due to
its high x-value and wide bandgap energy [34,35]. Eu;03 and Yb,03
both crystallize in the C-type structure [36,37] in which the RE** jons
are surrounded by six oxygen anions forming distorted octahedrons
and occupying sites with C; and Sg symmetry in a ratio 3:1 (C5:Sg).
When doping, RE cations can occupy these sites randomly or pre-
ferentially, which may affect the optical, electric and magnetic
properties of the material. For example, in the (Dy;_4Ery),03 system,
an anomalous magnetic susceptibility was reported when the dilu-
tion parameter (x) equals to 0.5. It was ascribed to a preferential
occupation of the Dy>* cations in sites with C, symmetry over the
ones with Sg symmetry. Monoclinic (B-type) Eu,03 can be obtained
after thermal treatments at temperatures above ~1050 °C [17]. In this
structure, the RE>" ions are evenly distributed on three inequivalent
C; sites, one of which is six-fold coordinated while the other two are
seven-fold coordinated.

Herein, we report the structural and spectroscopic characteriza-
tion of the (Eu;_,Yby),0s3 solid solution NCs with cubic and mono-
clinic structures and different amount of Yb>* (x = 0, 0.1, 0.3, 0.5, 0.7,
0.9 and 1 for C-type crystal structure and x = 0, 0.1, 0.15 and 0.2 for B-
type one) by means of X-ray diffraction (XRD), transmission electron
microscopy (TEM), diffuse reflectance (DR), Raman spectroscopy and
photoluminescence (PL) techniques (including emission, excitation
and lifetime measurements). The effect of Yb®>" doping on the
structure and the spectroscopic properties of the NCs has been
discussed.

2. Experimental
2.1. Synthesis

C-type (Eu;_xYby)>03 solid solution NCs, with compositions x = 0,
0.1, 0.3, 0.5, 0.7, 0.9 and 1, were prepared by the sol-gel Pechini
method, as described in ref [22]. Briefly, stoichiometric amounts of
europium nitrate and ytterbium nitrate were dissolved in distilled
water under stirring and heated up to 50 °C. Citric acid (CA) was
added to the solution (CA moles = 2 x nitrate moles) and then the
temperature was raised up to 90 °C. When the CA was completely
dissolved, polyethylene glycol (PEG 10000) was added to the solu-
tion (PEG mol = mol CA | 20), which was stirred at the same tem-
perature for another 15-20 min until polymerization took place and
the sol was formed. The sol was then maintained at 90 °C for 24 h
(without stirring), leading to the formation of the gel, which was
afterwards fired in air at 900 °C for 16 h in a Gero RHF Carbolite
furnace (with a heating rate of 5 °C/min), obtaining a fine powder
that was subsequently grinded. B-type (Eu;.xYby),03 NCs, with
compositions x = 0, 0.1, 0.15 and 0.2 were obtained following the
same method, but raising the firing temperature to up 1400 °C (x = 0,
0.1, 0.15) or 1450 °C (x = 0.2). Higher concentrations of Yb** were not
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incorporated in B-type solid solution because firing temperatures
above 1500 °C were needed for the C-B transition to take place
completely.

2.2. Characterization

XRD patterns were obtained with a Bruker D8 Advanced dif-
fractometer equipped with a Cu tube (Ag.q2 =1.5418 A) and a fast
Lynxeye 1-D detector. Measurements were taken in the 10°-110° (20)
range, with a 0.03° step and a counting time of 1 s per step. TOPAS
software was used for phase checking, Rietveld refinement and
crystallite size determination.

TEM images were recorded in a JEOL JEM-1011 electron micro-
scope equipped with a high-resolution CCD camera (Gatan). Samples
were previously prepared dispersing the NCs in ethanol under so-
nication and depositing a drop on a copper grid.

Raman measurements were performed in a T64000 Raman
spectrometer (Horiba), equipped with a nitrogen-cooled CCD de-
tector coupled to a confocal microscopy. The 514.5 nm laser line of a
Kr*-Ar" laser was used for Raman detection. The laser power on the
sample was kept below 4 mW to avoid significant laser heating ef-
fects.

Luminescence, excitation and lifetime measurements performed
at room temperature (RT) were carried out with a FLS920 spectro-
fluorometer (Edinburg instruments) equipped with different ex-
citation sources (a continuous 450 W Xe lamp, a 60 W pulsed lamp, a
4 W supercontinuum and a 532 nm CW laser), double mono-
chromators, and Hamamatsu R928P and H10330C photomultiplier
tubes for light detection.

Diffuse reflectance measurements were carried out in the
200-1800 nm spectral range using a Cary 6000i spectrophotometer,
equipped with an integrating sphere (DRA 1800) coated with poly-
tetrafluoroethylene.

The characterization performed with all aforementioned techni-
ques was carried out at ambient conditions.

3. Results and discussion

XRD patterns from (Eu;_,Yb,),03 solid solution (0 < x < 1) syn-
thetized by the Pechini method and calcinated at 900 °C are shown
in Fig. 1a. All patterns could be indexed using a cubic C-type struc-
ture (space group la-3) and no distinguishable traces of impurity
phases were detected within the experimental uncertainty (see
Rietveld refinements in Fig. S1). The peaks in diffraction patterns
shift towards higher 26 values on increasing the Yb3* content, since
the lattice parameter of Yb,03 is smaller than that of Eu,0s.

The dependence of the cubic lattice parameter, a, with the dilu-
tion parameter, x, is shown in Fig. 1b. It can be clearly observed that
replacing Eu®" ions by Yb3* ions reduces the lattice parameter, which
is a consequence of the lanthanide contraction. The ionic radius of
Yb?* in octahedral coordination (0.868 A) is smaller than that of Eu>*
(0.947 A), [38] hence the replacement of Eu®* by Yb®* cations makes
the lattice parameter (and the volume of the unit cell) to linearly
decrease, obeying the Vegard’s law [39,40]. These results are in good
agreement with those reported for this compound series by Heiba
et al. [33].

Fig. 2a shows the XRD patterns of the (Eu;Yby),O3; series
(0<x<0.2) calcinated at 1400 °C or 1450 °C. All patterns were in-
dexed according to a monoclinic B-type structure (space group C2/
m). Rietveld results for some selected samples with monoclinic
structure can be found in Fig. S2. These results are in good agree-
ment with the phase diagram reported for RE,O5 (RE: Eu, Yb) [16].
Following the same behavior as the C-type solid solution, the dif-
fraction patterns corresponding to B-type polymorph shift towards
higher 20 angles with increasing dilution (x), leading to a decrease in
the unit cell volume, as shown in Fig. 2b.
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Fig. 1. Indexed XRD patterns of C-type (Eu;_,Yb,),05 solid solution (a) and evolution of the lattice parameters with the dilution parameter x (b). The vertical lines at the bottom

indicate Bragg reflections from the cubic phase.

As previously mentioned, mixing RE’ ions in a RE;O3 host matrix
can lead to new applications of the host material. For example,
mixed RE,O5 can be used as buffer layers for fabrication of epitaxi-
ally coated high temperature superconductors (HTS) on different
substrates. To produce high quality HTS, lattice mismatch between
the buffer layer and the film must be eliminated or minimized, and
that can be achieved by using mixed RE ions, as the lattice parameter
can be tuned by modifying the dilution parameter x, reaching the
value required for perfect matching [41]. Fig. 3 shows the unit cell
volume (V) of the (Eu;_xYby),03 solid solutions and that of pure C-
and B-type RE;03; (RE: Sm-Yb) as a function of the ionic radii, R,
which for the mixed solid solutions was estimated as R =(1-x)-Rg,
+x-Ryp. It can be observed that controlling the degree of RE’ doping,
the volume of a RE;03 can be modified, allowing to obtain structures
with lattice parameters that otherwise would not be accessible with
pure RE,0s3.

The average crystallite size (D) of the NCs was estimated from the
XRD patterns. This is frequently done by using the classical Scherrer
equation (Eq.1),

K
~ Bcose

(1)

where K is a constant related to the crystallite shape and was taken
as 0.9 (quasi-spheres), 4 is the wavelength of the X-rays (1.5418 A), g
is the full width at half maximum (FWHM) of the most intense
diffraction peak in radians (once the instrumental function has been
subtracted) and ¢ is the Bragg diffraction angle. Nevertheless, this
method does not consider the possible strain present in the NCs,
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which can affect they size estimation. The Double-Voigt approach as
implemented in TOPAS 5 software is based on a convolution ap-
proach on performing the Rietveld refinement and can be used to
take into account size and strain contributions on peak broadening.
The two aforementioned methods have been employed for esti-
mating the crystallite size of C- and B-type (Eu;_xYby),03 series.
These results are shown in Table 1.

According to Table 1, the size of C-type NCs has been found to
range between ~ 20 and 50 nm, while that of B-type NCs is larger
than 100 nm for all the compositions according to DV estimates
(considering both size and strain contributions). Hence, it can be
inferred that the crystallite size increases with firing temperature,
similarly to what has been previously observed in other compounds
[22,51-53]. Increasing the Yb content requires higher annealing
temperatures in order to induce the C-B phase transition.

Fig. 4 shows a selected TEM image of (EugoYbg)2053 calcinated at
T=900 °C, where crystallites have sizes ranging from 40 to 90 nm. In
all the cases agglomerated crystallites with quasi-spherical shapes
could be observed, which is a common result of Pechini’s
method [21,22].

Raman spectra of C-type (Eu;_xYby),Os NCs measured in the
80-700 cm™! range are shown in Fig. 5a. According to group theory,
up to 22 active Raman modes are expected in C-type RE;03 (4Ag +
4E, + 14 T,), although the number of experimentally observed modes
is generally smaller. This can be due to factors such as degeneracy,
peak broadening because of small particle size, low intensities due to
the small polarizability of some vibrations or low spectral resolution.
In fact, only a maximum of 12 Raman modes are visible in the
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Fig. 2. XRD patterns of B-type (Eu;_,Yby)>05 solid solution (a) and evolution of the unit cell volume with the dilution parameter x (b). The vertical lines at the bottom indicate

Bragg reflections from the monoclinic phase.
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Fig. 3. Comparison of the unit cell volume of C-type (a) and B-type (b) RE,;03 with that from the as-synthetized C-type and B-type (Eu;-,Yb,),03 solid solutions. The volume of
pure RE;03; compounds was fitted with a linear model. Structural data was taken from refs. [42-49] for C-type compounds and from ref. [50| for B-type structures.

Table 1
Crystallite size estimates on C- and B-type (Eu;-,Yb,),05 solid solutions from Scherrer
and Double-Voigt approaches, with uncertainties in parentheses.

X Calcinating Crystallite Size Crystallite Size
Temperature/ °C (Scherrer) /nm (Double-Voigt) /nm

0 900 54(3) 54(1)

0.1 900 54(2) 54(2)

0.3 900 36(2) 33(1)

0.5 900 34(1) 36(1)

0.7 900 23(1) 22(1)

0.9 900 35(2) 30(1)

1 900 44(2) 41(1)

0 1400 133(14) 125(5)

0.1 1400 90(3) 143(4)

015 1400 72(2) 117(2)

0.2 1450 134(6) 240(10)

‘.

Fig. 4. TEM image of (EuggYbo1)203 NCs prepared by the Pechini method after cal-
cination at 900 °C for 16 h.

spectra and they have been assigned by comparing with existing
literature for C-type RE;03 [54,55].

The most intense vibrational mode, assigned to a T, mode (T,>),
ranges between 337 cm™! (Eu,05) and 361 cm™ (Yb,05) along the
series and corresponds to a RE-O stretching mode. As it can be ob-
served from Fig. 5b and Table 2, Raman modes with lower fre-
quencies (<250 cm™!) barely shift upon changing the composition
(x), while those with higher frequencies shift towards higher wa-
venumbers when increasing the Yb3* content (i.e. decreasing the
lattice parameter). The peaks’ shift depending on the Yb** content
confirms that a solid solution was formed. Low frequency modes
(<300cm™!) of C-type RE,0; have been reported to be mainly

originated from the vibrations of RE cations (bending modes) while
those with higher frequencies correspond to pure oxygen vibrations
(stretching modes) [56]. The shift as a function of content is con-
sistent with the frequency dependence,

\/?
w ~ |
U (2)
where k is the force constant and y is the reduced mass of the two
atoms involved,

Mo MRg

MH=——"—"7— ~ Mo
Mo + Mg (3)

In C-type RE,03 compounds the force constant variation is the
dominant parameter for the high frequency vibrations, thus the
partial substitution of Eu>* cations by smaller Yb>* ones, results in a
redshift of the band positions, indicating a strengthen in the RE-
bond. On the other hand, the low frequency bands (bending modes)
are less sensitive to changes in the force constant, hence ion sub-
stitution and therefore mass variation should be the dominant
parameter [54,57,58]. Nevertheless, the difference in atomic mass
between Eu®*(mg, = 152 u) and Yb®" (myy, =175 u) is not big enough
(13%) to observe a significant shift in the Raman modes.

A shoulder in the peak assigned to the T,> mode can be observed
in Fig. 5a, which is ascribed to a I'(Sg) mode (Table 2). This band has
been previously reported as an electronic transition between Stark
levels of the ground state of RE3* ions located at sites with Sg(Cs;)
symmetry and it has also been observed in Yb,03 [59-62].

Fig. 6a shows the Raman spectra of B-type (Eu;_,Yby),03 NCs
measured in the 75-700cm™! range. For B-type RE,0s3, 21 Raman
modes are predicted by group theory (14Ag + 7Bg), although in
practice the number of observed modes is smaller too. In our case,
up to 16 modes were observed in the Raman spectrum upon
514.5 nm laser excitation and they have been assigned according to
existing literature [63]. From Fig. 6a it can also be noted that upon
increasing the Yb>* content the Raman spectra shows less resolved
peaks when compared to pure monoclinic Eu,0s. This behavior can
be due to alterations in the symmetry of the crystal lattice by the
incorporation of Yb®* ions, which can affect the Raman modes of the
crystal, including changes in both the position and broadening of the
peaks. Nevertheless, not all the Raman bands are expected to be
uniformly affected by the loss of symmetry. Only the Raman modes
involving a major contribution of atomic motion [64], those related
with RE-O movement in this case, will produce significant changes
in the spectra. Fig. 6b shows the shift of the frequency of Raman
modes as a function of Yb®* content (data from Table 3). The high-
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Fig. 5. Raman spectra of C-type (Eu;-,Yby),03 NCs measured at RT (a) and variation of the Raman frequencies, labelled according to Table 2, with dilution parameter, x (b).

frequency Raman modes of B-type (and also C-type) solid solutions
are generally the ones that present larger shifts with x.

The DR spectra of C- and B-type solid solutions is shown in Fig. 7
(see also Fig. S3 for a direct comparison of x=0, and 0.1 C- and B-
type solid solutions). In the 210-1600 nm range, different features
can be observed: 1) a broad band below 270 nm assigned to the 0%
— RE>' charge transfer (CT) transition within RE,03, which for C-
type samples is found to slightly shift towards higher energies
(lower wavelength) when increasing the Yb>* content, 2) low in-
tensity sharp absorption peaks in the 350-630nm range corre-
sponding to Eu®* 4f-4f intraconfigurational transitions (assigned in
the excitation spectra of Eu®*), 3) a structured absorption band from
800 to 1100 nm that corresponds to the Yb®* electronic transition
from the 2F;; ground state to the *Fs, excited state.

Fig. 8a shows the emission spectra of Eu*>* under 465nm ex-
citation corresponding to the (Eu;_,Yb,),03 series calcinated at 900
°C (C-type). The emission spectra of Eu3* in all samples consist of
sharp emission lines from °Dy to low lying multiplets “F; (J=0-4).
According to the Judd-Ofelt theory, electric dipole (ED) transitions
between 4f states of RE*" ions with AJ =2,4,6, should be intense
transitions, while those with AJ = odd values should be weaker [23].
This behavior is clearly observed in Fig. 8a. Moreover, ED transitions
with J=0 — J'=0 should be strictly forbidden, although Dy — ’F
transitions are sometimes observed. They become partially allowed
due to J-mixing through spin-orbit and odd-parity vibrational modes
coupling or due to mixing with CT states [65]. The presence of this
transition evidences that Eu" ions occupy sites with Cs, C, or Cpy
symmetries and the emergence of more than one peak proves that

Table 2

more than one Eu®* site is occupied, although it is not possible to
know the exact number of them since sites with symmetries other
than the ones mentioned do not lead to observable °Dy — “Fq
transitions [66]. Along this series, samples with composition x=0
and 0.1 show a shoulder around the peak corresponding to the °Dg —
7F, transition (see Fig. 8b), which is not clearly visible for the other
compositions. The appearance of a shoulder can be an indication of
two slightly different local environments around the Eu®" ions,
presumably with C; symmetry, as in RE;03 with C-type structure
Eu?* can occupy sites with C, and Sg symmetry and Sg sites do not
give rise to °Dy — ’Fy transitions. The Dy — ’F; transition is a
magnetic dipole allowed transition and its integrated intensity is
mostly independent of the local environment of the Eu®* ions. The
observation of more than three lines for this transition is an in-
dication of the existence of more than one non-equivalent sites for
Eu?" cations in the structure and that can be used to detect multiple
sites when the Dy — “Fq is not observable. In the samples under
study slightly asymmetric peaks are found for this transition. This
could be in agreement with the shoulder found in the Dy — “Fq
transition, indicating two slightly different environments around
Eu?* ions.

Eu?* is often used as a structural probe, as the intensity of the
hypersensitive transition >Dy — ’F, is much more influenced by the
local symmetry of the Eu®* cations and the type of ligands sur-
rounding them than in other transitions. In fact, if Eu>* ions were
located at sites with an inversion center, this transition would be
forbidden. Nevertheless, the hypersensitive transition is very intense
as it can be seen in Fig. 8a, which allows to corroborate that most

Raman active modes of the C-type (Eu;_,Yby),03 as a function of the Yb>* content (x). The frequency dependence with the degree of Yb>* content (dw/0x) has been obtained by a

linear fitting. Uncertainties are given in parentheses.

Raman mode wx-0 (cm™") =01 (cm™") ox=03 (cm™") x-05 (cm™") wx-07 (cm™) wx-09 (cm™") g1 (cm™") 0w/0x (cm™!)
T,! 92.29(3) 92.16(3) 91.99 91.99(4) 92.69(5) 93.28(4) 93.84(3) 1.5(5)
T2 104.99(12) 105(1) 104.9(4) 105.02(7) 105.3(7) 105.01(10) 105.41(18) 0.33(16)
A 117.05(3) 116.78(3) 116.32(4) 116.17(4) 116.42(5) 116.87(4) 117.18(3) 0.1(4)
T - 131.6(5) 130.9(5) 130.6(4) 130.9(3) 131.02(17) 131.39(12) 01(5)
E,! 143.17(11) 142.87(12) 142.2(2) 1418(2) 142.02(2) 142.44(17) 142.53(11) -0.6(5)
T 174(2) 173(2) - - 170(1) 171.3(6) 172.4(3) 2(1)
Eg2 283.51(11) 285.55(17) 289.5(3) 292.9(4) 297.3(4) 301.3(5) 304.1(3) 20.1(4)
I(Se) 311.2(4) 312.0(4) 315.5(7) 319.8(6) 326.4(6) 331.4(5) 335.4(3) -

TS 33722(3) 340.15(3) 345.19(7) 350.20(9) 355.30(14) 359.08(13) 360.96(11) 23.8(6)
A 383.9(5) 389.4(4) 398.8(8) 4073(8) 415.1(9) 428(2) 430(1) 46(1)
T 397(1) - - - - - - -

T’ 423.71(16) 428.4(2) 4358(4) 444.8(6) 454.5(8) 464(2) 472(2) 47(2)
Ag - - - - 572(1) 583(2) 581(1) -

TS 557.0(2) 562.7(2) 573.1(3) 583.6(3) 595.3(3) 606.5(4) 611.5(2) 54.7(4)

*This mode could also be assigned to be the T,® mode, as the peak is not well resolved.
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Table 3

Raman spectra of B-type (Eu;—,Yby),03 NCs measured at RT (a) and shift of their Raman modes, labelled according to Table 3 (b).

Raman active modes of B-type (Eu;-,Yby),03 compounds as a function of the Yb** content (x). The dependence of the wavenumbers with the degree of Yb** content (dw/0x) has

been obtained by a linear fitting. Uncertainties are given in parentheses.

Symmetry ox-0 (cm™") ox-01 (cm™") ox-015 (cm™") ox-02 (cm™") 0w/0x (cm™!)
A 81.45(9) 82.34(11) 82.75(14) 82.91(14) 7.5(9)
B! 96.23(4) 95.93(5) 95.70(7) 95.49(7) -4.8(2)
A2 108.91(4) 109.27(3) 109.21(4) 109.29(3) 0.7(3)
B, 120(1) 120.5(5) 120.3(6) 1213(4) 52)
AZ 154(1) 155.0(8) 159(1) 159(1) 32(7)
A 173.9(2) 1743(2) 174.4(2) 1745(3) 21(3)
AS 217.4(2) 216.6(2) 2162(3) 215.7(4) -5(2)
AS 243.6(2) 248.2(4) 250.5(6) 253.4(6) 49(1)
AS 256.8(2) 259.5(4) 261.6(8) 265(1) 38(6)
B, 282.9(2) 287.7(3) 289.5(4) 292.9(4) 49(3)
AS 3733(2) 3761(3) 376.7(5) 378.8(6) 25(3)
B,* 392.6(5) 393.5(3) 393.5(4) 394.6(4) -5(6)
B 4107(2) 400.6(4) 409.9(5) 411.7(5) 5(6)
A? 4231(1) 4273(3) 429.2(4) 432.4(5) 46(3)
Ag'® 462.5(2) 4671(3) 469.1(4) 4743(5) 57(8)
A" 5773(3) 582.2(3) 584.7(5) 590.0(5) 63(8)

Eu?* cations are located in non-centrosymmetric sites (C, ones). The
intensity of this transition, with the maximum at around 610.2 nm in
the C-type series, is responsible for the typical red luminescence of
Eu?*. On the other hand, the Dy — ’F; transition is usually very
weak, since it is forbidden according to the Judd-Ofelt theory and it
only gains intensity via strong J-mixing and by a strong crystal-field
perturbation. Hence, this transition is not used as a structural probe
[66]. Finally, the intensity of the °Dy — F, is usually compared with
the one from the magnetic dipole Dy — ’F; transition and it is
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affected by factors such as the chemical composition of the host
matrix or the symmetry around the Eu®* ion [66].

Emission bands from °D, — ’F; and °D; — ’F,, transitions are
also visible for C-type NCs with low Eu®* concentrations, i.e. x=0.7,
0.9 (see inset of Fig. 8a). Factors such as high temperature or high
concentration of Eu®* ions (i.e., low dilution parameter x) favor
quenching of emission from °D; and °D, excited states [66], so it is
not surprising that these transitions become observable only by in-
creasing the dilution parameter x (i.e., lowering Eu®* concentration).

(b) -
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f-f transitions l
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I |
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Fig. 7. Diffuse reflectance spectra of C-type (a) and B-type (b) (Eu;_,Yb,),03 NCs measured at RT. Spectra have been shifted in the y-axis for clarity.
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Fig. 9. Diagram representing the cross-relaxation mechanism between Eu®* ions.
Filled and dash arrows represent radiative and non-radiative transitions, respectively.

Reasons behind the absence of luminescence from °D; excited state
involve non-radiative relaxation processes, among which we can
include cross relaxation and multiphonon relaxation processes. The
first mechanism is dependent on Eu®* - Eu3* interactions since it
involves ET between neighboring Eu®* ions, which is highly probable
for small x values. Provided that the difference in energy between
5D, and Dy excited states is similar to that between “Fo and “F5 (see
Fig. 9), an Eu®* ion in the °D; excited state can relax non radiatively

to the °D, excited state and transfer its energy to another sur-
rounding Eu3* cation in the “Fy ground state, which would then be
excited to the “F; state, hence quenching the luminescence from 5D,
level [67]. Concerning the second mechanism, part of the excitation
energy is transformed into vibrations of the host matrix, with the
emission of phonons in that case.

Fig. 10a shows the Eu>* emission spectra of (Eu;_,Yby),03 samples
fired at 1400-1450 °C (B-type). The emission spectra were recorded
at RT under 394 nm excitation. Although the same transitions (°Dg —
7F,) are visible in this case, several differences are observable in the
PL spectra when compared with the C-type analogues. On the one
hand, the Dy — “F, transition presents three distinguishable lines, in
agreement with the fact that RE ions in B-type structure are sur-
rounded by oxygen anions in six and seven-fold coordination, oc-
cupying three different Cs crystallographic sites. Moreover, the band
shape of the hypersensitive transition has changed, and its main
peak is now located around 622 nm (except for x=0.2), which is
redshifted about 12 nm in comparison with the same compound
with C-type structure. In addition, the Dy — ’F4 band has gained
intensity in the B-type solid solution compared with the °Dg — ’F;
transition. If we compare the hypersensitive transition of Eu®>* in an
A-type RE,O5 host, such as La;0s (since firing temperatures equal or
higher than 2000 °C would be needed for synthetizing A-type
Eu,03), we can observe that its band shape changes again and the
main peak is further redshifted to ~625 nm (see Fig. 10b). Hence, the
Eu>" emission from the hypersensitive °Dy — ’F, transition could be
easily used to track phase transitions under pressure or temperature,
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Fig. 10. Eu®* emission spectra of B-type (Eu;_cYb,),03 NCs at RT (a). The excitation wavelength is 394.5 nm. Emission spectra of Eu>* in A, B and C polymorphs (b).
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and in the case of RE,05 could help to distinguish between the dif-
ferent RE;03 polymorphs (A, B, C).

The ratio between the °Dy — ’F, and °Dy — ’F; integrated in-
tensities, R, is often used as a measure of the asymmetry of the Eu>*
site, as the former transition is forbidden in a centrosymmetric
system [66]. Generally, distortions from centrosymmetric geometry
around Eu®* ions lead to an increase of R [68]. In the case of the C-
type NCs, the asymmetric ratio R is found to be 7.5, 7.1, 7.4, 6.9, 6.5,
6.4 for concentrations x=0, 0.1, 0.3, 0.5, 0.7 and 0.9, respectively,
while for B-type solid solutions R is 8.5, 8.3, 8.4 and 7.3 for x=0, 0.1,
0.15 and 0.2, respectively. In general, R seems to be larger for the NCs
with B-type structure. In B-type Eu,03 crystalline structure, in which
Eu®* cations are located in three different crystallographic sites, the
Eu-0 bond-lengths vary from 2.25 to 2.74 A [69], while in the cubic
structure, with only two Eu3* crystallographic sites, they range from
2.28 to 2.39 A [48], indicating higher distortion around Eu** ions in
the monoclinic polymorph. Similar behavior is observed when
comparing B-type and C-type Gd,03: Eu** compound [70].

By comparing Figs. 8a and 10b, it can also be observed that the
emission spectrum of Eu?* is fairly similar irrespective of whether
the Eu®* ion is in the pure compound (C-type Eu,03) or acting as an
impurity in other host (in this case C-type Y,03), as long as the
structure remains the same (in this case, in a C-type structure). The
same behavior has been observed for C-type Tb,05; and Y,03:Tb
(0.2%) compounds|46]. This is expected, since the 4f energy levels of
RE>* ions are only slightly affected by the surrounding ligands (due
to the effective shielding of the filled 5s and 5p shells), and the
crystal-field effects will be similar in both hosts (since the en-
vironment around the luminescent ion is almost preserved). Thus,
the emission spectra of Eu>* will be similar independently of the
RE;03 host lattice in which it is located, as long as the symmetry
around the RE ion remains the same. If the structure changes, the
emission spectra would be modified as well, since the crystal field
would produce different peak splitting and the oscillator strength of
the transitions could change, and thus the intensities.

Fig. 11 shows the normalized excitation spectra of Eu*" corre-
sponding to the C-type and B-type (Eu;_xYby),03 series. The excita-
tion spectra recording the Eu** emission at 610.2 nm (C-type) or
622.2 nm (B-type) consist of a broad band assigned to the 0*— Eu®*
CT electronic transition and four groups of narrow peaks
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corresponding to intraconfigurational f-f transitions from the ’Fg
ground state to different excited states, as labelled in Fig. 11. The CT
band, attributed to the promotion of a 0% 2p electron to the empty
4f levels of Eu*", is influenced by the environment around Eu>* ions,
including factors as the Eu-O distance, Eu*>" coordination or cova-
lence between Eu* and 0% ions [24]. This band seems to redshift
with increasing the Eu* content, as indicated in Fig. 7. This behavior
is also found in other series, such as Gd,_yEu,O3 (with 0 < x < 2),[71]
on increasing the amount of Eu>* in their structures. Similarly, it has
been reported that for a fixed concentration of Eu** (5% mol) and
different RE;03 as host materials (RE= Sc, Lu, Y, Gd and La) the CT
band position shifts to higher wavelengths when increasing the
cation radius. [72] The increase in the ionic radii produces a
lengthening in the RE-O distances, which leads to smaller energy
differences between the Ln-4f and O-2p levels, hence red-shifting
the CT band. [73]. For the same reason, it can be deduced that B-type
Eu,03 has its CT band redshifted when compared with the C-type
polymorph because the bond-lengths are larger in the former case.

The temporal evolution of the °Dy Eu®* luminescence has been
recorded detecting at 610.2 nm (C-type) or at 622.2 nm (B-type) after
ps-pulsed excitation at 532 nm or 464 nm for C- and B-type struc-
tures, respectively. The decay characteristics depend on the con-
centration of RE3* jons to a large extent, as high concentrations favor
the migration and ET processes. Moreover, it can also depend on
defects or impurities present in the host material. In all cases, decays
have been fitted to a single exponential. Nevertheless, Eu** lifetime
in C-type structure has been found to decrease when decreasing Eu>*
content (see Fig. 12), contrary to what it is usually observed. For
comparison purposes, the Eu3* lifetime (z) in a C-type (YooEug1)205
solid solution, synthetized in the same conditions as (YbggEug1)203,
has been measured. In the case of Eu>" in an Y,05 matrix, rg, ~1ms
while 75, ~0.4 ps for Eu®* in the Yb,05 host lattice. Hence, it can be
inferred that Yb3" acts as an additional path of de-excitation that
reduces Eu®" lifetime.

This is an indication that an ET mechanism takes place when
exciting Eu®* jons. In fact, we have observed NIR emission from Yb>*
ions when exciting the Eu®* ions with a 532 nm laser, wavelength at
which Yb®* ions do not absorb photons. Hence, it is possible to ob-
tain visible and NIR emission when exciting Eu®* ions with visible
light. This fact reveals that an efficient non-resonant ET process from
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Eu* to Yb>" ions is taking place, as there is a mismatch between Eu>*
and Yb>" energy levels (see energy diagram in Fig. 13). According to
N. Yamada et al. [ 74], the energy difference between Eu>* >Dy-’Fg and
Yb*" 2Fs,-?Fy, transitions is about ~ 1700cm™ in an Y,0s host
matrix. Considering that the most energetic phonon has an energy
around ~ 600 cm™ in C-type RE,O5 (Fig. 5) then it is possible that the
energy difference between Eu*" and Yb3* transitions is bridged by
the creation of 3 phonons.

Fig. 14 shows a comparison between the Yb** emission when
excited directly (910 nm) or via Eu>* excitation (532 nm) for C- and
B-type samples. As it can be noticed, the Yb®" IR emission is fairly
similar for both excitations. The recorded emission spectra of Yb®* in
all samples consist of asymmetric emission bands from 2F5/2 excited
state to 2F7/2 ground state, which splits into three and four Stark
levels due to crystal-field effects (degeneracy J + %). According to the
assignment of Yb>* energy levels in other Yb-doped C-type RE,04
host matrices, such as Y,0s3, Lu,03 or Sc,03 [75-79], the observed
bands around 977, 1007, 1032 and 1074 nm would be attributed to

the transitions from the Stark levels 5—1,2,3 and 4, respectively (see
Figs. 14a and 14b). Following the assignment reported for monoclinic
Gd,05:Yb** [75], the bands at about 979, 997-1032, 1063 and
1103 nm (10235, 9930, 9690 and 9311 cm™}, respectively) for B-type
samples would be attributed to the 5—1,2,3 and 4 Stark transitions,
respectively. It has been reported that the unusual broadening of the
second emission line in B-type Gd,0s;:Yb** (located in the
1006 -1032 nm range) could be related to the existence of different
C, crystallographic sites in the structure, although definite conclu-
sions could not be reached [75].

Focusing on the Yb>* emission from C-type NCs (Figs. 14a and
14b), it can be observed that the first emission band (5—1 transition)
of these solid solution shifts towards lower wavelengths (higher
energies) when increasing the Yb>" content, while the other three
bands shift to higher wavelengths (lower energies), being the max-
imum shift observed for the 5—4 transition (see Fig. 15a). The
splitting of the Yb** ground state %F;;, (AE) can be estimated by the
energy differences (cm™') between the 5—~4 and 5—1 transitions.
Fig. 15b shows AE as a function of the lattice parameter of the host
material. It can be observed that the shorter the distance between
the Yb>" ions and the ligands (which results in a smaller lattice
parameter), the larger the ground state splitting, or similarly, the
values of the crystal-field parameters. This behavior has also been
found when comparing the dependence of Yb3* ground state split-
ting in other Yb-doped RE;O3 (Sc,0s, Lu,0, and Y,03). [79] In the
case of B-type solid solutions, comparisons have not been performed
because the change in the Yb®* concentration is small (from x=0.1 to
x=0.2) and the shift is less significant.

It can also be observed that the increase in Yb>* content reduces
the emission intensity corresponding to the 5-1 transition, if com-
pared to the 5-3 one (Fig. 14). The ratios of the integrated intensities
between these transitions (Is_{/Is_3) are 1.08, 0.89, 0.80, 0.68, 0.67,
0.61 for x=0.1, 0.3, 0.5, 0.7, 0.9 and 1, respectively. These ratios have
been estimated using data from 910 nm excitation and fitting each
band to a Lorentzian profile. Similar behavior has been observed for
B-type NCs. The intensity weakening is probably due to the re-
absorption phenomena, since the 5-1 Yb®* emission band (~977 nm)
partially overlaps with an Yb3* absorption band (see Fig. 16). So it is
likely that a fraction of the emitted radiation by an Yb®* ion is re-
absorbed again by another neighboring Yb>* cation, which is a more
probable process when the Yb3* concentration increases.
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Fig. 14. Yb** emission spectra of C-type (Eu;_,Yby),03 NCs at RT under 910 nm (a) and 532 nm (b) excitation. Yb>* emission spectra of B-type NCs under 910 nm (c) and 532 nm (d)
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4. Conclusions

Solid solutions of (Eu;_xYby),03 NCs with cubic (0 < x < 1) and
monoclinic (0 < x < 0.2) structures were successfully synthetized by
the modified sol-gel Pechini method, as corroborated by XRD and
Raman measurements at RT. Photoluminescence measurements al-
lowed us to observe simultaneous Vis and NIR emission when di-
rectly exciting Eu3* ions, revealing the existence of a non-resonant
ET process from Eu* to Yb3*, which is responsible for the NIR
emission. The existence of this phenomenon is also backed up by
Eu?* lifetime measurements in the C-type solid solutions, since this
parameter decreases when the concentration of Eu3* cations de-
creases, contrary to the usual behavior taking place when the con-
centration of a luminescent ion is reduced. Moreover, the use of Eu**
as a structural probe to distinguish between C- and B-type poly-
morphs has been discussed, highlighting the usefulness of °Dg - Fq
and °Dg - ’F, electronic transitions. The dependence of the Yb3*
ground state splitting as a function of the lattice parameter has been
also described, finding that the ground state splitting increases as
the Yb-O distance decreases.
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