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Pablo Serna-Gallén, Héctor Beltran-Mir, 2 Eloisa Cordoncillo, 2
Anthony R. West,® Rolindes Balda“®® and Joaquin Fernandez®

Eu®*-Doped BaTiOs ceramics with dopant contents between 0 and 10 mol% were prepared by sol-gel
synthesis based on the nominal compositions (Ba;_3xEu,,)TiOs and Ba(Ti;_4Eu,)O3z_,/2, where two possi-
ble substitution mechanisms are addressed. By means of optical spectroscopy, our study gives a plausi-
ble elucidation of Eu®* site occupation in micron-sized BaTiOs particles. Time-resolved fluorescence
line narrowing (TRFLN) shows the presence of five different crystal field sites for europium ions and pos-
sible symmetries are inferred for each one. The solubility limit of the lanthanide ion was found to be

about 3 mol%. The experimental results are consistent with the preference of Eu** to occupy Ba®* sites

regardless of the nominal compositions and target substitution mechanism. However, TRFLN results
reported that the dopant could also occupy Ti** sites, highlighting the amphoteric character of Eu®*.
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DOI: 10.1039/c9tc03987b

The existence of anti-Stokes and Stokes vibronic sidebands in the Dy — 7F0,1 transitions of Eu®* ions is
confirmed. This can explain the lack of resolution found in room temperature spectra of these transitions
due to vibronic mixing of the excited levels. The existence of non-equivalent europium sites with differ-

ent spectroscopic properties could have an impact on the optical properties of doped-BaTiOz ceramics

rsc.li/materials-c and associated applications.

1. Introduction

Barium titanate, BaTiO3, has been a longstanding material for
electronic devices due to its broad spectrum of properties, such
as spontaneous polarization, high dielectric permittivity in the
paraelectric phase and piezoelectric response.’ Luminescent
trivalent lanthanide ions (Ln*") incorporated into solids have
been greatly studied not only because of their application in
emission displays and lasers but also for their ability to change
and tune material properties depending on the site occupation
of Ln*' in the host lattice.” Indeed, Ln*'-doped BaTiO; has
shown outstanding performance in ferroelectric capacitors due
to its high dielectric constant.?
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Av. Sos Baynat s/n 12071, Castellé de la Plana, Spain
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t Electronic supplementary information (ESI) available. See DOI: 10.1039/
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Elucidating the distribution of Ln** involves determining if
it occupies a single site (Ba** or Ti*") or multiple sites (both
Ba®>" and Ti""), the solubility limit in each site, and how this
distribution changes with lanthanide concentration.*”” Accord-
ing to different authors, the structural preference is for larger
ions (La-Sm) to occupy the Ba>" site while smaller ions (Yb, Lu)
substitute onto the Ti** site. For intermediate-sized ions (Gd,
Dy, Ho, Er), their amphoteric behaviour is highlighted; in other
words, they are able to occupy both Ba®>" and Ti*" positions.

Eu lies between Sm and Gd in the lanthanide series and
therefore could show slight amphoteric character like Gd. Ba>*
has an ionic radius of 1.610 A (for a 12 coordination number,
CN), while Ti** has an ionic radius of 0.605 A (for a CN = 6). Eu**
has an intermediate radius of 0.947 A (for a CN = 6) and 1.226 A
(for a CN = 12).%° These values make it possible, in principle,
for Eu** to occupy both sites.

However, there is still some controversy for Eu dopant
distribution in the lattice. Based on X-ray diffraction (XRD)
data, luminescence analysis and electrical measurements,
some studies have proposed the presence of Eu in Ba*
sites,”'® while others have concluded that Eu occupies both
Ba®" and Ti"" sites.®'" Indeed, Rabuffetti et al.* also postu-
lated that the mechanism of substitution could depend on Eu
concentration: the results invoked the substitution of Eu®" for
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Fig.1 A ternary composition triangle showing the location of possible
ionic compensation mechanisms. The inset highlights a possible way of
taking samples of join 4 towards join 1.

Ba>" via creation of a Ti** vacancy at low doping concentrations
(<1 mol%), and the substitution of Eu** for both Ba** and Ti**
at high doping concentrations (1-3 mol%). Fig. 1 shows a
ternary composition triangle, which highlights the different
ionic compensation mechanisms that are possible and the
location of the associated solid solutions as follows:

(1) (Ba;_3xEu,,)TiO;, with creation of Ba®>" vacancies and
Eu®" occupying Ba®" sites.

(2) (Ba;_xEu,)Ti; /405, with creation of Ti'" vacancies and
Eu®" occupying Ba®" sites.

(3) (Ba;_,Ti;_4Eu,,)0;, with double substitution of Eu®*
onto both Ba>* and Ti"" sites.

(4) Ba(Ti; _xEu,)O5_ s, with creation of oxygen vacancies and
Eu®" occupying Ti*" sites.

To the best of our knowledge, accurate studies to distinguish
between these compensation mechanisms and associated
defect structures have not been reported. In addition to these
ionic compensation mechanisms, it is also important to con-
sider possible electronic compensation mechanisms in which,
depending on synthesis conditions, the valence state of Ti and/
or Eu may vary.

The purposes of the present work are first, to determine
which doping mechanism(s) is/are most likely under the synthesis
conditions used and second, to measure the optical spectra of Eu-
doped materials and correlate these with the probable defect
structure and location of Eu®" in the BaTiOj lattice. Samples were
synthesised according to two possible mechanisms of substitu-
tion. The first one, addressed as the Ba-mechanism, has the
nominal formula (Ba;_3,Eu,,)TiO3. This mechanism (1 in Fig. 1)
has been reported for nanocrystals but not for micron-sized
materials and implies that Eu** occupies only the Ba*" site. It is
well established that in nanomaterials the increasing number of
surface and interface atoms generates stress/strain and concomi-
tant structural perturbations which can affect local symmetries.">
Thus, in our micron-sized compounds, there could be differences
in the preference of Eu®" for substitution sites. The second
mechanism (4 in Fig. 1), referred to as the Ti-mechanism, has
the nominal formula Ba(Ti; ,Eu,)O;_,,, and presumes that Eu®*
is present only in the Ti** site.

2 | J Mater. Chem. C, 2019, 00, 1-10
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The site-resolved luminescence of Eu®*" in BaTiO; ceramics
has been investigated, taking into account the adequacy of the
dopant ion as a site-sensitive structural probe. Since the D,
state is nondegenerate under any symmetry, the structure of the
°D, — ’F, emission is determined only by the splitting of the
terminal levels caused by the local crystal field. Moreover, as
the “F, level is also nondegenerate, site-selective excitation
within the inhomogeneous broadened “F, — °D, absorption
band can be performed by using the fluorescence line-
narrowing (FLN) technique to distinguish between different
local environments around the lanthanide ions."*™"

2. Experimental section

2.1. Materials

Reagents used were barium acetate [Ba(OAc), 99%], titanium(iv)
isopropoxide [Ti(OPr'), 98%] and europium(m) acetate [Eu(OAc);
99.9%] (Strem Chemicals), acetylacetone [acacH 99.8%] (Panreac),
glacial acetic acid [HOAc 99.5%] (Labkerm) and methanol [MeOH
99.8%] (Scharlau).

2.2. Synthesis of Eu**-doped BaTiO; compounds

Samples with 0, 1, 2, 3, 4, 5 and 10 mol% Eu®* content for each
proposed mechanism (Ba or Ti-mechanism) were synthesised
via the sol-gel method using the process reported previously:'®
barium acetate was dissolved in distilled water and europium
acetate was added; methanol and acetic acid were then added
to give clear solutions which were finally mixed with Ti*":acacH
solution and left open in a desiccator to obtain clear gels.
The molar ratios of reagents and solvents were 1Ba*":21H,0:
40MeOH and 1Ti*":8acacH. The dried gels were ground and the
fine powders were fired at 1200 °C in air for two hours in Pt foil
boats, obtaining micron-sized materials. To carry out optical
analysis, pellets of the fired powders were made and sintered at
1200 °C in air for two hours in Pt foil boats. For convenience,
the following abbreviations are used throughout the remainder
of the article: “0%-BT” (for pure BaTiO3), “n%-Ba” (for samples
of the Ba-mechanism) and “n%-Ti” (for samples of the Ti-
mechanism), where n takes the values of 1, 2, 3, 4, 5, and 10 and
indicates the molar percentage of Eu®" in the sample, Table 1.

2.3. Characterisation

Powder X-ray diffraction (XRD) measurements were performed
using a Bruker D4-Endeavor X-ray diffractometer with CukK,
radiation at a scan speed of 0.3° min~'. All data were collected
between 15 < ° 20 < 70 at room temperature. With the aim of
calibrating peak positions, an internal standard of Si NIST
(SRM 640e) was used. Lattice parameters were refined using
the WinX"°" 1.06 software version.

The microstructure of samples was observed using a JEOL
7001F scanning electronic microscope (SEM) equipped with a
spectrometer for energy dispersive X-ray (EDX) analysis. The
operation parameters were: acceleration voltage, 15 kV; mea-
suring time, 20 s; and working distance, 10 mm.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Nominal compositions of the different synthesised samples in each mechanism and the abbreviations used

Mechanism Reference Nominal formula X Eu*" mol%
0%-BT BaTiO; 0 0
Ba-mechanism (Ba; 3,Eu,,)TiO;3 1%-Ba (Bag.og5EU.01)TiO3 0.005 1
2%-Ba (Bag.97EUg,02)TiO3 0.01 2
3%-Ba (Bag.o55EUg.03)TiO; 0.015 3
4%-Ba (Bag.94Euy 04)TiO3 0.02 4
5%-Ba (Bag.o25EUg.05)TiO; 0.025 5
10%-Ba (Bag s5EUg.10)TiO5 0.05 10
Ti-mechanism Ba(Ti; ,Eu,)Os5 . 1%-Ti Ba(Tip.00EU0.01)02.005 0.01 1
2%-Ti Ba(Tig.05FU0.02)02.990 0.02 2
3%-Ti Ba(Tio.07EU0.03)03.085 0.03 3
4%-Ti Ba(Tio.06FU0.04)O2.080 0.04 4
5%-Ti Ba(Tio.05EU0.05)02.975 0.05 5
10%-Ti Ba(Tig.00EU0.10)O02.950 0.10 10
Different optical properties were studied for fired Eu®'- (a)
doped BaTiO; samples. Emission measurements were per- = *
. . 2 10% *
formed at room temperature with an Eclipse Fluorescence c
. . =] 9
Spectrophotometer (Varian). Spectra were recorded in the range o 5%
. . . 0,
550-750 nm upon excitation at 466 nm (corresponding to the S 4% ! A A Ade A
N 0,
hypersensitive F, — °D, transition). From the spectra, the > ;;’ A s J A —— A
asymmetry ratio R (defined as the ratio between the intensities g 2 A l A x A
.o 0
of °D, — 'F, and °D, — ’F; transitions) and the Q, Judd-Ofelt ..g 1%, I\ k A A A
0
parameter were calculated. Sl /.° P : l —L N i — -
Resonant time-resolved FLN spectra were performed by 15 25 35 45 55 65
exciting the samples with a pulsed frequency doubled Nd:YAG 26 (°)
pumped tunable dye laser of 9 ns pulse width and 0.08 cm™* (b)
linewidth and detected by an EGG&PAR Optical Multichannel Y N
Analyzer. The measurements were carried out at 10 K in a '§ 0%, .*L A A A .
closed cycle helium cryostat. 5 5%, " k A A A .
21 4% C
(] A A A A
Bs 3% A l L A A . A ~
: . B 2%
3. Results and discussion 2 NS N
law, b, .,
3.1. Structural characterisation Sl 0w
|o A T T T JL| AIA T IA T |h
XRD patterns of the fired samples show all the peaks corres-
P P annep 15 25 35 45 55 65
ponding to the tetragonal phase of barium titanate (JCPDS-
26 (°)

ICDD card 5-626), Fig. 2. No traces of crystalline secondary
phases such as Eu,Ti,O; were detected apart from the presence
of a secondary phase in the 10%-Ti sample, Fig. 2(b).

According to the ionic radius values, if Eu** occupies the
Ba®" site, there will be a contraction in the unit cell volume (V,)
while if it occupies the Ti*" site, we expect an expansion in V,."”
Table 2 summarises the calculated lattice parameters; V, and
tetragonality (c/a) ratios for the two composition series are
shown in Fig. 3.

The evolution of V, and tetragonality with Eu®* concen-
tration has the same tendency. Therefore, further discussion
focuses only on V,. For the Ba-mechanism, there is a progres-
sive decrease in V, up to 3 mol% of Eu®*" which is consistent
with europium ions occupying the Ba>* site. For concentrations
>3 mol%, V, remains almost constant, suggesting that no
more dopant enters the BaTiO; structure.

For samples of the Ti-mechanism, join 4, a progressive
decrease in V, up to 2 mol%, is again observed highlighting
the preference of europium for occupying the Ba*" site.

This journal is © The Royal Society of Chemistry 2019

Fig. 2 XRD patterns for 0%-BT, (a) Ba-mechanism and (b) Ti-mechanism
samples. The red stars point to the peaks corresponding to the internal
standard of Si NIST (SRM 640e). The blue star highlights the presence of a
secondary phase in the 10%-Ti sample.

However, the Ti-mechanism should lead to an increase in V,
and not the observed decrease. We believe, therefore, that
samples from the Ti-mechanism lost a small amount of BaO
during high temperature firing, which had the effect of taking
the samples towards join 1 or 3. Barium loss has been highly
proved in the literature when doping perovskite-type structures
with the general formula ABO;."®’ This process has been
attributed not only to the firing conditions but also to the
dopant concentration. Indeed, the decreasing thermodynamic
stability of the perovskite with increasing the amount of dopant
implies a higher BaO activity and a greater thermodynamic
driving force for Ba vaporization.”® For yttrium-doped BaZrOs,
some studies have revealed the existence of BaO loss in a wide
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Table 2 Unit cell parameters of Eu*"-doped BaTiOs samples

Journal of Materials Chemistry C

Sample a (A) c(A) Vo (A%) Sample a (A) c(A) Vo (A%)
0%-BT 3.9937(3) 4.0344(5) 64.347(7) — — — —
1%-Ba 3.9959(12) 4.0279(25) 64.313(21) 1%-Ti 3.9951(3) 4.0304(4) 64.329(6)
2%-Ba 3.9967(12) 4.0221(24) 64.247(17) 2%-Ti 3.9959(9) 4.0201(17) 64.19(3)
3%-Ba 3.9966(8) 4.0195(14) 64.202(10) — — — —
1%-Ba 3.9962(12) 4.0208(20) 64.212(15) — — — —
5%-Ba 3.9967(5) 4.0192(13) 64.202(16) — — — —
10%-Ba 3.9964(14) 4.0204(24) 64.212(18) — — — —
(a) (b)
64.6 1.014
64.4 — 1010 4 &
" [C3 \
= ] Y N 1R
9 \ S \
\
64.2 — i\""i ---------- aJ 1.006 \i\f’i‘i _____________ }
Ti-mechanism Ba-mechanism | Ti-mechanism Ba.mecharim
640 | T | T | T | T | T | 1.002 I T | T I T I T | T |

0 2 4 6 8 10

3-
Eu®* mol%

0 2 4 6 8 10

Eu® mol%

Fig. 3 Evolution of (a) V, and (b) c/a with Eu** concentration for Ba and Ti-mechanisms.

range of firing temperatures (1100-1600 °C).'*2%** The nominal
composition of yttrium-doped barium zirconate is Ba(Zr; ,Y,)O3_y,
but the BaO loss implies that yttrium can have an amphoteric
character, thus being able to occupy both A and B sites, and reaching
the composition with the formula (Ba; ,Y,)(Zr; ,Y,)Os. In a similar
way, the same line of reasoning has been established for
gadolinium-doped BaCeO; and computational studies have sug-
gested that on energetic grounds, the site-occupancy of dopants is
linked to barium loss.”*?

At higher Eu*" contents on join 4, irregular lattice parameter
results were obtained (not shown), consistent with some loss of
Eu*’, but not sufficient for the compositions to reach join 1. We
conclude that there is little evidence for the Ti-mechanism of
isolation with compositions on join 4, but do not discount the
possibility of a double doping mechanism (join 3) in which Eu®" is
able to occupy both Ba*" and Ti*' sites simultaneously. Further
work to investigate this possibility is in progress. Moreover, as
previously explained, BaO loss is linked to the self-compensation
mechanism. Indeed, the computational studies of Buscaglia et al.*®
revealed that for some Ln*" ions (Tb**, Gd** and Er’"), the self-
compensation mechanism is the most probable. Considering this,
the calculated lattice parameters would fit with join 3 as well."

From the XRD results, we conclude that the solubility limit
of Eu*" in compositions with the Ba-mechanisms is ~3 mol% (in
agreement with some of the previously cited investigations>°) and
that europium has the preference for occupying the Ba>" site.
Fig. 4 shows as an example a SEM micrograph corresponding to
the 2%-Ba fired sample, with micron-sized grains. For samples

4 | J Mater. Chem. C, 2019, 00, 1-10

Fig. 4 SEM micrograph of the 2%-Ba fired sample.

with a higher content of Eu**, SEM/EDX analysis of the powders
revealed the presence of europium-rich rod-like particles that
could be attributed to secondary phases not detected by XRD
(see Fig. S1 of the ESIf). There is no evidence for significant
doping by the Ti-mechanism, but the possibility exists for a
certain amount of double doping.

3.2. Luminescence studies at room temperature

Optical characterisation at room temperature was carried out
for samples with Eu®* content <4 mol% for the Ba-mechanism
and <2 mol% for the Ti-mechanism. Room temperature emis-
sion spectra of the fired samples are shown in Fig. 5, where the
emission bands are assigned to the following transitions™’:
Dy — ’Fo (580 nm), °D, — ’F; (596 nm), °D, — 'F,

This journal is © The Royal Society of Chemistry 2019

10

20

[\
(92}

30

40

50



10

[\
92}

30

40

50

(93]
w1

Journal of Materials Chemistry C

(616 nm), D, — ’F; (645-660 nm) and °D, — 'F,
(680-715 nm), Fig. 5(a). Spectra were collected upon excitation
at the hypersensitive "F, — °D, transition (466 nm) and were
normalised to the magnetic dipole D, — “F; transition.

As pointed out in the literature,’®" the Q, Judd-Ofelt
parameter correlates with the polarizable and covalent char-
acter of the lanthanide ion in the lattice. Thus, the study of this
parameter could shed light on the Eu®* surroundings in the
host lattice. According to Judd-Ofelt theory, the emission rate
of a transition i — j can be expressed as:

_ 64e’n? b4 i
A= S 'W'Z;.GQAHU | ®

where /; is the average wavelength of the transition i — j; Q; is
the Judd-Ofelt parameter; | U*| is an abbreviation of |(|U*|)|?,
which corresponds to the reduced matrix elements of the unit
tensor operator connecting states i and j; x is the Lorentz local

n(n*+2)?

field correction term (which is equal to , n is the

refractive index at /;); e is the elementary charge; % is the
Planck constant; and J refers to state i.>?

From the experimental emission spectra, Ay, can be calcu-
lated using the expression:

loy Zos
Aoy = Ao -7 5 2

Ior 201 @
where Ay, is the magnetic dipole transition rate assumed
constant and equal to 50 s '; I and / are the intensity and
the wavelength value of the transition 0 — J, respectively.

’5 (a) SDO—)7F2
'c
=}
g
°
=
G
]
£ |?Do—>"Fo
550 600 650 700 750
Emission wavelength (nm)
Z | — 1%
c
S —  2%-Ti
£
c
ry
g
€
| I , | |//|A_‘l
550 600 650 700 750

Emission wavelength (nm)

Fig. 5 Room temperature emission spectra corresponding to the Dy —
’Fo_4 transitions of (a) Ba-mechanism and (b) Ti-mechanism samples upon
excitation at 466 nm.

This journal is © The Royal Society of Chemistry 2019
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A combination of expressions (1) and (2) for the °Dy, — ’F,
transition results in:

Iy Jodt 3h
Q)= Agy -2t O 3
: "o o 6de2mhy|| U] ©)

The asymmetry ratio R between the intensities of °D, — ’F,
and D, — ’F, transitions is defined as:

Io>
R=""2 4
i (4)

Thereby, we can rewrite expression (3) as follows:

Ao 3h
Q2= Ao R S 07 )
The value reported in the literature for |U?|| is 0.0032.%* The
average wavelength value obtained for samples is 596 nm for
Jo1(°Dy — ’F; transition) and 616 nm for Ay, (°Dy — ’F,
transition). The refractive index of BaTiO; at 616 nm is
2.4122.>" Expressing /i in cm, taking & = 6.6261 x 10~*7 erg
s, e=4.803 x 10~ ' esu®’ and substituting the rest of values, Q,
can be expressed as:

Q, = (3.1844R) x 10 *' ecm® (6)

Higher values of @, suggest that the environment around
europium in the BaTiO; structure is more polarizable and
covalent.>® The ionic radius and CN for Ba** are higher than
for Ti*". In this way, there will be more electronic distortion
around Eu®" in the Ba®" site, which means that the ion is more
polarizable. Therefore, higher values of Q, are expected if the
majority of Eu®" ions occupy Ba>" sites. R and €, values are
summarised in Table 3 for samples of both mechanisms; Q,
evolution with Eu®*" concentration is plotted in Fig. 6.

From the analysis of Q, evolution with Eu®’ content, similar
conclusions to the ones obtained by XRD can be drawn. For Ba-
mechanism samples, Q, increases until a concentration of 2
mol% Eu’’. Then, the Judd-Ofelt parameter remains nearly
constant, implying there are no noticeable changes in the
polarizability environment of the ion, an aspect closely related
to the solubility limit. Ti-mechanism samples follow the same
tendency up to 2 mol% Eu’". Therefore, the crystal field of Eu**
must be quite similar, suggesting that europium occupies the
same substitution sites. Linking these results to those of XRD
analysis, we conclude that the preference of Eu®" is to occupy
the Ba®" site up to 2%, regardless of the nominal composition
of the mechanism postulated.

Table 3 R and Q. values obtained from emission spectra at room
temperature (hexe = 466 NmM)

Sample R Q, (10> ecm®)  Sample R Q, (107*' cm?)
1%Ba 117  3.73(3) 1%Ti 093  2.96(2)

2%Ba 195 6.21(5) 2%Ti 224  7.13(6)

3%Ba  1.82  5.80(4) — - =

4%Ba  1.88  5.99(5) — S —
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3
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Fig. 6 Q, evolution with Eu®* concentration for samples on Ba and Ti-
mechanism joins.

3.3. FLN spectra

3.3.1. Experimental results. Low temperature site-selective
excitation of Eu®', performed by using the time-resolved
fluorescence line-narrowing (TRFLN) technique in cation-
defective BaTiO; samples, displayed complex behaviour which
points to the existence of at least five different crystal field sites
for the lanthanide ion. In order to simplify the description of
the different sites and following the standard acronym ABX; to
describe perovskite oxides, we call A; and B; the lanthanide
substitutional centres in the BaTiO; matrix when Eu®" occupies
Ba>" and Ti"" sites, respectively.

Fig. 7 shows a selection of low temperature (10 K) TRFLN
spectra corresponding to the D, — ’Fo_, transitions of 1%-
Ba obtained with a time delay of 10 ps after the pump pulse
(~0.08 cm™" spectral width) at three different pumping

D—>7F, Site A3

5Dy—>7F
o Lexc= 579.35 nm

5Dy—7F,

Site A2

Lexc= 579.2 nm

Intensity (arb. units)

Site A
Lexc= 579.05 nm

T | T | T I T I T | T ]
570 580 590 600 610 620 630
Emission wavelength (nm)
Fig. 7 Low temperature (10 K) TRFLN spectra corresponding to the °Dg

— Fo_» transitions of the 1%-Ba sample obtained with a time delay of 10
us after the pump pulse at three different pumping wavelengths.
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wavelengths within the F, — °D, transition. Depending on
the excitation wavelength, the emission spectra present differ-
ent characteristics regarding the number of observed °D, — “F,
components, their relative intensity, and the magnitude of the
observed crystal-field splitting for each “F; state.

Starting from the bottom of Fig. 7, the 1%-Ba (site A,)
spectrum obtained by pumping at 579.05 nm displays, besides
the single component of the resonant °D, — 'F, emission, a
three-component emission corresponding to the °D, — ’F,
magnetic dipole transition and a weaker multiple peak emis-
sion from the °D, — ’F, electric dipole emission. The strong
intensity of the >D, — F, emission suggests the presence of
large linear terms in the crystal field potential. The 1%-Ba
(site A,) spectrum measured by pumping at 579.20 nm exhibits
a single °D, — ’F, emission peak with the highest intensity
among all the observed D, — ’F; transitions with a weak
contribution from the electric dipole *D, — ’F, emission.
Finally, the 1%-Ba (site A3) spectrum obtained by exciting at
579.35 nm shows a prominent °D, — 'F, resonance emission
together with a two-component D, — ’F; emission accompa-
nied by a weak *D, — ’F, contribution. The wavelengths of the
Dy — "F,;(J=0, 1, 2, 3, 4) emission peaks for the three sites are
provided in Table S1 (ESIt).

The spectra of the 2%-Ba and (1,2)%-Ti samples (not shown)
indicated no significant differences for the three A, A, and A3
sites (pumping wavelengths and emission intensities) as com-
pared to those in the 1%-Ba sample. They showed similar
emission sites but noting that with the increase of Eu*"doping,
the emission efficiency of Site A, increased (it was more sharply
defined), whereas A, and A; sites were not much affected.

However, the spectral behaviour of 3%-Ba and 3%-Ti sam-
ples, displayed in Fig. 8, exhibits significant changes in the
crystal field around the lanthanide ions. In particular, site A;
disappears in the 3%-Ti sample whereas a new one, site By,
appears at longer wavelengths and another one, site B,, (red
stars in Fig. 8) clearly emerges at the long wavelength tail of the
D, — 'F, emissions of main site A, and site A;. This new site,
which also weakly appears (less pronounced) in the 3%-Ba
sample, has the longest lifetime of all the observed emissions
as we shall next see.

In conclusion, we found three A-type and two B-type crystal
field sites for Eu®*", summarised in Table 4, whose symmetry is
discussed below.

3.3.2. On the origin and symmetries of the Eu’'sites in
barium titanate. Possible origins of spectral differences asso-
ciated with doped powder samples are as follows: First, lattice
deformations near grain surfaces may produce variable Ln**
environments even though the Ln*" ions occupy similar sub-
stitutional sites. Consequently, different crystal field sites and/
or glass-like disorder may be observed in the Ln®" emission
spectrum. Second, at low temperature (10 K) in the rhombohe-
dral phase of BaTiOj;, we expect the presence of defects to
compensate the excess of charge introduced by the Ln** ion.
This may lead to a symmetry lowering at the substitutional site
from the cubic symmetry class at high temperature.>® EPR
studies on Gd**-doped BaTiO; (both Eu**and Gd** have similar
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Site Az+B,
Xexc= 579.35 nm
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*Dy—>"F,

Site A2+Bz
Lexc= 579.2 nm

Intensity (arb. units)

Lexc= 579.05 nm
Site A1
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(b)

5Do—>"F;

SDO_)7F0 Site A3+B,

Aexc= 579.35 nm

5Dy—>"F,

Site A2+B2
rexc= 579.2 nm

Intensity (arb. units)

Site B4
rexc= 579.05 nm

LI I L L B
570 580 590 600 610 620 630
Emission wavelength (nm)

Fig. 8 Low temperature (10 K) TRFLN °Dg — “Fg_, emission spectra of samples (a) 3%-Ba and (b) 3%-Ti showing the emissions from sites A, A, As, By,

and B5 (red stars).

Table 4 Description of the different crystal field sites for Eu** ions in
doped-BaTiO3 samples. The abbreviations A; and B; refer to Eu>* occupy-
ing Ba?* and Ti*" sites, respectively

Jexe (NM) Site Symmetry
579.05 Ay Low (near particle surface)
B, Low (near particle surface)
579.20 A, Close to cubic
B, Cubic (Op)
579.35% As Trigonal (Cs, or Cs)

“The emission of Site B, can also be observed when pumping at
579.35 nm due to vibronic coupling.

ionic radii) showed that Gd substituted the alkali earth ion with
no remarkable distortion effects.’” For Eu-doped barium tita-
nate prepared by the sol-gel method, the presence of glassy-like
spectral disorder when exciting at a direct Ln** level has been
noted previously,*®*° although only a few discuss the possibi-
lity of double substitution of Eu onto both Ba and Ti.***
The low-temperature time-resolved emission spectra, Fig. 8,
show the existence of low symmetry sites: A; and B,. Site A;
could be related to Eu®* ions occupying a substitutional Ba>*
site in a highly distorted environment in a thin shell near the
grain surfaces, whereas B, with a similar D, — ’F; emission,
but appearing at longer wavelengths, could be associated with
Eu® occupancy of a distorted Ti*" site;*" distorted sites near
particle surfaces have been observed in other Eu**-doped oxide
powders.*”> The TRFLN spectra display nearly equal intensities
for the °D, — F,, °D, — 'F; and °D, — ’F, transitions with
one, three, and five peaks, respectively, as well as an intense °D,

This journal is © The Royal Society of Chemistry 2019

— 7F, transition (see Fig. S2(a) in the ESI), which are compa-
tible with a Cs, C,, or C; point symmetries. However, site A,
shows the most intense and single component D, — ’F;
emission, with a very small contribution from the electric
dipole °D, — ’F, transition, which suggests a high symmetry,
anion distribution around Eu®’. This is consistent with the
expectation that the high coordination number of Ba*" (CN =
12) tends to increase the effective site symmetry which reduces
and/or suppresses crystal field splitting. Although the presence
of a strong °D, — ’F, peak and several °D, — ’F, emission
components (see Fig. S2(b), ESIT) excludes formal cubic point
symmetry at site A,, nevertheless, as pointed out in ref. 36, low-
temperature rhombohedral BaTiO; has symmetry close to that
of high-temperature cubic BaTiO; and therefore, the point
symmetry of site A, is close to cubic. However, the presence
of the °D, — “F4 emission implies a cubic distortion enough to
supress the center of symmetry.*”

Referring to site Az, the FLN spectra in Fig. 8 show two-
component emission for the D, — ’F; transition and five *D,
— ’F, components (see Fig. S2(c), ESIt); this result is compa-
tible with a C;, point group symmetry.”® We notice that the
bump appearing at the long wavelength tail of the °Dy — “F,
emission in both A, and A; sites (marked with a red star)
corresponds to site B, discussed below.

The luminescence decays of the different Eu®* sites are hard
to measure due to the tight excitation bandwidth of the three
sites and the spectral overlap of the emission components.
Therefore, we have only measured the lifetime of the main site
A, by integrating the time resolved D, — 'F, emission of the
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3%-Ba sample. The result is a non-exponential decay with a bi-
exponential character. The long and short-lived components
are about 3 ms and 300 ps, respectively. This result agrees with
former lifetime measurements in Eu-doped BaTiO;*® reinfor-
cing the hypothesis about the existence of non-inversion sym-
metry sites (A, Az, B,) giving rise to a short lifetime component
as well as near centrosymmetric ones (A,) carrying the long
lived one.

Fig. 9 displays the time-resolved spectra corresponding to
the D, — "F,_, emissions of both 3%-Ba and 3%-Ti samples
excited at 579.20 nm, the wavelength used for exciting site A,.
As time evolves, the main features of site A, disappear whereas
the bump at the low energy side of the °D, — “F; emission peak
grows and becomes the only remaining spectral component at
596.9 nm. The lifetime of this component is longer than 12 ms,
the temporal range of our optical multichannel analyser. This
weak emission would thus correspond to the new Eu®" crystal
field site B, discussed above. The absence of other spectral
components, including the D, — “F, emission, points to cubic
point symmetry for this site.

As Fig. 8 shows, the emission of site B, is also observed when
pumping site A; at 579.35 nm, which suggests the presence of
strong vibronic coupling that allows the cubic site to be
pumped through the vibronic sidebands of the electronic level.
In good agreement with this observation, our FLN measure-
ments confirm the presence of anti-Stokes and Stokes vibronic
sidebands in the D, — ’F, (peaking at around 38 and 63 cm ™"
from the D, — “F, main peak at 17265 cm™ ') and °D, — “F;

(a)

A exc=579.2 nm SD= 6ms
SD= 5ms
m
=
c
=
&
@ SD=3ms
>
=
»n
[=
o)
= SD=2ms
SD=1ms
SD=10us
i AN
1 | I | T | | | 1 | I T

570 580 590 600 610 620 630
Emission wavelength (nm)

Journal of Materials Chemistry C

(anti-Stokes at 119 and Stokes at 146 cm ™' vibronic sidebands)
transitions. As an example, Fig. 10 shows the emission of site A,
by pumping its anti-Stokes vibronic band at 577.9 nm in the
1%-Ba sample. These broad vibronic bands, together with
inherent disorder introduced by charge compensation, pro-
mote the observed glass-like disorder when not pumping at
the precise wavelength of the electronic transition.

When considering the possible charge compensation
mechanisms associated with Ln** doping, different possibili-
ties are indicated in Fig. 1. Oxygen vacancies are not expected to
play a significant role, as first the samples were sintered in air
and second, there was no evidence for doping on join 4, Fig. 1.
The plausible mechanisms are therefore close to those
proposed in ref. 4, 9 and 40 in which the existence of europium
sites A assuming Ti** vacancies or a self-compensation mecha-
nism produced by Eu®" pairs substituting Ba** and Ti*" crystal
sites (mechanisms 2 and 3 of Fig. 1) is suggested.

We shall first focus on the main A, site, disregarding the low
crystal field symmetry of A; and B, sites due to the lattice
deformation near the particle surface. In spite of the smaller
ionic radius of Eu*" (rg, = 1.226 A with CN = 12) if compared
with the one of Ba*" (7, = 1.610 A), the apparent high symmetry
of this site is only compatible with a very low distorted oxygen
coordination, meaning that the unit cell centered at the Ln**
ion could be neither titanium defective nor self-compensated
by a Lng, + Lng; pair.”*°

This result suggests that the compensation mechanism
would be located in cells neighboring the defect carrier. But

(b)

X exc=579.2 nm

SD= 5ms

SD=3ms

Intensity (arb. units)

i

SD=2ms

SD=1ms

SD=10ps

—

L S
570 580 590 600 610 620 630
Emission wavelength (nm)

Fig. 9 Time-resolved °Dgy — "Fo_, emission spectra of A, + B; sites in both (a) 3%-Ba and (b) 3%-Ti samples excited at 579.20 nm.
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A exc= 577.9 nm
Delay 10 ps
0 579.2 nm
5
g
&
%‘
8
570 580 590 600 610 620 630

Emission wavelength (nm)

Fig. 10 °Dy — “Fo_, emission spectrum of site A, by pumping its anti-
Stokes vibronic band at 577.9 nm in the 1%-Ba sample. The stars point to
the vibronic components of the Dy — “Fg_; transitions.

in the case where the unit cell would present a Ti** vacancy and/
or a substitutional Eu®* pair, it would be still possible to keep a
trigonal axis of symmetry along the Ln-Ln or Ln-Ti (vacancy)
diagonal of the unit cell which would lower the symmetry to C3,
or Cs, giving rise to the observed symmetry of site A;.

Referring to site B,, its features are only compatible with a
high symmetry octahedral crystal field site associated with the
Ti**substitution by Eu®". As the octahedral coordinated ionic
radius of Eu** (0.947 A) is higher than the one of Ti** (0.605 A),
we expect a stronger cation-anion interaction giving rise to a
highly symmetric crystal field around the Eu*" ion. Moreover,
the stronger Eu-O interaction at the Ti*" site, if compared with
the one at site Ba>*, makes potential energy curves of Eu**
centers to become steeper at the Ti*" sites if compared to those
of Eu*'at Ba®'sites, giving rise to the observed red-shift of the
Eu*'emission bands at the Ti*" sites.

4. Conclusions

The crystallographic nature and spectroscopic properties of
non-equivalent europium sites in BaTiO; have been investi-
gated. The samples were synthesised via the sol-gel method in
accordance with the nominal formula of two possible substitu-
tion mechanisms: (Ba; 3,Eu,,)TiO; and Ba(Ti; ,Euy)Oz ;.
Bearing in mind the adequacy of the dopant ion as a structural
probe, site-selective excitation within the inhomogeneous broa-
dened F, — °D, absorption band was performed. The
obtained results allow us to draw the following conclusions:

e The solubility limit of Eu*" in BaTiO; samples has been
found to be 3 mol%.

e The preference of Eu®" is to occupy Ba>" sites regardless of
the nominal compositions and substitution mechanism. The
main luminescence emission can be attributed to Eu** occupy-
ing Ba®" substitutional sites; in particular, site A, is the most
efficient emitter. Besides, Ti'" site occupancy has also been
proved by their FLN emission.

e XRD data and Q, Judd-Ofelt parameters are in agreement
with the site-selective excitation results. TRFLN spectra show

This journal is © The Royal Society of Chemistry 2019
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the presence of five different europium crystal field sites and
possible crystal symmetries have been inferred for each one.

e TRFLN measurements confirm the presence of relatively
strong anti-Stokes and Stokes vibronic sidebands in the °D, —
"Fy,, transitions. This important issue can explain the lack of
site resolution found in the room temperature spectra of these
transitions, obtained by selective pumping of the hypersensi-
tive °D, level, due to the vibronic mixing of the excited levels.

This study highlights the amphoteric behaviour of Eu*" in
BaTiO;, but with the proviso that mainly substitution occurs in
the Ba site. As has been reported in the literature,® noticeable
changes for both electric and magnetic properties of the
material are observed depending on the site occupancy of
dopants. Therefore, the presence of different crystallographic
sites for Eu*" could have a decisive impact not only on the
optical properties of BaTiO; ceramics but also on their wide
range of electronic properties and device applications.
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