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A Raman spectroscopic study of rare earth mixed oxides
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Abstract

Raman and emission spectroscopy was used for the characterization of dysprosium–yttrium, holmium–yttrium, and ytterbium–yttrium
mixed oxides. The samples, which are potential emitter materials for thermophotovoltaic generators, were prepared by combustion
synthesis. Due to the similar ionic radii of the trivalent rare earth cations employed, substitutional solid solutions are formed. With
changing yttrium content, continuous changes in Raman band position and linewidth occur for the mixed oxides, which were analyzed for
selected vibrational modes. By this method, it is possible to determine the composition of the samples. In addition, emission spectroscopy
was used for the characterization of the holmium–yttrium mixed oxides. A correlation between the holmium concentration in the yttrium
oxide matrix and spectral features was established. By using confocal emission microscopy, local variations in emission band profiles,
which may be related to variations in chemical composition, were investigated with micrometer resolution.  2000 Elsevier Science
S.A. All rights reserved.
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1. Introduction The purpose of this paper is to describe the extension of
the characterization method used to the mixed oxides of

Several oxides of the f-elements are candoluminescent dysprosium and yttrium, and holmium and yttrium. The
materials. When heated in a flame or by other energy similar ionic radii again result in the formation of substitu-
sources, emission is observed in narrow bands at energies tional solid solutions, which crystallize in the same space

7corresponding to f–f transitions characteristic for the given group (T ). The question addressed here is if the featuresh

rare earth element [1]. The Welsbach mantle is the most observed with Raman spectroscopy follow a general
well known application of this property. Another applica- pattern in RE mixed oxide phases, or whether each sample
tion of such materials is the use as the emitter in a series shows a different behavior. In addition, very little is
thermophotovoltaic (TPV) energy converter. A TPV known about the mechanisms taking place during combus-
generator is based on the principle of converting a selected tion synthesis, which is an autothermal process. Up to
part of the thermal radiation of an emitter with suitable now, the homogeneity of materials prepared by such
photovoltaic cells into electricity [2]. The need for small processes has been regarded as high, but has not been
portable power generators has stimulated new interest in investigated using spatially resolved spectroscopical tech-
TPV energy conversion [3]. The objective of the TPV niques. In the case of samples prepared from holmium and

31project carried out at the Paul Scherrer Institut is to yttrium precursors, we have correlated band ratios of Ho
5 5demonstrate the feasibility of a residential heating system emission lines recorded in the range 525–555 nm ( I – F8 4

5 5equipped with an add-on thermophotovoltaic module [4]. and I – S transitions) with chemical composition. Con-8 2

Emitter materials based on ytterbium oxide are used in focal emission microscopy was therefore used to obtain
conjunction with silicon solar cells. Part of this project information on the homogeneity of the samples prepared,
deals with the development and characterization of effi- with a lateral resolution of 1 mm.
cient emitter materials [5]. In this context, an investigation
of combustion-synthesized ytterbium–yttrium mixed ox-
ides was performed, using Raman spectroscopy as the 2. Experimental
principal tool [6].

Precursor solutions were prepared by dissolving the
necessary amounts of the metal nitrates (dysprosium nitrate
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and yttrium nitrate hydrate, all obtained from Aldrich, The Raman and emission spectra were recorded with a
purity 99.9%) and glycine (Fluka, analytical grade) in Raman confocal microscope (Labram II, Dilor / Instruments

1water. The mixture was placed in a large stainless steel S.A.) using a Kr ion laser. The setup has already been
beaker and heated until ignition occurred, as described by described in detail [8]. The Raman spectra of samples
Chick et al. [7], following the safety precautions set out containing ytterbium and dysprosium were recorded using
therein. In order to reduce the residual carbon content, the the 647.1 nm line, whereas Raman spectra of holmium–
materials were calcined at 1173 K for 5 h. The morphology yttrium mixed oxides were measured with the 568.2 nm
of the materials was examined by scanning electron line. For all these experiments, a microscope lens with
microscopy (SEM). Selected samples of holmium–yttrium 503 magnification was used. The 413.1 nm laser emission
mixed oxides were pressed into disks and annealed at was used for excitation of the holmium emission spectrum.
1570630 K for 24 h. For comparison, reference materials In the emission mapping experiment, a 1003 microscope
(Y O and Dy O obtained from STREM, Ho O and objective was used to achieve a spatial resolution of 1 mm2 3 2 3 2 3

Yb O from Aldrich) were obtained with at least 99.99% in the plane of the sample. Maps of 20315 points were2 3

purity. sampled on an area of 20315 mm. Calibration was
performed by recording the line spectra of a neon lamp
(PenRay, ORIEL). Raman band positions and linewidths
were determined using the Peak Fitting Module of the
OriginE program package (version 5.0, Microcal Inc.).
Voigt profiles with fixed Gaussian linewidths corre-
sponding to the spectral resolution were employed in these
calculations.

3. Results and discussion

In Fig. 1, the morphology of the particles is illustrated
for Ho O synthesized by combustion synthesis. The2 3

particle shown in the upper micrograph is typical for all
samples prepared by combustion synthesis, where rather
large (typical dimensions 5–50 mm) and highly porous
particles with many protrusions are obtained. In the lower
SEM image, the microstructure of the particle is shown.
The material is of a spongy nature with struts about 0.2–2
mm wide.

Raman spectra of the reference materials Dy O ,2 3

Fig. 1. SEM images obtained from a particle of a combustion-synthesized
Ho O sample. On the upper micrograph, a particle with approximate2 3

dimensions 40340 mm is shown. The numerous protrusions are typical Fig. 2. Raman spectra of reference materials Yb O , Dy O , Ho O and2 3 2 3 2 3

for materials obtained with this preparation method. In the lower Y O . Traces are normalized with respect to the height of the most2 3

micrograph, the spongy and foam-like microstructure of this particle is intense band. The arrows denote the bands analyzed. The features denoted
revealed. by an asterisk in the Raman spectrum of Ho O are artefacts.2 3
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Table 1Ho O , Yb O , and Y O in the wavenumber range 200–2 3 2 3 2 3 21
21 Band position and linewidths (both in cm ) of the vibrational mode900 cm are given in Fig. 2. The spectra shown are 21observed at about 375 cm in Dy O –Y O and Ho O –Y O solid2 3 2 3 2 3 2 3normalized with respect to the height of the most intense solutions

band, and the arrows indicate vibrational bands where
mol% Dy O –Y O Ho O –Y O2 3 2 3 2 3 2 3changes occur. It is interesting to note that the linewidth of
RE

the most intense band increases in the sequence Y–Ho– Band position Linewidth Band position Linewidth
Dy–Yb, whereas its band position decreases. The reference

0 377.9960.01 4.7760.06 377.1960.02 4.1260.17
spectra shown agree with those reported in the literature 2 377.8560.02 5.4960.09 377.1760.02 4.7960.13
[9–14]. For selected samples prepared by combustion 5 378.0360.01 5.4860.03 377.1160.05 4.1460.40
synthesis, calculated band positions and linewidths of the 10 377.5860.02 6.3960.08 377.1460.02 5.2260.12

21 20 377.0260.01 8.1260.03 376.9760.03 6.6160.18band at about 375 cm are reproduced in Table 1. Only
50 375.3260.02 13.1660.1 376.4560.03 12.5460.13results obtained for the most intense band are discussed in

100 372.7160.04 19.8560.2 374.6460.04 16.0760.15
the following, since this mode is more sensitive to

21composition than the mode observed around 600 cm ;
also, the error in the calculation of the linewidth is bonding. It is remarkable that even such small changes in
significantly smaller. In order to compare the behavior of composition can be traced with Raman spectroscopy and
the mixed oxide systems investigated up to now, data from subsequent data analysis. For samples with the same
Table 1 are reproduced in Fig. 3, along with values thermal history, this method is a useful analytical tech-
obtained in the phase diagram Yb O –Y O taken from nique.2 3 2 3

previous work [6]. With increasing lanthanide concen- Emission spectra of Ho O –Y O samples excited with2 3 2 3

tration in the Y O host, the band position decreases the 413.1 nm line are shown in Fig. 4, with three traces2 3

continuously for all mixed oxide phases, but only for the
system Dy O –Y O is an approximately linear relation2 3 2 3

between band position and composition observed. In the
cases of holmium and ytterbium, the present data suggest a
quadratic relation between band position and composition,
with effects being most pronounced in the case of Yb O –2 3

Y O . Tentatively, we propose that these differences are2 3
31due to the fact that the ionic radius of Dy is larger,

31 31whereas the ionic radii of Ho and Yb are smaller, than
31the ionic radius of Y .

The linewidths follow a similar pattern for all three
phase diagrams investigated: the data presented show an
inflection at about 50 mol% substitution (Fig. 3, upper
diagram). This inflection is weakest for the system
Dy O –Y O , and most pronounced for the system2 3 2 3

Yb O –Y O . Continuous changes of band position with2 3 2 3

composition are typical for substitutional solid solutions,
and often the linewidth observed for such systems exhibits
a local maximum at 50 mol% substitution [15]. That the
effects observed are most pronounced for the Yb O –2 3

Y O phase cannot be attributed solely to a mass effect.2 3

The contraction of the unit cell plays a role, as first noted
by Gouteron et al. [10]. In addition, chemical bonding in
the Yb O –Y O phase changes with increasing ytterbium2 3 2 3

content. Ytterbium has a more deformable electron shell
than yttrium [13,16] and, therefore, chemical bonding in
Yb O is regarded as more covalent than in Y O In the2 3 2 3.

dysprosium- and holmium-containing mixed oxides,
chemical bonding is more ionic in character, but unit cell
dimensions of the end members differ only by 10.6 and
10.04%, respectively. Because the total change in

Fig. 3. Band position and linewidth obtained for the most intense Ramanwavenumber across the phase diagram amounts to 5.3
band plotted against the RE mole fraction. Squares connected by solid21 21cm for Dy O –Y O , and to 2.5 cm for Ho O –2 3 2 3 2 3 line, holmium–yttrium mixed oxides; circles (dash line), dysprosium–

Y O , we conclude that the observed wavenumber shift yttrium mixed oxides; diamonds (dotted line), ytterbium–yttrium mixed2 3

contains information on a subtle change in chemical oxides [6].
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Fig. 4. Emission spectra recorded at room temperature for several Ho–Y mixed oxide samples. The arrows denote the bands used for the calculation of the
intensity ratio I(528) /I(540) (cf. text), which is plotted in the inset against Ho mole fraction. Diamonds represent experimental data for samples calcined at
1173 K, and the line is an empirical fit to the data using a sigmoidal function.

5selected for display. The emission bands from the F and in chemical composition of combustion-synthesized pow-4
5S multiplets fall into the wavelength range observed. The ders with confocal emission microscopy, taking Ho O –2 2 3

holmium concentration increases from bottom to top, with Y O mixed oxides as an example. Because the emission2 3

values of 10, 20 and 50 mol%. Two bands at 528.3 and from an RE ion is sensitive to its local environment, care
530.2 nm are first observed at a concentration of about 1 has to be taken not to confuse effects of variations in
mol% Ho. Their intensity increases with increasing Ho chemical composition with stress-induced effects caused
concentration, up to a concentration of 50 mol% Ho. In by imperfections within the crystallites. This is demon-

5 5addition, changes in the band profile of the I – F and strated in Fig. 5 for the sample containing 20 mol% Ho. In8 4
5 5I – S transitions are evident. With increasing Ho con- the upper map, the intensity ratio defined above is plotted8 2

centration, the maximum of the band profile shifts from in a gray scale map, with light gray tones corresponding to
549.1 to 540.2 nm. An intensity ratio was calculated using lower values of I(528) /I(540) and dark gray tones corre-
the intensity of the band at 528.3 nm [I(528)], divided by sponding to higher values. This map was produced for a
the intensity of the band at 540.2 nm [I(540)]. This sample calcined at 1173 K. The lower map is drawn to the
intensity ratio is plotted against holmium content in the same scale, and contains data obtained for the sample
inset of Fig. 4. Diamonds represent the experimentally annealed at 1570 K. Two things are noteworthy: after
obtained data, whereas the solid line is an empirical fit to annealing, the ratio I(528) /I(540) is higher, and local
the data, using a sigmoidal function with equation variations diminish. On the basis of the 300 values

available for each sample, the mean value and the standard
I(528) /I(540) 5 (A 2 A ) /(1 1 exp((x[Ho] 2 x ) /w)) deviation calculated for the parameter I(528) /I(540) are1 2 0

0.2360.03 in the case of the calcined sample (1173 K) and1 A2
0.2960.01 in the case of the annealed sample (1570 K).

Parameters obtained are A 5 2 0.01060.027, A 5 Tentatively, we suggest that the latter value of the standard1 2

0.38460.010, x 5 0.15760.016, w 5 0.04560.012, with deviation gives a measure of the variation in chemical0
2 24 composition of the sample investigated. Such an interpreta-x 5 5.97 3 10 . It is thought that the intensity ratio

31 tion relies on the assumption that the distance of diffusionI(528) /I(540) mirrors the energy transfer between Ho
of the cations in the crystallites is smaller than the spatialcenters. Beyond a percolation threshold, I(528) /I(540) is
resolution of the mapping experiment at the temperatureconstant.
employed. That the intensity ratio increases after annealingThis relation can be applied to investigate the variations
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microscopy in order to achieve spatially resolved charac-
terization.
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