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Vibrational spectra of superionic crystals (BaF, (LaR;),
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Abstract

Infrared reflectivity and Raman spectra of (BaE(LaF;), (0.01= x = 0.47) single crystals are reported. Vibrational modes
due to doping have been observed; a number of them can be interpreted as non-centre zone modes activated by loss of
translational symmetry. Others are attributed to changes of local structure around clusters of dopant ions, which give rise to
modes inherent to LaFEvolution of infrared spectra with doping ratés discussed in terms of a percolation mod2999
Elsevier Science Ltd. All rights reserved.
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1. Introduction for glasses and amorphous solids develop with increasing
On the basis of low temperature thermal conductivity, speci-

In recent years, rare-earth doped fluorine conductors with fic heat and internal friction measurements, the presence of

the fluorite structure have been attracting the interest of low-energy excitations has been suggested earlier [6] corre-

researchers as a model system with superionic conductivity sponding to the model of two-level systems [7]. This model

and partial disorder. Their general formula is (ME.(RF3)x has been also used to explain the results of low temperature

where M= Ca, Sr, Ba, Pb andis the rate of doping by the  far-infrared absorption measurements [8].

rare-earth element R. The overall cubic crystal symmetry  The previous Raman scattering studies have shown that

(space group Fm3m) is conserved within=(X < Xy only the T, mode active in the Raman spectrum of BaF

where Xmax = 0.4—0.5 depending on M, R [1]. The room becomes asymmetric on doping and gradually splits into two
temperature conductivity, due to hopping of Rnions, peaks [9—11]. On heating, near the superionic transition, the
increases by several orders of magnitude with doping. width of the peaks deviates from a linear behaviour [9,10].

Around the trivalent R' cations, clusters of defects are  In another work, it was suggested that the low-frequency
formed. Their structure depends, in general, on M and R region of the spectra displays a crossover near 60'cm
[2,3]. The lattice in the vicinity of the clusters is deformed, which can be interpreted in terms of the fracton model [11].
thus forming so-called defect regions [4] in the undeformed  Inthe present article, we present the results of our study of
fluorite matrix. According to the Enhanced lonic Motion infrared and Raman spectra of six (BaF.(LaFs)y single
model [5], these distortions are supposed to enhance the crystals with 0.01= x < 0.47. To our knowledge, complete
ionic conductivity by decreasing locally (at the interface infrared spectra of compounds of this family are reported for
between the clusters and matrix) the value of the activation the first time here.
enthalpy for hops of F anions.

The solid solutions (Bady,—4(LaFs)x belong to the most
studied systems of this family. Despite the long-range crys- 2. Experimental
talline order, it has been found that features characteristic

The single crystalline samples were grown from melts by
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Fig. 1. Infrared reflectivity spectra of (Bak_«(LaF;)y single crys-
tals.

residual oxygen [12]. The crystals had a form of parallele-
piped with a size of about® 6 x 4 mm®. Their composition
was verified by means of electron microscope. The doping
rate was established with an accuracy better thaf.5%.

Near-normal incidence infrared reflectivity spectra were
measured at a resolution of 6 €frusing the Fourier-trans-
form spectrometer Bruker IFS-113v. The measurements
were carried out under low vacuum in a spectral range of
30-3000 cm™. A liquid He cooled Si bolometer was used
as a detector in the spectral region 30—600tm

Raman spectra in parallel (VV) and crossed (VH)
polarization setup were measured in the® $@attering
geometry using a Jobin—Yvon T 64000 Raman spectro-
meter operating in the triple subtractive mode and
equipped by a liquid nitrogen cooled CCD detector.
For excitation, the 514.5 and 568.2 nm lines of an
Ar—Kr laser were used, with the beam power incident
on the sample of about 100 and 40 mW, respectively.
Attempts were made to use several excitation frequen-
cies of the laser, but in all Stokes spectra, the Raman
signal was mixed with broad Iluminescence peaks
induced by rare earth impurities. For the above two
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3. Results and evaluation

Infrared reflectivity spectra are shown in Fig. 1. The
symbols represent experimental data and solid lines show
calculated spectra obtained by means of fitting. To this
purpose, we have used the factorized form of the (complex)
dielectric function [13]
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with the number of mode¥reaching up to 7 (fok = 0.47).

In Eq. (1),wj.0 andw;ro are the transverse and longitudinal
optical frequencieslj o andI'jro denote longitudinal and
transverse damping constants, respectively; apds the
permittivity limit at high frequency.

The experimentally obtained Raman spectra for the two
polarizations, reduced by the Bose—Einstein factor and by
the frequency dependent scattering factor, are shown in Fig.
2. These spectra were obtained using the 514.5-nm laser
frequency and almost identical results were obtained using
the 568.2-nm line. In order to determine the positions of the
peaks, the spectra were fitted using the sum of Lorentzian
curves. These positions are shown by triangles in Fig. 2. For
comparison, all mode frequencies obtained by evaluation of
both Raman and infrared spectra are shown in Fig. 3.

4. Discussion
4.1. Infrared spectra

In pure Bak;, only one infrared active mode is allowed by
the crystal symmetry, but we see that the main reflectivity
band of Bak exhibits a small feature near 260 chas a
result of a two-phonon combination. This feature has been
observed in all stoichiometric fluorite-structured crystals
[15].

At doping ratex = 0.01, distinct differences from the
spectrum of pure BgFappear. Two new peaks are present,
one in the main reflectivity band near 240 thand another
at low frequenciesdro = 27 %, wro = 30 Y. The former
is similar to that observed at 260 ¢ and we suggest that
it originates in a perturbation of the symmetry-allowed
mode. The latter is not easily seen in the spectrum by
naked eye due to relatively high damping, but fitting reveals
that a change in the slope Bfw) is clearly present below ca.
80 cm . As at this doping level the clusters occupy only a
small volume fraction of the sample, we attribute this peak
to a localized vibrational mode induced by clusters. It is
probably connected with small displacements of the clusters
as a whole, for example with their librations or translations.
The low frequency of these vibrations supports this idea,

excitation frequencies, it appeared possible to measure because only objects with a mass substantially higher than
anti-Stokes Raman spectra free of parasite signal; they atoms can exert vibrations with such a low frequency. We

were recorded in the Raman shift range 15-600tm

would like to note that a mode with similar frequency lower
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Fig. 2. Bose—Einstein reduced anti-Stokes-shift Raman spectra of)(B&EaF;), single crystals: (a) VV polarization, (b) HV polarization.
The triangles mark positions of peaks obtained by fits.
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than that of the transverse acoustic mode, has been observedising the percolation model with two critical points [18].

in thex = 0.16 sample by inelastic neutron scattering [16].
With further doping, the broad lowest-frequency mode
becomes more distinct and shifts to higher frequencies (
70-80 cm'%). Below ca. 30 cm', a weak departure of the
experimental data from the fit towards higher intensity can
be seen. It is questionable whether this is a sign of further
presence of the localized vibrational mode, as this spectral
region is close to the limit of the operating range of the
detector. Other broad peaks located below the main reflec-
tivity band appear ax = 0.13 near 130 cAt, atx = 0.31
near 110 cm*, and a few other peaks develop on doping in
the spectral region 200—300 ¢ corresponding to the
main band. The frequencies of all these peaks between 65
and 270 cm® correspond very well to those energies where
the phonon dispersion curves of Baffe flat, with the wave-
vector different from zero [17]. This shows clearly that all
these modes become infrared active due to loosening of
selection rules following the loss of translation symmetry.
We see that with increasing all modes tend to harden.
This effect can be seen most clearly @ny of the main
band, which shifts from 330cit at x 0 up to
402 cm* atx = 0.47. We suppose that this is due to the
decrease of the lattice paramegevith increasing (a (A) =
6.20 — 0.31x, [1]).

4.2. Percolation effects

We would like to turn our special attention to the mode
which develops on the high-frequency side of the main
infrared reflectivity band, near 420 ¢t starting fromx =
0.25 (see Fig. 1). In the spectrum of the- 0.16 sample, this

This model treats ion-conducting solids consisting of a
mixture of normally conducting matrix containing a volume
concentrationp, of a randomly dispersed insulating mate-
rial, with a highly conducting interface in between. The
main conclusion of this model is the existence of two critical
concentrations (percolation thresholgs), p”., related by

p’c =1 — p'.. At p'; percolation of the highly conductive
interfaces occurs. This manifests itself in a sudden increase
in the conductivityo(p). Starting from the second critical
concentrationp”., the volume occupied by the insulating
material is so large that the conducting paths are disrupted,
which, by contrast, leads to a decreaser{ip).

This model can be applied to the (B3, (LaFs)
systems if one considers that the Bafatrix is low
conducting. The clusters of defects are stable, at least at
room temperature, i.e. they do not permit ion transport
and behave like insulating domains. The interfaces between
cluster and the matrix are highly conducting, according to
the Enhanced lonic Motion model [5] which we believe to
be valid. In order to apply the percolation model [18] we
have to consider the volume concentratiprof clusters,
which is clearly proportional te; one can writep = « X
wherea is a proportionality factor to be determined. From
o(X) measurements, the percolation threshold has been
established ax’ =~ 0.05 [19]. The volume fraction corre-
sponding to this percolation can be estimated as0@, <
0.25 [20], so the value ok is between 4 and 5. Then, the
value of p”’.=1 — p’. lies between 0.8 and 0.75, which
corresponds to 0.15 x”. < 0.20.

In consequence, based on the percolation model [18], we
can expect that fox > 0.2, the volume occupied by clusters

mode is absent, therefore, there must be some changes inthés no more discontinuous, which implies a qualitative

local defect configuration occurring between these two
values. We presume that the explanation can be found

change in the force constants. In our opinion, the infrared
active mode near 420 crhis because of these changes. We
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Fig. 3. Comparison of mode frequencies obtained from fits of room temperature vibrational spectrapf (Ba-),. The values ofvro, w0

for x = 1 are taken from [14].
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think further that there is a resemblance between this mode

and the two highest-frequency modes of Laldeed, in
Fig. 3 we see that with increasing the longitudinal
frequency w o of this mode approaches those of LaF
[14]. This is in agreement with the former assumption that
fragments of the tysonite (LafFstructure form in the fluor-
ite-type (MR),-x(RFs), solid solutions [21]. We would like
to note that we have also found an analogous behaviour in
the reflectivity spectra of the (Bak_x(NdF;), system.
Finally, let us comment on the limits of validity of the
percolation model [18]. The model predicts that abplg
o(p) decreases. For (Bak-«(LaFs),, however, this has not
been observed-e(x) rises slowly up toma [19,22]. If we
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Below 200 cmi?, four broad peaks are present in the
spectra forx = 0.13, with frequencies down to ca.
60 cm L. With increasing doping, the lowest-frequency
peak in both polarizations disappears. The peak near
120cm ! is observable fox = 0.16 in the VV spectra
and forx = 0.31 in the HV spectra. Given the closeness
of their frequencies to those obtained from the infrared spec-
tra (see Fig. 3), we attribute these peaks equally to modes off
the Brillouin zone centre activated by the loss of translation
symmetry.

The most important difference between both the
polarizations consists in the peak in the VV spectra
near 400 cm?, which is virtually absent in the HV

assume that clusters form fragments of the tysonite structure spectra. It is clearly observable for all La concentrations

(that of LaR), this is easy to explain, as it is known that even
at room temperature, Lgks a good ionic conductoro( =
107° (2 cm™) [23]). This implies that if the clusters are
sufficiently close, the network they form becomes partly
conducting. That is why the experimental results disagree
with the prediction of the percolation model [18] about
conductivity decrease. Further,pfreaches the value of 1,

it is not possible to define insulating domains, conductive
domains and their interfaces in terms of the model [18].
Based on the estimated « = 5, this is the case starting
from the dopant concentration= 1/« lying between 0.2
and 0.25.

4.3. Raman spectra

As one can see from Fig. 2, the Raman spectra okthe
0.01 sample are virtually the same for both configurations
(VV, VH). The Ty peak is located at the same frequency as
in pure Bal, 240 cm %, but the weak doping makes it asym-
metric. This result is in agreement with previous experimen-
tal work [9—11] where unpolarized spectra were measured.
Aside this peak, the spectra display no distinct differences
from that of Bak.

For doping ratex = 0.13 and higher, the spectra in the
200-300 cm® spectral region are very similar in both
polarizations. Here, the shape of the spectra is close to
those reported previously [9—11]; we see that a new peak
appears near 260 crh With doping, its intensity increases,
the peak shifts to higher frequencies and dominates the
240 cmi ! peak. The latter peak is absent in the spectra for

x = 0.47; note that such a high doping rate has been exam-

ined for the first time. In the previous work Raman spectra
were studied only up t& = 0.359 [10], where this compo-
nent is still clearly present.

Outside the 200—300 cr spectral domain, our results
are rather different from those reported earlier by Kiles:
al. [11]. We attribute these differences to the fact that in Ref.

from x = 0.13 — 0.47. With increasing, its frequency
decreases down to 387 ¢t In the Raman spectra of
LaF;, a very strong mode near just below 400 ¢nhas
been observed in thg(z2y scattering geometry; in the
Z(yX)y and z(x2)y geometries it is substantially weaker
and absent, respectively [24]. In accordance, we suppose
that the observed peak could be caused by the local
crystal structure within clusters similar to that of
LaF;. Note that the peak is present far= 0.13; i.e.,

the concentration where it appears is lower than the one
where, in the infrared spectra, the peak near 420'cm
appears, which we attribute also to developing tysonite
structure. This is in agreement with the fact that, gener-
ally, Raman scattering is more sensitive to the short-
range structure whereas infrared spectroscopy, as a
result of Coulomb forces, is rather long-range sensitive.

5. Conclusion

By comparing the infrared and Raman spectra of samples
in a wide range of dopant concentration, we have shown that
the lowered crystal symmetry of the mixed crystals
(BaF):-x(LaFs), manifests itself in their vibrational proper-
ties. In particular, the loss of translation symmetry activates
modes which are not allowed by tie= 0 selection rules.

At the same time, the new modes with frequencies close to
those observed in LaEonfirm the earlier predictions about
existence of fragments with tysonite structure [21]. Consid-
ering the percolation effects, we have shown that the appear-
ance of the infrared-active mode near 420 ¢mtx =~ 0.25

is in agreement with the model of Enhanced lonic Motion

(5]
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