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Abstrad. The six elastic constants of BaFCl which is a crystal of the d o c k i t e  family have 
been measured using ultrasonic and Brillouin scattering techniques. The values obtained are 
compared with those of Ba& crystals which exhibit some slruuchlral similarities with BaFC1. 
Because of the layer shllcture of BaFCI. the ‘transverse’ elastic constants c66, Cu, C12 and C13 
and the ‘longitudinal’ elastic constants C33 and CII are smaller than the carespondng canstants 
of BaFz. The linear and volume compressibilities are deduced f” these measurements. An 
elastic Debye tempemre is calculated (0d = 246.5 K) and mmpared with other experimental 
(calorimeuic) and theoretid (shell model) determinations. Finally, the effect of the dipole 
moments of the halide ions on lhe elastic constants for materials of the matlockite M y  is 
discussed. 

1. Introduction 

By virtue of their interesting imaging applications, matlockite (PbFCI) structured fluorhalides 
are of technological importance. Therefore, knowledge of their physical properties is 
necessary in order to make the best choice of a material for technological applications. 
In addition, the fluorhalides are interesting from the viewpoint of lattice dynamics because 
their layer structure, which is derived from the well known fluorite structure, gives them 
a more or less two-dimensional character. Several experimental and theoretical studies 
have been published during the last few years, especially in the fields of calculations of 
cohesive properties [1,2], lattice dynamics [3,4] and transport properties based on atomistic 
simulations [5]. However, to our knowledge, no experimental determination of the elastic 
constants has been reported. Until now, the only evaluation of the elastic parameters is 
deduced from a lattice dynamical calculation based on a shell model (SM) [6]. This paper 
is mainly devoted to the experimental determination of the elastic properties of BaFCI, one 
of the members of the matlockite family. 

BaFCl is a tetragonal crystal which belongs to the DL space group. Therefore, it is 
characterized by six independent elastic constants CIt. C33, C,, Cas. Clz and cI3 which 
we have measured. Cp3 and C, determine the velocities of phonons propagating parallel 
to the C4 axis and C,,, Clz, C, and C, those of the phonons propagating perpendicular 
to it. C13 appears in the expression for the velocity for intermediate directions. 
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First, the crystal preparation techniques and the measurements performed by using 
ultrasonic and Brillouin scattering techniques are described. Then, the data are analysed 
and compared with those of the BaFz crystal. The linear and volume compressibilities are 
calculated. Our results are also compared with those deduced from the SM calculation [6]. 
Using the values of the elastic constants, an elastic Debye temperature Qel is calculated using 
the Voigt-Reuss-Hill-Gilvamy (VRHC) method [IJ. This temperature is compared with the 
value E3d deduced from calorimetric measuremenls and the value O(SM) estimated from the 
SM calculations. Finally, for this antiferroelectric crystal, the effect of the dipole moments 
of the CI ions on the elastic constants is discussed. More generally, this effect is discussed 
with respect to partial results obtained for other compounds of the same family. 

2. Experiments 

2.1. Crystal growth 

Single crystals were grown by cooling a melt consisting of an equimolecular mixture of 
BaFz and BaClz in a dry argon atmosphere. Details of the growth procedure have been 
published elsewhere [8].  The crystals reached a volume of about 300 mm3 and were 
clear and colourless. Crystal orientation was identified by x-ray diffraction techniques. 
The samples used in the present experiments were polished parallelepipeds with various 
dimensions ranging from 2.7 to 6.1 mm. The parallelism of Rat opposite faces was better 
than I". 

2.2. Experimental techniques 

2.2. I .  Ultrasonic measurements. Four different directions of ultrasonic wave propagation 
were used the [loo], [I101 and [WI] directions for the determination of CII, C,, Clz 
and C6. The [IOi] direction was used to determine a combination of the elastic constants 
involving CIS. 

The automated system used to make the ultrasonic velocity measurements was based 
on the phase quadrature detection method [9]. The resonance frequencies of the transducers 
were 10 MHz and 5 MHz for the longitudinal and the shear modes, respectively. In these 
experiments, the absolute value of the acoustic pulse transit time was obtained by repeating 
the measuiements five times on two or three successive echoes. The measured signal 
resultcd from the average of 50 data points. The wave propagation velocity V was deduced 
from knonpledge of this transit time and the path length. Using the value of the density 
(p  = 4.567 x lo3 kg d ) ,  the elastic moduli p V z  and the elastic constants were calculated. 
The accuracy of the ultrasonic measurements depends on the signal phase quality. 

2.2.2. Brillouin scattering measuremenfs. The sample that we used in this experiment 
had faces perpendicular to the [Wl], [lW] and [OlO] directions. The main parts of 
the experimental set-up, which have been described in detail elsewhere [lo], were a 
piezoelectrically scanned five-pass FabryMrot interferometer and a single-mode Art laser. 
The wavelength of the exciting light was 514.5 nm. A data accumulation system increased 
the contrast of the Brillouin peaks. In our experiments, only five to ten data accumulations 
were required to obtain well defined peaks. Various scattering geometries were used (see 
table 2). The free spectral angle of the Fabry-Ptrot interferometer was 1.364 cm-'. 
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Table 1. Ultrasonic waves velocities for various propagation and polarization directions. 

Propagation Polarizaiion Velocity Ulnasonic velocity 
direction direction (m s-1) 

2751 

[ioi] Quasi-longitudinal V+ 3936 
[ioii Quasi-Lraosvene V- 2007 

Table 2. Brillouin scattering measurements of acoustic wave5 velodties for various scattering 
configurations. X. Y, Z indicate respectively the [IOO], [OlOl and [00I] directions. The 
configuntion A ( 8 , ) D  indicates that incident and SWfteid light are along A and D directions 
respectively. with incident polarization v e c m  parallel to 8. The palarimion of scmwed light 
is not analysed. 

Value from Brillouin measurement 
Configuration Velocity (m s-I) 

The Brillouin wavenumber shift Au (cm-') was related to the sound velocity V by 

Au = (2nV/Aoc) sin(;@) (2.1) 

where A,, and c are the wavelength and the velocity, respectively, of the light in  vacuum, 0 
is the angle between the incident and the scattered light and n is the refractive index at the 
wavelength of the laser light. 

The values of the ordinary refractive index no and extraordinary refractive index ne 
were deduced previously [8]: 

no = 1.669 ne = 1.674. 
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The accuracy of the Brillouin scattering measurements was evaluated without taking into 
account the accuracy of the refractive index measurement. 

2.3. Results 

The results of ultrasonic and Brillouin scattering measurements are shown in table 1 and 
table 2, respectively. Table 3 contains the values of the elastic constants deduced from 
tables 1 and 2 and the published theoretical values (SM values [6]). The uncertainties in the 
values of the elastic constants come from the dispersion of the measurements which were 
repeated on one or several samples. There is goad agreement between the ultrasonic and 
the Brillouin scattering measurements. The discrepancy is 3% at most. The agreement is 
especially good for C33 (2%). 

Table 3. Elastic constants of EaF? and BaFCl in GPa. AClC is equal u1 the ratio of the 
difference beween lhe calculated and Ule selected values over the selected value. 

Elastic constant Value for BaFz Ultrasound Bdlouin Selected Calculated AClC 
(GW [I41 value value value value 161 (96) 
CI I 98 71.9i2.5 75.9i0.2 75.9k0.2 90.8 27 
c33 98 65.6k0.2 65.9*0.2 65.7i0.3 60.0 -8 
C44 25.4 20.38i 0.03 20.38 i 0.03 24.3 20 
CU 44.8 31.93, 1.1 31.9i 1.1 41.6 30 
e66 25.4 23.8k1.1 W . 8 i  Ill 33.2 40 
c12 44.8 28.2 i 1.2 28.3 i 1.2 26.7 -5 

The results of the propagation along the [ IOi] direction are shown in the last two rows 
of table 1. In this direction, the velocity of a pure shear wave with a polarization vector 
along the [OlO] direction is given by 

vt = [(C, + c66)/2Pll’z (2.2) 

The velocities V+ and V- of the quasi-longitudinal and quasi-transverse waves are given 
by the relations 

v* = u/,m [ + r33) J-]”~ (2.3) 

(2.4) 

where rl I ,  r13 and r33 [I  11 are related to the elastic constants by 

rII = ;(ell + cd r13 = ;(cI3 + cd r33 = ;(c33 + cd. 

C13 is deduced from (2.3) and is given by 

(2.5) 

The results presented in table 3 show that the accuracy of the Brillouin scattering 
measurement of CII is better by an order of magnitude than its ultrasonic determination. The 

~ 1 3 = - ~ ~ + [ ( P ~ ~ - P ~ f ) z - ~ ~ ~ 1 1  - c 1 3 ) ]  2 I/Z . 
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low accuracy of ultrasonic measurements comes from the small dimension of the samples 
along the [ 1001 direction (about 3 mm). Consequently we propose for CII the value deduced 
from the Brillouin experiment, i.e. 75.9 i 0.2 GPa. On the other hand, the accuracy of the 
ultrasonic and Brillouin scattering measurements of 9 3  are of the same order of magnitude. 
Therefore, we suggest for C33 a value of 65.7 f 0.3 GPa which is the mean value of the 
two measurements. 

3. Discussion 

3.1. Influence of the crystal structure 

Owing to their chemical similarities, it is interesting to compare the crystalline structures of 
BaFCl and BaFz. The cubic structure of BaF2 (figure I@)) is of fluorine type 1121. Each 
F ion is surrounded by a regular tetrahedron of Baz+ ions. The distance between these two 
ions is dBa-F = 2.68 A (table 4). In the BaFCl structure, ionic layers perpendicular to the C4 
axis contain BQF tetrahedra sandwiched between a double layer of Cl- ions (figure l(b)). 
In that sense, BaFCI, like the other matlockite-type crystals, may be described as a layer 
compound even if the interlayer interactions are of the same order of magnitude as the 
intralayer interactions [13]. The interionic distances are shown in table 4. It is worthwhile 
noting that the Bazf-F- ion distances in the tetrahedron are of almost the same order of 
magnitude in both structures. 

Figure 1. Structures of (Q) BaF2 and (b) BaFCI. 

When these structural considerations are taken into account, the elastic constants of 
BaFCl can be compared with those of BaFz [14]. The elastic constants of BaFCl in 
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Table 4. Interionic dstancs (in A) for MFz (M = Ba. SI) and MFX (X = c1. Br. I) crystals 
u21. 

M-F F-F X-F X-Mi X-M” X-X 
BaFz 2.68 4.37 
BaFCl 2.65 3.10 3.36 3.28 3.19 3.16 
BaFBr 2.66 3.18 3.44 3.40 3.41 3.88 
BaFl 2.69 3.29 3.61 3.58 3.83 4.08 
Srh 2.5 4.08 
SrFCl 2.49 291 3.23 3.11 3.07 3.53 

table 3 can be classified into two groups: a ‘longkudinal’ group L with CII and C33 and a 
‘transverse’ group T with Cas, Ce, CIZ and C13. The values in a group are roughly similar 
and are comparable with those of BaF2. To explain this behaviour as a first approximation, 
The Ba-F interactions in the tetrahedron should be considered as the strongest and isotropic. 

The elastic constants of group L in the cubic crystal BaF2 are obviously equal. 
For BaFCI, these constants are related to the linear compressibilities parallel (C33) and 
perpendicular (Cll) to the C4 axis. As the intralayer and interlayer interactions are of 
the same order of magnitude, the values of Clt and C33 are not very different. The 
intercalation of layers of CI- ions between layers of Ba$ tetrahedra weakens these 
interactions. Consequently, C33 and CII in BaFCl are smaller than CII in BaFz. The 
elastic constants of group T are related to the shear, sliding and rotation properties of two 
adjacent layers. Because of the intercalation of layers of Cl- ions, these elastic constants 
in BaFCl are smaller than in BaF2. 

3.2. Compressibilities 
In tetragonal crystals, the linear compressibilities and the elastic constants are related by 

xu = (Cll + ClZ - CI3)/[C33(Cll + C12) - 2c:,1 (3.1) 

XL = (C33 - CI3)/[C3dCll + C12) - 2c:,1 (3.2) 

where the subscripts 11 and I indicate directions parallel and perpendicular to the C4 axis 
respectively. In BaFCI, using the present determination of the elastic constants, 

xII = 8.2 x IOF3 GPa-’ xL - 7.2 x GPa-I. 

It is interesting to note that the value of , ~ A / X I I  = 0.88 is mainly determined by the ratio 
C33/Cll(= 0.86). The compressional waves along the C4 axis and the Cz axis propagate 
with velocities determined by C33 and CI 1. The value of C ~ ~ / C I I  shows that the longitudinal 
interlayer bonds are slightly weaker than longitudinal intralayer bonds. 

The volume compressibility is given by x = X I I  + 2 x ~ .  In BaFCI, 

,y = 22.6 x lo-’ GPa-I. 

This value is consistent with the result obtained by x-ray diffraction measurements [15]: 

x = 7.4 x lo-’ GPa-’. 
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3.3. Comparison between the calculated and experimental values of elastic constants 

The phonon dispersion curves have been calculated using the SM [4]; the six elastic constants 
were derived from the slope of the acoustic branches (table 3). The calculated values are 
2040% larger than the experimental values (except for C33 and Clz where they are about 
5% smaller). The difference between the calculated values of Clt and C13 is about 50%. 
The difference between the calculated values of the elastic constants of group T is larger 
than that between the measured values. 
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4. Debye temperature 

From the measurement of the elastic constants an elastic Debye temperature @,I is deduced. 
@,I is compared with the value determined using the SM 14.61 and the value @& obtained 
by calorimetric measurements [ 161. 

4.1.1. Experimental value of the elastic Debye temperature. From the measurements of 
the elastic constants, a Debye temperature 0,1 may be deduced using VRHG approximation 
[7]. In this approximation, the Debye model is assumed to be valid and the acoustic waves 
propagate without dispersion and with an average velocity v,,,. The temperature variations in 
the density and in the sound velocity are neglected. This approximation is often used, so that 
the 300 K data are transposed to 0 K. We calculate vm(O K) = vm(300 K) = 2 . 3 6 ~  I@ m S-I 
and 

O,l(O K) = 246.5 K. 

4.1.2. Experimental value of the calorimetric Debye temperature. A Debye temperature 
0-1 was obtained by calorimetric measurements at very low temperatures [16]: 

0-1 = 249 K 

This value is in very good agreement with our elastic Debye temperature determination. It 
can be seen that, for a few hundred compounds, Anderson [I71 and Kieffer [7] have found 
agreement between @,I and Qd of better than 2%. The consistency between these results 
gives confidence in the specific-heat measurements and those of elastic constants which 
were made independently. 

4.1.3. Theoretical value of the Debye temperature. A theoretical Debye temperature was 
determined by Balasubramanian and Haridasan [4], using the results of the SM calculations 
for the phonon density of states and the temperature dependence of the specific heat. There is 
a large discrepancy between @d(SM) = 468.8 K and 0-1. This difference can be explained 
not only by the insufficient accuracy of some IR data used for the SM calculation but also 
by a computation error. 

Indeed, from elastic constants calculated by Balasubramanian et a1 161 and using the 
VRHG approximation a theoretical Debye temperature more consistent with its experimental 
determination is obtained 

O&M) = 268.4 K. 

The results of the different Debye temperature calculations are summarized in table 5. 
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Table 5. Averaged ~coustic waves velocity and Debye temperature. 

Measurement Calculation 

246.5' 268.4' 
v, (m s-') 2.36 IO3' 2.51 103=~c 

a Calculated values using lhe W O  approximation [q. 
From dorimebic measurements. 
Calculated from SM [31. 

5. Elastic constants and dipole moments 

Many compounds of the matlockite family are antiferroelectric. This characteristic is 
consistent with a D:,, symmetry and with Cl- ions surrounded by Bazt ions (figure 1). 
Antiparallel dipole moments of the CI- ions are oriented along the C4 axis. This 
antiferroelechic state is responsible for the contribution of the dipolar polarizability to 
the static dielectric constant 1181. Moreover an order-disorder phase transition has been 
observed at high temperatures [19]. 

In order to discuss the effect of these dipole moments on the elastic constant C33, we 
calculate the dipole moments of some compounds for which C33 measurements are available. 
For BaFCI, data are numerous and the dipole moment p can be evaluated from the Langevin 
formula [ZO] 

p2 = (3kT/4rrNo) A€.  (5.1) 

In this formula, T is the absolute temperature. NO the number of permanent dipoles per unit 
volume and A6 the dipolar contribution to the static dielechic constant. The dipole moment 
and the Brillouin scattering measurements of the elastic constants C33 are shown in table 6. 

Table 6. Dipole momen1 of X- (CI- , Br-) ion and Brillouin scamring mea~uremenl of C33 
in various MFX crysrals. 

5. I .  Discussion 

In the BaFX family (X = Cl, Br, I) a decrease in Cj3 is observed from BaFCl to BaFI. This 
evolution can be correlated with the variation in the interionic distances which induces an 
increase in the dipole moment The Ba-F distances are almost constant for all BaFX 
compounds and the X-X interionic distances increase with increasing X- ionic radius 
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(table 4). From chlorine to iodine, the X- ionic polarizabilities increase proportionally 
more than the interionic distances. So, the dipole moment of BaFBr is larger than that of 
BaFCl. Most probably, the following inequalities are correct: 

p(BaFl) > p(BaFBr) > p(BaFC1). 

The effect of the dipole moment on the elastic constants has been studied by Frey and 
Zeyher [21] for PbI2. Parallel dipoles should induce an increase in C33. On the contrary 
for MFX compounds it can be foreseen that antiparallel dipoles should induce a decrease 
in C33 and this is shown in table 6. 

From similar considerations, one can compare the elastic constants of SrFCl and BaFCI. 
The dipole moment of the CI- ion in SrFCl is larger than in BaFCl because with equal 
positive charges the distance between M2+ and CI- ions is shorter. Consequently, the 
relative decrease in C33 with respect to the C33-value in MF2 should be higher for SrFCI 
than for BaFCI. This is confirmed in Table 6. 

6. Conclusion 

The discrepancy between the values of the calculated Debye temperature does question the 
validity of the SM for describing the behaviour of BaFCI. Indeed, the Debye temperature 
reflects the swength of the crystalline interatomic forces [ZZ]. The present results and the 
cohesive energy calculation [I]  confirm the predominant ionic nature of the bonds [3], which 
is the basic foundation of the actual phonon calculations. 

However, it would be useful to fit the model parameters again to reproduce the new 
acoustic, calorimetric and optical data [S, 161. It will be interesting to complete this 
theoretical work by studying the effect of model parameter variations on the elastic constants 
and Debye temperature by including the effect of the dipole moment. Elastic constant and 
calorimetric measurements are in progress for other matlockite family compounds, especially 
for SrFCl and BaFI. 
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