
Anomalies in the Raman scattering spectra of piezoelectric BaZnF4 crystals

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1994 J. Phys.: Condens. Matter 6 10365

(http://iopscience.iop.org/0953-8984/6/47/019)

Download details:

IP Address: 171.66.16.151

The article was downloaded on 12/05/2010 at 21:12

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/6/47
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


1. Phys.: Condens. Matter 6 (1994) 10365-10376. Printed in the UK 

Anomalies in the Raman scattering spectra of piezoelectric 
BaZnF4 crystals 

H N Bordallot, A Bulout. R Almairact and J Nouett 
t G I O U Q ~  de Dynamique des Phases Condensks. Universitd Montpellier 11. URA CNRS 233. 
34095 Montpellier. France 
t Laboratoire de Physique de VEtat Condensd, UniversitC du Maine. URA CNRS 807.72017 
Le Mans. France 

Received 28 July 1994 

Abstract. A Raman scattering investigation of the piezoelectric compound BaZnFd h a s  been 
performed in a wide temperatlue range. An accurate study of the characteristics, i.e. peak shifts, 
integrated intensities and half-widths. reveals anomalous changes in several spectral lines. The 
results are discussed on the basis of a breakdown of the p = 0 selection rules due to either a 
Phase transition or svuctural disorder. 

1. Introduction 

BaZnF4 is a member of the fluoride family BaMF4, which includes BaFeF4, BaNiF,, 
BaMnF,, BaCoF, and BaMgF4, whose ferroelectric and antiferromagnetic properties are 
of significant interest. The crystal structure [ I 6 1  of these compounds is built by planes of 
MFs octahedra perpendicular to the (010) cleavage direction, crystallizing in space group 
A2tam-CA: (2 = 4). For all compounds, it has been shown [7] that the free dielectric 
constant along the a axis obeys the Curie-Weiss law with an extrapolated paraelectric 
transition temperature above the melting point (prototype Amam-D;: phase). On the 
other hand, BaMnF4 is the only one that undergoes an incommensurate structural phase 
transition at about 250 K. 

The first report of Raman measurements on the biaxial piezoelectric BaZnF, was made 
by Quilichini and Poulet [SI, who performed a complete zone-centre phonon analysis. 
According to their study all group-theoretically predicted modes have been assigned and 
the directional dispersion of each of the oblique optical phonons has been calculated and 
measured. 

Later, Quilichini and co-workers [9] reported on the anomalous temperature dependences 
of the frequency and intensity of the mode at about 94 cm-', which 'softens' on heating, 
and i t s  correlation with the virtual ferroelectric-paraelectric transition. 

Our interest is in the low-temperature behaviour of a material that belongs to a family 
of compounds where a structural phase transition involving an incommensurate distortion 
occurs. 

In this paper we present the results of a complete Raman-spectroscopy study, performed 
in a wide temperature range (- 10-300 K) between 3 and 680 cm-' in BaZnF4. This is a 
sensitive procedure to investigate structural phase transitions. An accurate analysis of the 
Raman spectra reveals an anomalous behaviour of some particular modes and evidence of 
disorder at 300 K. 

0953-8984/94/4710365t12$19.50 @ 1994 IOP Publishing Ltd 10365 



10366 

2. Experimental details 

BaZnF4 single crystals were prepared at the Laboratoire de Physique de I’Etat Condensd by 
the Bridgman-Stockbarger method. After orientation by x-ray techniques, the sample was 
cut and polished with faces oriented normal to the abc crystal axis, which is a reference 
setting where a is parallel to the binary axis. 

Raman scattering spectra were carried out on a parallelepiped of dimensions 6, 6 and 
4 mm, placed under secondary vacuum inside a refrigerator-cooled cryostat ROK 10-300. 
The sample temperature was controlled by a Variotemp HRI and measured by a chromel- 
constantan thermocouple. For the excitation of the sample the 488 nm line of a Coherent 
Innova 90 Ar-ion laser was used, with a maximum power of 600 mW. A DILOR 224 
Raman spectrometer was used to analyse the light scattered in the classical 90” geometry, 
with a typical resolution of 2 cm-I. At room temperature Raman spectra were recorded in 
the three planes ((a, b),  (b, c). (c.  a)). 
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3. Results 

3.1. Raman lines ai room temperature 

From group theory the optical modes of BaZnF, at the Brillouin zone centre can be classified 
according to the Czv irreducible representations as follows: 

l l A l  + 11Bz+6Az+5B1 

The Raman tensors for the A I ,  A2, BI and Bz symmetries are [lo] 

A I ( 4  AZ Bz@) 

where the infrared-active modes are labelled (in parenthesis) by their polarization with 
respect to the crystallographic-axis directions. 

It is known [ 111 that for both Raman and infrared active modes, the associated long- 
range macroscopic electric field can modify the polar phonon spectrum as a function of the 
direction of the phonon wave vector inside the crystal. Then, for the scattering geometries 
given in figure 1, the b(aa)c(Al), b(ac)a(B,) and n(ba)c(Bz) spectra will correspond to 
transverse optical phonon (To) modes only, whereas the a(bb)c, b(cc)a, b(ab)a and b(ab)c 
spectra will be associated with TO + LO (longitudinal optical) modes. 

The frequencies of the modes in different symmetries, whose values result from a fitting 
procedure of the data with an appropriate number of Lorentzian components. are listed in 
table 1. 

Because of the non-zero collection angle for the scattered beam, enumerating the 
observed modes is not an easy matter. A comparative analysis of the present spectra 
with earlier ones [8 ,9 ] ,  in the 50-450 cm-I frequency range, reveals that our observations 
agree with the former works within experimental error. Note that, at room temperature, 
the number of Raman lines does not exceed that predicted by the group-theory analysis. 
However, according to our data the mode at 115 cm-’ in the A2 symmetry attributed to a 
contamination in [SI seems to be real. 
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Figure 1. Raman spectra of BaZnF4 at 300 K in he three planes ((b. e). (a. e). (a. b)): (a) m 
modes of A,-b(oo)c symmeuy, (b) n(hh)c symmetly-m+ LO modes (A1 t BI);  (c) b(cc)o 
symmetry-To + w modes (Ai + B A  (d) m mode of BI-b(oc)o symmetry; (e) m mode of 
B2--n(hn)c symmetry; (0 h(uh)n symmetly-mtw modes (Bz+Al); (9) b(nb)c symmetry- 
mtLo modes (BI t BO; (h) the non-polar A2 modes h(cb)n. All spectra were recorded with 
the snme incident power. 

A more interesting difference between our results and the previous ones is that two 
responses are observed in the frequency range below 50 cm-' in the AI symmewy (cc) 
(figure 2).  The first is centred at 0 cm-', i.e. a quasielastic (QE) scattering, and the other is 
a broad one located at about 48 cm-I. A detailed analysis of the temperature behaviour of 
these features is given in subsection 3.2.2. 
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Table 1. Frequencies of t h e m  modes A I .  Az, BI  and B2, and of the TO+LO modes A ,  + B I .  
A I  + Bz, R. + A I  and Bz t BI  of BaZnF4 31 room temperature. According to their Raman 
intensity the lines are labelled by: s = strong; m = medium or w = weak. The other abbrrviations 
indicate the observation of a shoulder (sh) or 3 eonramination (e) in the spenra. 
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Figure 2. The detail of the lowfrequency range 
of the Ramm spectra h(ce)a of BaZnF4 at room 
tempemture. The dolled line represents the resull 
of a fitting procedw. on the Stokes side, without 
considering the mode at 48 cm-I. Note also the clearly 
visible quasielastic (QE) scattering. 

Figure 3. The lemperature behaviour of lhe h(ab)n 
Raman spectrum of BaZnF4. 

3.2. Raman spectra at low temperature 

The Raman spectra at low temperature (10-300 K) have been collected in the (a, b) 
scattering plane for the four polarizations available, b(cc)a, b(cb)a, b(ab)a and b(ac)a.  It 
appears that they exhibit several unexpected features, such as 

(i) a significant linewidth broadening against temperature of some lines; 
(ii) the presence of extra (weak-intensity) lines at low temperature; 
(iii) a dramatic decrease of the QE scattering (mentioned above) on approaching 100 K 

(iv) a softening of the line located at 48 cm-' (at room temperature). 

These features are now presented in detail 

and 

3.2.1. An analysis of the spectra obtained in the whole frequency range. Typical spectra are 
shown in figures 3-6. 

When the temperature is lowered, a peculiar change is seen in the b(ab)a scattering 
geometry (figure 3). The strong line whose peak frequency is at 250 cm-' at room 
temperature splits and transforms into two lines located at 251 and 258 cm-' at 10 K. 
This behaviour could have two different origins: either a slight polarization leak-through 
originating from the strong Bi mode, normally observed in the b(ac)a geometry, or a real 
splitting of the 250 cm-' line. 

Excluding the first hypothesis, the asymmetric shape of the 250 cm-' line, for 
temperatures in the range 110-180 K, would suggest a possible coupling between two 
modes. In the same way, the temperature dependence of their frequency shifts seems to 
agree with this assumption, as can be noted in figure 7(a). The intensities and widths. 
deduced from the best-fit calculations of the spectra, are also represented in the same figure. 
It can be seen that the sum of the integrated intensities corrected for the Bose factor remains 
constant. 

Except for the line at 48 cm-I (see subsection 3.2.2). no anomalous frequency shift 
against temperature is observed. As an illustrative example the characteristics of the B I  
mode at 253 cm-I are shown in figure 7(b). 



10370 H N Bordallo et a1 

Figure 4. The temperature behaviour of he h(rrc)a 
Raman spectrum of BaZnFd. A probable contamination 
is indicated by c. 

Raman shift (em") 
Figure 5. The temperature behaviour of the h(ee)n 
R a m  spectrum of BaZnF4. The am~ws indicate the 
new penks and c indicates a probable contamination. 

On the other hand, the evolution of the width versus temperature is not the same for 
the different lines studied. Some of them remain narrow in the whole temperature range, 
as does the mode at 75 cm-' in  the b(cc)a geometry or the TO mode B, at 111 cm-', 
which display a weak width variation. Others display a significant width narrowing at low 
temperature. An example is given in figure 7(b) for the intense BI mode at 253 cm-I (as 
a consequence. since the integrated intensity is almost temperature independent, its peak 
intensity becomes dramatically large at low temperature). 

A similar behaviour was observed for the two sufficiently isolated lines at 294 and 
428 cm-' in the b(cc)a geometry, the widths of which change from 5 and 6 cm-I to 24 
and 25 cm-', respectively. 

In figures 5 and 6 it is observed that when the temperature decreases, many additional 
weak-intensity peaks arise below roughly 100 R: at 143, 189, 241, 251, 310, 365, 525 and 
616 cm-l in b(cc)a (figure 5), and at 152, 174,240,335,384,416 and 468 cm-' in b(cb)a 
(figure 6). 

Of course the possibility of spectral mixing due to contamination must be considered. 
However, the critical comparative analysis of the spectra leads to certainty that this effect 
alone cannot explain all the new lines appearing at low temperature, in particular the strong 
peak that arises at 189 cm-' in the b(cc)a spectrum (see the inset of figure 5). 

The appearance of only one strong band in the b(ac)a spectra (figures 1 and 4) seems 
to be associated with the presence of only one mode, Bzs, expected for this representation 
in the virtual phase D2h. Using the coordination of this irreducible representation, we obtain 
that this ionic motion consists of F(1) - F(2) displacement along the c axis, i.e. a tilt of the 
octahedra around the b axis (see figure 11). 
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Figure 6. The temperature behaviour of the b(ch)n Raman specmm of BaZnFa. The m w s  
indicate the new pe&s and c indicates a probable contamination. 

3.2.2. An analysis of the spectra obtained at lowfrequencies in the b(cc)a geometry. In 
order to study the low-frequency signals observed in the b(cc)a geometry, several spectra 
from 3 to 120 cm-' were recorded in both the Stokes and anti-Stokes regions with long 
integration times. The Stokes parts of some spectra are shown in figure 8. 

The first point to be considered is the presence of a low-frequency signal centred on zero, 
i.e. QE scattering or 'the central mode', which gradually disappears when the temperature 
is lowered. Another peculiar behaviour is associated with the mode at 48 cm-', which is 
observed only in the (cc) orientation (not in (aa) or (bb) orientations) and which strongly 
softens and shows a remarkable strength decrease on cooling. 

The temperature dependence of the low-frequency peaks is shown in figure 9. An 
attempt to describe the 48 cm-' mode by the usual formula w - ( T  - To)]'* leads to 

In order to obtain a better understanding of the origin of this weak peak the integrated 
intensities of the 48 cm-I and of the central modes were carefully analysed. This was 
possible since the spectra were measured rigorously under the same experimental conditions. 

The intensities were obtained in two different ways: (i) for the mode located at 48 cm-', 
we used the results of the fitting procedure without correction of the Bose factor: (ii) for 
the central mode, first the Rayleigh component was subtracted from the measured spectra, 
then the signal was taken at one given frequency (8 cm-I) and corrected for the background 
estimated by the level at 120 cm-'. Finally the 75 cm-' mode was used as an internal 
monitor since it has been found not to be temperature dependent. This internal monitor was 
also used to measure the intensity of the 48 cm-' line. The precision is not very good but 
the results have proven to be useful as will be.seen later. 

The temperature dependences of the integrated intensities and widths of the QE scattering 

To - -100 K. 
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Figure 7. The tcmpenture vaiiation of paramelers (frequency shift, width and integrated 
intensity corrected for the Bose factor) of the peculiar B2--h(uh)o modes located 81 25 I and 
258 cm-' in (a) and of the intense RI-b(oc)a mode i n  (b). D a h e d  lines are guides for the 
eye. 

and of the 48 cm-I mode are reported in figure 10. 
Note that the disappearance of the central peak is not associated with narrowing of the 

width, which remains almost constant. 
For the interpretation of the additional mode at about 48 cm-I we have examined the 

possibility that this unexpected line could be attributed to a second-order Raman-scattering 
process, in view of its notable decrease in intensity when temperature is lowered. This 
assumption must be excluded on the basis that the temperature variation of the Stokes 
intensity does not exhibit the so-called (n + 1)' dependence (where n represents the Bose- 
Einstein occupation factor for the phonons giving rise to such signals), as is clearly shown 
in figure IO(b). 

Another particularity of this 'sofl mode' concerns its linewidth. On cooling, it rapidly 
decreases. Below roughly 100 K the integrated intensity and the width remain constant. It 
seems therefore to be connected with the behaviour of the central component. 

4. Discussion 

One of the main resulls reported above is the presence of a QE signal that witnesses for the 
existence of some disorder in the structure, so we will first consider the ordering processes 
that can be expected in the BaMF4 compounds. The basic idea is the particular organisation 
of MF6 octahedra in these crystals. 

Consider the highest-symmetry phase (paraelectric phase) from which BaZnF4 is derived 
(figure ll(i)). The (virtual) transition from this phase to the ferroelectric A2lam phase 
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Figure 8. Representative h(cc)o Stokes spectra of BaZnFk, in the 0-120 cm-' region for the 
60-250 K temperature range. 

Raman shift (em-') 

Figure 9. The temperature variation of peak positions of the low-frequency modes observed in 
the b(ee)a spectra. The solid line represents a fit with the usual power law U - (T - TII)"~ 
with Tu - - 100 K. 
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Figure 10. The temperature dependence of the integrated R a m  intensities (monirored by the 
intensity of the 75 cm-' line) and widths, for the central mode (a) and for the mode located 
at 48 cm-' (b). In (b) the full line shows the integrated Raman intensity as a function of 
temperature for a second-order scattering process. Dashed lines m guides for the eye, 

would be induced by the softening of a B],, mode which corresponds to rotations of MFs 
octahedra around the c axis with a gearing mechanism along the a axis as indicated by 
m o w s  in figure 1 l(i). This movement results in a more compact arrangement of the ions 
with a net shortening of the a parameter along the chain axis, as is shown by figure ll(ii), 
but short-range interactions between F- and Baz+ ions prevent a LOO large rotation of the 
octahedra. 

a rb 

Figure 11. Representations of the BaZnFa structure (with schematization of the ZnFn octlhcdm): 
(i) the ideal high.symmeW phase with DI point gmup and (ii) the room-temperature phase 
with CzV point group. 
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During further cooling, the crystal can no longer gain in compactness and energy by 
this process. The only and easy way to gain and reduce again the cell volume is a tilting 
of the octahedra around axes perpendicular to the c direction. This leads to a doubling of 
the c parameter. However no clear and simple correlation of these movements appears in 
the (a, b) plane. 

From the above considerations diffuse scattering would be expected in the (6 ( 0.5) 
reciprocal space planes. As the sheets of octahedra are weakly bound in the b direction, one 
expects to observe streaks elongated along b". This hypothesis is consistent with the results 
obtained by Edwardson et al [I21 on the basis of a model of dynamics in BaMnF4. These 
authors have found instabilities around (0.320.50.5) and (0.3500.5), all points located on 
the (- 0.34 r 0.5) line. Our x-ray results [13] obtained on BaZnF4 by photographs, using 
an oscillating-crystal method at room temperature, display weak and broad diffuse streaks 
parallel to b* corresponding to (0.5 < 0.5), in agreement with the above discussion. As no 
transition has ever been reported at low temperature in BaZnF4, it would correspond to 
some disorder. This result is in full agreement with the QE signal observed in the Raman 
a(cc)b spectrum, i.e. at room temperature the crystal presents a disorder presumably related 
to tilts or jumps of the m.5 octahedra, which results in a doubling of the c parameter. 

Together with the QE scattering. the linewidth variations observed for some modes in 
our Raman results can also be correlated to the occurrence of disorder. In the ordered crystal 
the lines are well defined (narrow) whereas in the disordered state the response corresponds 
to the sum of all the possible states, thus resulting in larger linewidths. 

Now we turn to the interpretation of the weak additional Raman lines below 100 K. 
These lines must be assigned to a breakdown of the q = 0 selection rules. Different 
hypotheses can be considered. First they can suggest that a monoclinic shear is produced. 
It will be marked by an increase of the number of Raman lines because, due to the decrease 
of the number of irreducible representations, a release of the polarization rules takes place. 
Another possibility would be the breaking of the Czv (a ,  b, c )  selection rules because the 
modes of the Brillouin zone boundary become active. This represents a cell doubling along 
the c direction. This second possibility is in agreement with the x-ray observations of 
diffuse scattering at room temperature. 

The present Raman study leads us to argue the possibility o f a  structural phase transition. 
Such a transition can be expected to be typical of the BaMF4-type structure, so it could be 
similar to the commensurate-incommensurate transition of BaMnF4, where the point-group 
symmetry of the incommensurate phase is monoclinic with a very small departure of the f i  
angle from 90" [I41 (the existence of twin monoclinic domains can result in an apparent 
incorrect symmetry at first sight, if the proportion is not far from 50/50). 

An alternative interpretation might arise if the space group and cell parameters were 
preserved and if we supposed that no transition occurred in this compound. However this 
supposition gives an apparent contradiction between the structural determination and the 
Raman results. In order to solve this disagreement we remark that the Raman time scale 
is short with respect to the time scale applying for a structure determination, so that the 
symmetry found by the second method is an average of the symmetry corresponding to the 
first one. Assuming that the disorder corresponds to tilts of the m6 octahedra around an 
axis of the (001) plane, the Raman spectra would give the response of tilted system whereas 
the x-ray structural description would correspond to the average over all tilted positions. 

Finally the behaviour of the 48 cm-' mode is also connected to the occurrence of 
disorder at high temperature, as has been shown in subsection 3.2.2. However the soft 
character of this weak mode, which could give a displacive phase transition under some 
favourable conditions-perhaps pressure-is somewhat unexpected and puzzling. 
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5. Conclusion 

From these results it appears that BaZnF4, which belongs to a family of compounds where 
an incommensurate phase transition has been observed (BaMnF4) and which was considered 
as a reference, exhibits an anomalous behaviour at low temperature. 

We have proposed an interpretation of the width and intensity behaviours, based on the 
presence of thermally activated disorder. Concerning the breakdown of the q = 0 selection 
rules at low temperatures, two alternative interpretations have been suggested. In the first 
case we supposc that a phase transition takes place in the crystal. In the second one, where 
no phase transition is involved, we are left with an apparent contradiction for which an 
explanation has  been proposed. 

Further experimental investigations by inelastic neutron scattering are now in progress 
in order to decide between these two alternatives. 
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