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X-ray diffraction, ? Al MAS NMR, and FTIR spectra along with results of molecular dynamics simulations were used to charac-
terise LayEu;_,AlOs perovskites for x = 0.3, 0.1. Experimental and simulation results show that local changes in the perovskite-like
structure can be achieved as lanthanum ions substitute europium ones. The introduction of La’" ions in the EuAlO; parent causes

an increase in the mobility of oxygen network.

1. Introduction

Various physical properties of LaAlO3 as well as EuAlO; per-
ovskites have both scientific and technological interest when
doped with lanthanides [1, 2]. The 4f electrons of doping
species are responsible for changes in their magnetic, electric,
and optical properties. Rare earths containing perovskites
have attracted attention mainly as semiconductor and/or
optical materials [3—5]. A particularly interesting system that
has not been thoroughly studied is the La;_ Eu,AlOs per-
ovskite. In both parent perovskites, LaAlO3, and EuAlOs, al-
uminium cations are octahedrally coordinated and lantha-
num and europium cations are located in dodecahedral sites
(6, 7].

La;_x Eu,AlOs perovskites have been obtained through
substitution of La’* by Eu®* in LaAlO; parent solid. These
studies have been carried out previously and lattice parame-
ters variations have been reported. However, these studies are
limited to low percentages of substitution of La** by Eu** and
were focused on the optical applications of these materials

[8]. For instance, with the goal to maximize the fluorescence
intensity on La;_, Eu,AlO3, Klimke and Wulff studied the
introduction of Eu’* in a LaAlO; perovskite by solid-state
reactions. They reported an optimal Eu*" concentration of
1 mol% which is within the range of doping level for fluores-
cent materials [9]. However, diffusion of europium into
perovskite lattice, induced by thermal treatment, is often
restricted because microdomains of EuAlOs could appear.
Then, samples with larger content of europium are prepared
by chemical methods such as coprecipitation. Lanthanum
is often used to stabilize perovskite-like catalysts [10] and
europium due to its paramagnetic properties is used to mod-
ify the ionic conductivity of many perovskite-like materials
[11]. Then, it is interesting to study lanthanum doping into
EuAlOj; because a more rigid structure could be obtained.
The crystalline structure of perovskite is expected to
be preserved upon replacement of La** by Eu** given that
Eu®* can occupy the dodecahedral sites of La*". At low con-
tent of europium this assumption probably holds but at
higher europium loadings the structure should be closer to



EuAlO; than LaAlOj; structure. Besides, the differences of
La’* and Eu®* regarding quadrupole and size could be im-
portant and cause alterations in the perovskite-like structure.
Furthermore, La** and Eu®" have very different electronic
configurations, the first one has a configuration of noble
gas (Xe) and the second one has a configuration [Xe]4f®.
These properties could be determinant to produce structural
changes in the perovskite structure and of course can be
used conveniently to tune the physicochemical properties of
these materials. In order to investigate what happens up-
on a high percentage replacement of La** by Eu** in LaAlO;,
which should be equivalent to a low percentage replacement
of Eu®* by La®" in EuAlO;, we have studied the system
LayEu;_, AlO3 by applying a combination of experimental
techniques of FTIR, XRD, and NMR and molecular dynam-
ics simulations. Our results show how the introduction of
La" produces strong modifications in the physical properties
of the material, without significant changes in the structure
as referred to that of EuAlO; perovskite.

2. Experiments and Simulations

A series of LayEu;_x AlO3 perovskites were synthesized
by the coprecipitation method. Aqueous solutions of
La(NO3)2 . 6H20, AI(NO3)3 . 6H20, and EU(NO3)3 . 9H20
with the desired La/Eu ratio were mixed and precipitated
with NH4OH. The precipitated solid was filtered in vacuum,
washed with deionised water, and dried at 383 K. Finally,
the solid was thermally treated twice, the first time at 973 K
and the second one at 1673 K for 2h and 6 h, respectively.
Eu-containing perovskites were prepared with the follow-
ing nominal composition: LaAlOj, Lag30Eug70AlO3, and
Lag.10Eu0.90AlO3. Since there are not any sublimation phe-
nomena to be expected we assumed the synthesis composi-
tion is the final one.

Powder X-ray diffraction (XRD) patterns were obtained
using a D8 Advance Bruker AXS diffractometer, where a Cu
target K, ray (A = 0.154nm) was used as an X-ray source.
Conventional identification of crystalline compounds was
performed by comparing the diffractograms with JCPDS files
(PDF card number 031-0022) [12]. Radial distribution func-
tions, g(r), were calculated from the full diffraction patterns
as shown by Magini and Cabrini [13] which essentially con-
sists of the Fourier transform of the structure factor S(k).
A molybdenum anode X-ray tube was used to reach
the required high values of the angular parameter h =
(47sin0)/A and the X-ray pattern was measured by step
scanning at angular intervals of 0.08° in a Siemens D5000
diffractometer. The cell parameters were obtained using a
quartz standard to correct the shift of the (110) peak of the
perovskite structure.

Solid-state 2’ Al MAS NMR spectra were acquired under
MAS conditions using an Avance 300 Bruker spectrometer
with a magnetic field strength of 7.05T, corresponding to
a YAl Larmor frequency of 78.3 MHz. Short single pulses
(n/12) and a recycle time of 0.5s were used. The Al
chemical shift was referenced using an 1 M aqueous solution
AI(NOs3); as external standard.
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FIGURE 1: Infrared spectra, simulated and experimental, of per-
ovskite samples with variable content of europium.

For the infrared spectra (FTIR) all samples were diluted
in Csl and then pressed to form pellets. Experiments were
carried out at 2 cm ™! resolution and at room temperature us-
ing a Perkin-Elmer FTIR 2000 IR spectrometer and a DTGS
Mid-IR detector.

Molecular dynamics simulations in the microcanonical
ensemble were performed on two perovskite samples of com-
position La,Eu;_, AlO3, x = 0.3, 0.1. The interaction poten-
tial was of Pauling type given by

V(f}j) _ % N e? (0i+0j>n) (1)

Tij 1’1(0‘,‘+O‘j> Tij

where ¢; are the effective charges and o; are effective ionic
radii. Charges were taken from reference [14] and long-range
interactions were handled with Ewald sums. Since the local
environment of Eu was not known at the beginning of the
work the effective radius involved in the interaction potential
had to be determined. In order to do so, we performed a
series of MD simulations assigning different radii to particles
representing Eu ions. One physical characteristic which
depends on the ionic radius is the vibrational spectrum. The
effective radius yielding the best fit to the IR spectrum for
the concentration of Eu in the samples was o = 1.09 A which
would correspond to a 6 coordinated Eu in the standard ionic
radii data. Potential parameters used in the simulations are
summarized in Table 1. Figure 1 shows the experimental and
simulated IR spectra for x = 0.3, 0.1.

Simulation results were very similar for the two samples
and therefore we constrain the report to the sample with
x = 0.7. This simulated sample consisted of 2835 particles
of which 567 represented Al ions, 1701 oxygen ions, 171 lan-
thanum ions, and 396 europium ions in an orthorhombic
box of dimensions a = 34.092A, b = 34.092A, and ¢ =
26.516 A. The system was equilibrated at 300 K for 10 ps with
temperature control previous to relaxation and production
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TasBLE 1: Potential parameters.

Atom q € g, A
La 2.23 1.4
Eu 2.23 1.09
Al 1.92 0.67
O —1.383 1.2

runs of 10 ps. In all runs, variations of total energy were of
less than 0.01 per cent around the mean value, and tem-
perature variations were of less than 2 K.

3. Results and Discussion

IR spectra were obtained to fit the interaction potential
parameters. They presented only a single absorption band
centered close to 655 cm™!. The position of the IR absorption
band moved to higher frequencies as the europium content
increased. This shift to higher frequencies could be explained
by the alteration of electrostatic interactions between ions.
Europium and lanthanum cations have the same charge,
however their masses and sizes are different and therefore
there is a higher force constant for the system containing
europium (La is ~11% heavier than Eu, see Table 1 for radii).
Figure 2 shows the 27Al MAS NMR spectra of samples
EuAlOs, Lag3Eug7AlOs, and LaAlO;. The spectrum of the
europium-free sample, Figure 2(c), presents an isotropic nar-
row peak at 14 ppm which is assigned to sixfold coordinated
aluminium in an oxygen environment [15], in agreement
with the perovskite structure. The spectra of the europium
content samples were very different to those of LaAlO;
sample. Then, in order to find the position of the isotropic
peak, the spectra acquired at variable spinning rate were per-
formed (not shown); they have shown that in two europium-
containing samples the isotropic peak is positioned at
213 ppm, Figure 2(a), 2(b). The NMR peak was significantly
broader in FuAlO; than in LaAlOs; of course this modifica-
tion is mainly attributed to the electronic local environment
created by europium introduction. Note that Eu** is a
paramagnetic lanthanide ion that broads and shifts the NMR
peak to down field. In spectrum of sample containing both
europium and lanthanum, a shoulder close to 167 ppm
and the small peak at 30 ppm suggest that lanthanum
and europium are not homogeneously distributed into the
perovskite structure, but some europium and lanthanum-
rich domains could be formed. Interestingly, the NMR peak
for sample Lag 3Eug7AlO; is broader than in EuAlO; parent
solid, suggesting that introduction of lanthanum modifies
the distribution of charge and possibly a field electric gradi-
ent in this sample was created. This effect is discussed below
in terms of the results of molecular dynamics simulations.
X-ray powder diffraction patterns confirm that all sam-
ples have a perovskite-like structure as can be observed from
Figure 3. As lanthanum is incorporated to perovskite the cell
parameter increases as can be seen from X-ray diffraction
data in Figure 4. Table 2 shows the calculated cell parameters
as a function of sample composition. This is attributed to the
difference of La** and Eu®* ionic radii. Note that even though
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FiGure 2: Al MAS NMR spectra of EuAlO;, Lag30Eug70AlO3,
and LaAlOs; (a), (b), and (c), respectively. *indicates spinning side
bands.

TABLE 2: Cell parameter of europium containing perovskites.

Sample Cell parameter, a, A
LaAlO; 5.36
Lag30Eug 70A10; 5.31
Lag.10Eug.90A10; 5.29
EuAlO; 5.27

electrons in Eu®* occupy f atomic orbitals, the cell parameter
of EuAlQs is the lowest because the interstitial sites are deter-
mined by the oxygen packing and the ion-ion interactions.
Up to this point, experimental results show that lan-
thanum cations can replace europium cations in the parent
EuAlOj perovskite. Even replacing as high as 30% Eu by La,
XRD patterns show that the perovskite structure is preserved.
NMR experiments, in addition, confirm that some local
changes could have taken place when both lanthanum and
europium are simultaneously present in perovskite structure.
FTIR experiments also suggest some local changes as can
be seen from the experimental curves, Figure 1. 27Al MAS
NMR results reveal that the local environment of aluminium
is strongly altered. This modification could be attributed to
electronic differences between europium and lanthanum. In
fact La*" is a diamagnetic species while, Eu** has non paired
electrons promoting relaxation of NMR signal by paramag-
netic effects which means that distances between aluminium
and europium ions are short enough (in the second coor-
dination sphere). It is not clear, however, what the con-
sequences of this modification imply. Actually, short dis-
tances between aluminum and europium appear because of
the subtle distortion of the lattice produced by heavy doping
with Eu. The lattice distortions, however, are not so great
that coordination of cations could occur in other complex
perovskites [16]. Molecular dynamics (MD) allows for the
elucidation of very subtle changes in some characteristics of
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FIGURE 3: XRD patterns of (a) LaAlOs, (b) Lag3Eug7AlOs, and (c)
Lag 1 Eug9AlO;. Perovskite-like structure is maintained although a
small change in cell parameter a is observed. Peaks are indexed with
PDF card number 031-0022.

Intensity (a.u.)

20 (degrees)

FiGure 4: (110) XRD peak of perovskite-like structure used to
calculate the cell parameters of (a) LaAlO;, (b) Lag3Eu7AlO;, (¢)
Lag.1Eug9AlO;, and (d) EuAlO;. As standard, the peak of quartz was
used (marked with the dotted line).

microscopic systems. Figure 5 shows the total radial distri-
bution functions, g(r), of europium-containing perovskites
calculated from MD simulations. Even though some peaks
are difficult to resolve experimentally, the rough agree-
ment between simulated and experimental data is fairly good
as far as the position of the peaks and the general shape of
the functions is concerned. Some features of the radial dis-
tribution functions are (1) the peak at 2.6 A increases as
europium content increases; (2) peaks between 5 and 8 A go
to longer distances as lanthanum content increases; (3) the
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FiGure 5: Radial distribution functions from experimental (a)
and molecular dynamics simulations (b and c¢); Lag3Eug;AlO; (a),
La0,3Eu0,7AlO3 (b), and La(“ Eu049A103 (C)

peak at 1.9 A, due to Al-O distances, remains constant in
intensity and position. This last observation implies that oc-
tahedral coordination of aluminium ions is not altered or its
alteration is very subtle as a consequence of replacement of
europium by lanthanum. Therefore, the observed changes in
27 Al NMR spectra are mainly due to differences in electronic
properties of La*>* and Eu®* ions. In addition, as mentioned
above, lanthanide ions are heterogeneously distributed into
the perovskite structure.

The structural effects of the presence of La*" and Eu’*
in the perovskite lattice can be described in some detail
from the partial radial distribution functions, g(r). Figure 6
shows the Al-O, La—O, Al-Al, and O-O pair functions for
the simulated LaAlOs, Lag3Eug7AlO3, and EuAlO3; samples.
The first neighbour distances Al-O and La-O are very well
defined and are unchanged upon substitution as can be
seen from the figure. The three La—O first neighbour bond
distances are a bit more differentiated in the sample with
europium as can be noted from the asymmetry of the first
peak. A coordination analysis performed after the mole-
cular dynamics runs yielded the same coordination numbers
for both samples Al (6) and La or Eu (12). It can be
noted that all other peaks broaden implying that long-range
order is not totally preserved. Note that the second peak of
g(raio) splits in two peaks upon the presence of europium
in perovskites. This may be interpreted in terms of the
AlOg octahedron tilting known to appear in ABXOs3 per-
ovskites. Upon heavy doping with Eu a more complex tilting
may occur that produces a lowering of symmetry and is re-
flected in this second peak of g(rajo). On the other hand,
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the aluminium sublattice remains practically unaltered upon
substitution, as it can be seen from g(raja1). Finally, an inter-
esting conclusion is derived from the O-O partial radial
distribution function, g(ro0), since a remarkable broadening
of peaks is presented from 4 A on samples containing Eu,
shown in Figure 6. This implies a constant rearrangement
of oxygen atoms in such a way that in the long range
they appear as disordered. This is shown by the O-O g(r)
asymptotic trend to unity. This means that in the real world
the presence of Eu®* significantly increases the entropy. From
a purely classical mechanics point of view, one can interpret
these effects as due to the fact that europium is about 11%
heavier than lanthanum; therefore for a given temperature,
oxygen atoms in the vicinity of europium increase the am-
plitude of their vibrations. If oxygen vibrations increase in
amplitude and therefore if average oxygen atoms are not at
the crystalline positions, the energy activation barriers for
diffusion processes either disappear or else are lowered in a
significant way.

Figure 7 displays the g(rgu0) and g(rguru) functions, con-
firming that europium sublattice is also preserved and only
the position of oxygen ions changes, modifying then the dis-
tances at first neighboring Eu—O.

Factors governing the electrical ionic conductivity of per-
ovskites are concentration of oxygen vacancies, oxygen
partial pressure, crystal structure, and defects, among others
[17-19]. Our findings indicate that even in the absence of
defects, such as oxygen vacancies, one important factor that
may substantially change the ionic conductivity is the in-
crease of oxygen mobility if the proper cation is introduced
in the perovskite network.

4. Conclusions

We have performed a structural analysis of La*"-doped
EuAlOs. Molecular dynamic simulations, as well as 2’ Al MAS
NMR spectra analysis, indicates that coordination of cations
in the doped sample remains the same as in the parent per-
ovskite. Since substitution of La by Eu is isomorphic, no O
vacancies are generated. The only structural change observed
is that the oxygen sublattice gains rigidity because of the de-
crease of oxygen vibration amplitude.
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