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Abstract. BaHfO;:Eu powders containing 0-10% of the dopant with respect to Hf were syn-
thesized with the classic ceramic method at 1400°C. X-ray diffraction analysis proved that
up to 10% of the Eu concentration the product is crystallographically pure and crystallizes in
a cubic perovskite-type structure. Detailed structural measurements showed that the size of
the unit cell decreases up to the Eu concentration of 3% and increases when the dopant con-
tent is further increased. Spectroscopic analysis gave evidence that three different symmetry
sites of Eu’" exist in BaHfO5:Eu(5%) powders. It is postulated that two of them results from
simple substitution of the Ba”" and Hf*" ion sites and the third one results from (Eujys - Eug,)
pair formation. Only one of the sites, giving emission peaking at 595.6 nm is fully centro-
symmetric, although positions of both metal ions in the host material possess inversion
symmetry.

Introduction

Barium hafnate (BaHfO;) was found to be an attractive host lattice for new X-ray phosphors
[1,2,3]. Due to high effective atomic number and high density (64.58 and 8.5 g/cm’, respec-
tively) [3] barium hafnate containing materials have distinctly higher photofraction and ab-
sorption coefficient in the range of medical X-rays [4] compared to today commercial phos-
phors used in planar imaging and computed tomography based on Gd,0,S (57.72, 7.34
g/em’, respectively). Till now luminescence and radioluminescence properties of BaHfO;
were studied mostly on Ce-doped compositions, which appeared to have efficient and fast
decaying radioluminescence, which parameters are important for computed tomography and
positron emission tomography [3,5,6,7].

So far there was not much interest in Eu-activated BaHfO;. Emission of Eu’ ion is relative-
ly slow as its f—f transitions are forbidden. Electric dipole induced luminescence of Eu**
has usually decay time in the order of 1-1.5 ms and appears when the ion is placed in the site
having no inversion symmetry. Magnetic dipole transitions, observed only when Eu** occu-
pies a centrosymmetric site, produce emissons with even longer decay, typically above 4 ms.
Such a long luminescence is not appropriate for dynamic medical imaging but is quite ac-
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ceptable for planar imaging, also in its digital version with electronic recording of the signal
from the phosphor [14].

In this paper we concentrate on structural and spectroscopic characterization of Eu-activated
BaHfO; prepared in the oxidizing atmosphere of air. One of the issues we will try to eluci-
date is whether the dopant tends to replace Ba®* or Hf* ions, which is further connected with
possible charge compensation schemes, quite numerous in every case. Moreover, the possi-
bility of (Euly - Eup,) pair formation should not be overlooked, as such a pair would not
require any additional structural defects to balance the incompatibility of the 3+ charge of the
dopant ion and the 2+ and 4+ charges of the sites offered by the host.

Materials and methods

Barium hafnate (BaHfO3) powders with the concentration of europium varying in the range
of 0-10 at.% were prepared using ceramic method with BaCO; (>99%), HfO, (99.9%), and
Eu,0; (99.99%) as substrates. It was arbitrary assumed that Eu substitutes Hf in the host
lattice and all calculations were performed accordingly. The starting materials were mixed
and ground in an alumina mortar with acetone as a wetting medium. After drying the mix-
ture was heated in air at 1400°C for 4h. Following cooling the material was again pulverized
by additional grinding and re-heated at the same conditions. To find the best temperature of
synthesis a separate series of powders containing 1% of Eu was prepared at different temper-
atures in the range of 1000-1700 °C.

The X-ray diffraction (XRD) patterns were measured with IRYS diffractometer using Cu K,
radiation (A = 1.54056 A) in the range of 20 = 10 - 120 degree with the step A§ = 0.05°.
High resolution XRD spectra were recorded with the step AG = 0.01° for the most intensive
diffraction lines located around 30.3°, 43.3° and 53.7° to monitor their detailed positions as a
function of Eu concentration. Photoluminescence and excitation spectra as well as decay
kinetics were recorded using FSL 920 spectrofluorimeter from Edinburgh Instruments. Ex-
periments were performed at room and liquid nitrogen temperature (RT and LN,, respective-
ly). Photoluminescence and excitation spectra were taken with a 0.25 nm (RT) and 0.1 nm
(LN,) resolution. The latter were corrected for the incident light intensity. The RT survey
excitation spectrum was recorded with the emission monochromator slits set to 3 nm. For
excitation spectra recorded at LN, temperature this parameter was set to 0.2 nm which al-
lowed for semi site selective analysis. Decay kinetics measurements were performed using
the instrument dedicated Xe flash lamp (60 W) as an excitation source. For these experi-
ments excitation and emission monochromators slits were set to 0.2 nm.

Structural analysis

Seeking the optimal conditions of the materials preparation we performed synthesis of a
series of samples BaHfO;:Eu(1%) at different temperatures in the range of 1000-1700°C and
monitored the variations in XRD patterns. The results are presented in figure 1. While for
all samples the main structural phase was that of cubic BaHfO;, only for materials synthe-
sized in the range of temperatures of 1200-1400°C no foreign lines were detected [8,9].
Basing on these results, for further analysis we decided to synthesize all materials at 1400°C.
Figure 2a shows X-rays diffraction spectra for BaHfO; powders with different concentration
of the activator. Independently on the Eu’" ion content the XRD patterns do not contain any
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cubic BaHfO;-irrelevant diffraction lines, which proves that up to the concentration of 10%
Eu dissolves in the barium hafnate host lattice and does not lead to another structural phase.
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Figure 1. X-ray diffraction patterns for BaHfO;:Eu(1%) powders prepared at different temperatures.
Arrows indicate lines of unidentified foreign phases.
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Figure 2. a) XRD patterns for BaHfO; powders with different content of Eu, b) variation in the position
of the (110) diffraction line of BaHfO;:Eu(x%) powders, c) relation between the cubic lattice constant
and concentration of the Eu’* ion in BaHfO;.

Figure 2b presents high resolution X-rays diffraction spectra for powders with different con-
tent of Eu in the range of angles where the most significant diffraction line appears. Results
for other strong lines are very similar. It is immediately seen that the position of the diffrac-
tion line shifts to higher angels for the Eu content in the range of 0-3% and goes back to
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smaller angles in the range of 3-10% of Eu. Clearly, the Vegard’s law [10] is not obeyed in
that case. Even more, it looks that contrary processes occur for lower Eu concentrations (0-
3%) and for higher Eu contents (5-10%). The changes in position of diffraction lines reflect
variations in the size of the unit cell. Figure 2¢ shows how the perovskite cubic unit cell
constant changes with concentration of Eu raising from 0% up to 10%. Clearly, up to 3% the
unit cell shrinks and for heavier doping it again expands.

Comparison of ionic radii of Eu®* (0.947 A), Ba** (1.61 A) and Hf** (0.71 A) [11] indicates
that introduction of the Eu dopant into the barium hafnate varies the unit cell size due to
significant differences in the size of the relevant ions. However, from the simple comparison
of the sizes we cannot definitely judge about what should happen with the size of the unit
cell when Eu®" replaces Ba®" and what would occur when the dopant goes to the positions of
Hf". We have to be aware that whichever of the two cases happen charge compensation will
be required. Consequently, quite a few different possibilities can be anticipated. Below,
using the Krdger-Vink notation [12,13], we present only those which seems to be the most
probable: (1) 2Eug, + 0, (2) 2Eug, + Vias (3) 2Euys + Vo, (4) 2Euye + Baj . Yet, we cannot
ignore the option of (5) (Eug, - Euyy) pair formation, which would need no additional charge-
compensating defect as we already mentioned in introduction.

Analyzing the various possibilities we can easily realize that from the variation of the unit
cell size, which we found with high resolution XRD experiments, we cannot undeniably
conclude which of the two metal sites offered by the host lattice is indeed entered by Eu®*
ion. However, from the different changes of the unit cell size for lower range of Eu concen-
trations compared to the higher Eu contents we can anticipate that the dopant may preferen-
tially enter one of the two sites when the concentrations are low (up to 3%) and the other one
when they are higher (above 3%). Consequently, by inference we can further conclude that
Eu’" enters the BaHfO; lattice substituting both Ba®* and Hf*", although presumably with
opposite preferences for low and high total Eu concentrations. This in turn would give the
ratio of the populations of the two sites, Eug, and Euyy;, dependent on the overall Eu concen-
tration. As we shall see later, further going conclusions will be possible from the spectros-
copic data.

Luminescence spectroscopy

Local positions of Ba*" and Hf*" ions in the BaHfO5 host lattice are centrosymmertric [8]. In
the case of the former ion the coordination number is as high as 12 and for the latter one it is
6. If Eu®" entering the host preserves the centrosymmetric environment only magnetic dipole
induced transitions, with strict selection rules of AJ = 0, £1 and 0—0 transition forbidden,
would occur in excitation and emission spectra. In the case of Eu’” ion basically only
"Fy—>D; in excitation and *Dy—’F; and 5D1—>7F0,1,2 in emission spectra would be partially
allowed and thus recordable with a standard instrumentation. However, any distortion of the
purely centrosymmetric surrounding would relax the selection rules leading to an increase of
the number of observed transitions as well as to the rise of their intensities [14,15,16,17].

Figure 3 presents RT excitation and luminescence spectra of BaHfO;:Eu(5%). Emission was
recorded upon excitation into the charge transfer (CT) band of Eu*" and the excitation spec-
trum was measured monitoring the 595.6 nm emission with a relatively broad slit (low reso-
lution) of the analyzing monochromator. Hence, these spectra are not site selective. The
excitation spectrum consists of a broad CT band peaking around 260 nm and numerous but
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very week lines located in three regions of wavelengths: 350 - 420 nm, 450 - 475 nm and 520
- 540 nm. The low intensity of all the f—f related excitation lines is a good indication that
the symmetry around the activator is high. On the other hand, the high number of the f—f
transitions seen in the excitation spectrum makes it evident that the local environment of
Eu*" is not centrosymmetric, as not only the magnetic dipole induced transitions occur.
These conclusions get support from the analysis of the luminescence spectrum seen in figure
3 (red line). It clearly contains a number of lines, which are not allowed upon the selection
rules of magnetic dipole transitions. Consequently we have to accept that the Eu®* environ-
ment is not centrosymmetric. Nevertheless, the two most significant luminescent lines are
clearly due to magnetic dipole induced transitions and this accords with the earlier conclu-
sion that although the Eu®* surrounding is not purely centrosymmetric the distortion around
the centre of inversion is not very significant.
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Figure 3. Room temperature excitation (black and blue lines) and emission (red line) spectra of the
BaHfO;:Eu(5%) powder.

The relatively reach emission spectrum tells to raise a question if there is only one type of
Eu®' ions present in the material. To track this problem we decided to record a series of
excitation spectra for selected emission lines at the reduced temperature of liquid nitrogen
and using higher resolution. The results of the semi site-selective spectroscopy measure-
ments are presented in figure 4 (excitation spectra) and figure 5 (luminescence spectra). In
the case of excitation spectra especially important information can be deduced from the re-
gion of the 'Fo—°D, hypersensitive, electric dipol transitions (455 - 475 nm) and from the
part where the 'Fp—°D; magnetic dipole induced transitions occur (520 - 531 nm).
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Figure 4. Semi — site - selective excitation spectra of BaHfOj; :Eu(5%). The monitored emission wave-
lengths are indicated in the figure.
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Figure 5. Emission spectra of BaHfO;:Eu(5%) upon semi-selective excitation. The stimulation wave-
lengths are indicated in the figure.

Comparing the excitation spectra it appears clear that they differ significantly attesting the
existence of Eu’* ions with different symmetry of their local surrounding. Emission spectra
obtained upon stimulation of the material into selected excitation lines also differ considera-
bly. All these significant differences could be recorded despite we did not use laser spec-
troscopy that is we could not excite the different Eu®* ions fully selectively. Analysis of the
excitation spectra presented in figure 4 allows concluding that at least three of them, for the
573. 6 nm, 587.5 nm and 595.6 nm emissions differ in such a way that they have to result
from the presence of three different Eu®" sites in the BaHfO5:Eu(5%) material. Yet, the
fourth excitation spectrum of the 626 nm luminescence seems to consist of features already
seen in the other three spectra. Indeed, luminescence spectra presented in figure 5 prove that
three different emissions, upon excitation with 521.85 nm, 529.0 nm and 530.3 nm radiation,
can clearly be distinguished. However, the luminescence excited into the 525.2 nm line
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contains only features, which can be found in the other three spectra and therefore cannot be
treated as resulting from a separate (fourth) Eu®* symmetry site.

An interesting spectral characteristic shows the emission excited with 530.3 nm radiation.
Namely, it consists of basically one luminescence line peaking at 595.6 nm. At shorter and
longer wavelengths we can find some satellite components but they are of extremely low
intensity, and are hardly recordable, indeed. The position of this luminescence indicates that
it results from *Dy—F, transition and the lack of other components tells to treat this emis-
sion as coming from Eu®" positioned in a perfectly centrosymmetric site. In the case of the
other two Eu’" sites, which we identified above, the inversion symmetry has to be broken
due to slight distortion because the components which do not come from the magnetic dipole
induced transitions show relatively higher intensities.

Since the host lattice offers only two sites for the Eu®" ion entering the host, finding three
spectroscopically different symmetry sites may be confusing at first. Basing on the presently
available results we presume that two of these sites results from the substitution of both Ba>"
and Hf*" ions giving a positively charged Eug, site and Euly site possessing a negative net
charge. Since the host does not formally offer a third site for the dopant we hypothesize that
the third spectroscopic site of Eu®" ion results from the (Euyyr - Eug,) pair formation. To
confirm or deny this idea further spectroscopic experiments will have to be performed. We
believe that an analysis of a concentration dependence of the luminescence spectra will shed
more light on this problem.
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Figure 6. Luminescence decay traces of the main emission lines of the BaHfO3:Eu(5%) powder .

To better elucidate the problem of the various luminescent features observed in BaH-
fO3:Eu(5%) powders we recorded the decay traces of the emission lines located at 573.6 nm,
587.5 nm, 595.6 nm and 626.0 nm. The results are presented in figure 6. It is clear that the
573.6 nm and 626.0 nm emissions have common origin. A tail seen in the decay of the 626
nm luminescence results from an overlapping constituent of a longer decay. A closer exami-
nation of the energy levels of Eu®" tells to assign both this components (573.6 nm and 626.0
nm) to the radiative relaxation of the D, level. The decay of the 587.5 nm and 595.6 nm
emissions are clearly longer, which is expected as they must necessarily result from a radia-
tive relaxation of the Dy level of Eu®". The time constants of these two emissions are 3.4 ms
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(587.5 nm) and 5.1 ms (595.6 nm), which values are characteristic for Eu®* ion in a high-
symmetry environment [14,17]. Also, it is reasonable that the value for the 595.6 nm lumi-
nescence is longer as we already concluded that this emission results from Eu®" ion located
in a purely centrosymmetric position. Hence, analysis of the results of XRD measurements,
excitation and luminescence spectra as well as decay kinetics leads to quite a consistent pic-
ture, with the main conclusion that Eu** ions enters both, Ba®" and Hf*' positions.

Conclusions

Eu®" activated BaHfO; was prepared with ceramic method at 1400 °C. Up to 10 % of Eu
content no foreign phase was detected with XRD technique. Results of spectroscopic expe-
riments gave evidence that Eu®" ion enters both Ba>" and Hf*" sites. XRD spectra suggests
that the relative population of both sites (Euyyr and Eug,) depends on the overall concentration
of Eu. The material containing 5% of the dopant possesses three spectroscopically different
sites with clearly different luminescence and excitation spectra. We suppose that the third
Eu’" site is connected with the formation of (Eutyr - Eugy) pairs.
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