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ABSTRACT 

The precise ultrasonic pulse superposition t echnique has been 

emp loyed to determine the elastic moduli as a function of temperature 

from T = 298-650 o K for single crystal fluorides crystallising in the 

rocksalt (LiF and NaF), fluorite (CaF 2, SrF 2 and BaF 2) , rutile (MgF2) 

and perovskite (KMgF3) structures . The pressure derivatives of the 

elastic moduli were also measured for KMgF3. These new data are 

consistent with low temperature (T < 298°K) data obtained by other 

ultrasonic pulse techniques and are superior to previous high temperature 

data from resonance experiments. We employ these new data to consider 

the fluoride-oxide modelling scheme based on Goldschmidt 's crystal 

chemical considerations and to evaluate the use of fluorides as models 

for the high temperature elastic behaviour of their oxide analogues. 

The elastic moduli, c, are represented by quadratic functions in 

T over the experimental temperature range; however, the curvature is 

not in the same sense for all the crystals. For CaF2, SrF2, BaF2 and 

MgF2' the curvature is consistent with the predictions of classical 

lattice dynamics that the c-T plot at constant volume should be linear 

in T at high temperatures. The behaviour of the c ' and cII modes for 

LiF and NaF contradicts these predictions . The fluorides do not appear 

to exhibit high temperature elastic behaviour at significantly lower 

absolute temperatures than their oxide analogues. 

The bulk moduli of equivolume oxides and fluorides in a particular 

structure are scaled as 4S 2, where S = zO/zF is the ratio of the 

effective unit charges and is approximately 75% for all the crystal 

structures. For the rocksalt-structure fluorides and oxides, the 

similar values for I (ac/aT)pl for the members of an analogue pair and 

their decreas with increasing molar volume are explained in terms of 

nearest neighbour distance in a model incorporating Mitskevich's theory 



with K-V systematics . Such similarities do not exist in the values of 

cac/aT)p for fluorides and oxides with the fluorite, rutile and perovskite 

structures and trends are absent for the last two structures. For 

compounds in all four structures, caKS/aT)p is dominated by the extrinsic 

temperature dependence, whereas for ca~/aT)p' the intrinsic is at least 

as important as the extrinsic contribution. 
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CHAPTER 1 

INTRODUCTION 

1.1 Fluoride-oxide modelling scheme and its application to high 
temperature elasticity 

1.2 Outline of thesis 

1.3 Ext ent of publication 
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CI~PTER 1 

INTRODUCTION 

Seismological studies provide the most direct information on the 

earth's interior in the form of elastic wave velocities and density as 

a function of depth. Mineral physics, the application of the concepts 

and techniques of solid state physics to the study of materials of 

importance in geophysics, bridges the gap between petrological models 

of the earth's interior and earth models derived from seismological 

evidence. Knowledge of the elastic moduli and their pressure and 

temperature derivatives is important not only for establishing an 

equation of state for the earth, but also for examining detailed problems, 

such as the nature of the low-velocity zone and elastic wave velocities 

in the descending lithospheric slab at plate margins. 

Laboratory elasticity studies which employ ultrasonic techniques 

to determine the elastic wave velocities are limited in the attainable 

t emperature and pr ssure range (T < l200°C, P < 40 kbar). The approach 

adop t ed in this thesis involves the study of analogue compounds under 

conditions accessible in the laboratory, to estimate the high pressure 

and high temp erature properties of earth-forming compounds. 

1.1 Fluoride-oxide modelling scheme and its application to high 
temperature elasticity 

The concept of analogue compounds was first introduced on the 

basis of crystal chemical considerations by Goldschmidt (1927) who 

demonstrated that ionic size is one of the most important factors 

governing crystal structure. Ringwood (1970) has made extensive use 

of the germanates as high pressure models for the physical and crystal 

chemical properties of their silicate analogues . The larger size of 

the germanium ion with respect to silicon means that the germanates 
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should transform to high pressure phases at lower pressures than the 

corresponding silicates . Germanates have also been useful as models 

for the elasticity of high pressure phases of silicates (e.g., Li eben na nn, 

1972, 1974b, 1975). 

Another aspect of Goldschmidt ' s (1927) modelling concept concerns 

fluoride and oxide analogue compounds and is also based on crystal 

chemical considerations : (a) the similarity in ionic radii of 0
2

- and 

F-; (b) the applicability of the rigid ion model to compounds containing 

the 02- and F- ions, which have relatively low polarisabilities resulting 

in their ionic radii being almost independent of co-ordination number; 

and (c) the correspondence of the crystal structures of oxide and 

fluoride compounds in which the cations are also of comparable ionic 

radii, but for which the cationic charge of the fluoride is half that 

of the oxide . 

In the table below we illustrate the central feature of the 

entire modelling scheme: the similarity of the ionic radii of 0
2

- and 

F for various co-ordination numbers (after Shannon and Prewitt, 1969 , 1970) . 

The comparisons also demonstrate that the ionic radii of 0
2

- and Fare 

almost independent of co-ordination number. Notable examples of simple 

Co-ordination number 

II 

III 

IV 

VI 

o 
Ionic radii (A) 

0 2- F 

1. 35 

1. 36 

1. 38 

1. 40 

1. 285 

1. 30 

1. 31 

1. 33 

fluorides which exhibit structural correspondences are LiF-MgO (rocksalt 

structure), CaF 2-Th02 (fluorite structure), MgF 2-Ti0 2 (rutile structure) 

and BeF 2- Si0 2 (a-quartz and coesite structures). The relative ionic 

sizes for fl uorid es and oxides in the rocksalt structure are illustrated 



liF MgO 

NaF CoO 

KF SrO 

Figure 1.1: Diagram of the cubic face layers for the rocksalt structure 

illustrating the relative ionic sizes for fluoride-oxide analogue 

pairs. The ionic radii and the interionic distances are to scale. 
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in Figure 1.1 . In addition, a number of binary compounds with crystal 

structures of interest to geophysical discussions of the earth's interior 

are consistent with this modelling scheme and are listed in Table 1.1. 

Of particular interest is the close correspondence of the ionic radii of 

8e 2+ and Si4
+ (0 . 27A and 0 . 26A, respectively, for 4- fold co-ordination) 

(Shannon and Prewitt, 19 69) which permits the fluoride-oxide modelling 

system to be extended to include fluoroberyllates and silicates . One 

disadvantage is that trivalent cations have no place in this scheme, so 

that it is difficult to model the corundum, ilmenite or garnet structures. 

Goldschmidt (1927) also suggested that because of their lower 

ionic charge, fluorides should be "weakened" models of their oxide 

analogues, and thus be characterized by lower melting temperature, lower 

hardness and lower refractive index. In presenting the "weakened" model 

concept, Goldschmidt (1927) cited the melting points of the phenacites 

sensitivity of the physical properties of the fluorides. We list the 

ratios of the melting points of other fluorides to those of their oxide 

analogues, TF/TO, in Table 1.2; with the exception of MgF2-Ti02, this 
m m 

ratio is less than 0 . 6 for all of the analogue pairs. Investigations by 

Roy et al. (1953,1954) and by Thilo and Lehmann (1949) have demonstrated 

close similarities in the phase diagrams of binary fluoride and oxide 

systems at atmospheric pressure with the fluoride systems exhibiting 

much lo\ver solidus and liquidus temperatures. Recently, Jackson and 

Li ebermann (1974) have shown that the fusion curves of rocksalt fluorides 

and oxides at high pressure may be correlated in a similar manner . In a 

study which parallels that reported in this thesis, Jackson (1976) 

employed fluoride and oxide analogue systems in an investigation of 

phase quilibria and melting relationships. 

Th id a that the fluorides might be models for the high 

temperature elasticity of their oxide analogues was prompted by the 



Table 1.1: 

Crystal Structure Fluoride Oxide 

Olivine Na2BeF4 Ca2Si04 

Phenacite Li2BeF4 Zn2Si04 

Pyroxene LiBeF3 MgSi03 

Diopside LiNaBe2F6 CaMgSi 206 

Perovskite KMgF3 SrTi03 

Spinel Li2NiF4 Mg2 Sn04 

Strontium plumbate Na2NiF4 Ca2Sn04 



-

u 

TABLE 1.2: Ratios of Melting Temperatures (T ) for Fluoride-Oxide - m~----~~~~~~~ 

t 

Analogue Pairst 

Pair 
TFjTO 

m m 

LiF-MgO 0 . 36 

NaF-CaO 0.44 

KF-SrO 0.42 

RbF-BaO 0.46 

KF-BaO 0.49 

CaF 2-Th02 0.48 

MgF 2-Ti02 0.73 

MnF 2-Sn02 0.59 

KMgF3-SrTi03 0.56 

The m lting temperatures for these fluorides and oxides are listed 
completely in Table 5.1 . 
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the greater temperature sensitivity of the physical properties of the 

fluorides and by the fact that germanates have been used as models for 

the high pressure elasticity of silicates. Classical lattice dynamical 

theories (e . g., Leibfried and Ludwig, 1961) predict that the elastic 

modu li should depend linearly on temperature for temperatures greater 

than the Debye temperature; Anderson (1966) referred to this as the 

regime of high temperature elastic behaviour . The temperature derivative 

of the bulk modulus in the high temperature regime is an important input 

parameter to theoretical equations of state. The evaluation of the use 

of fluorides to predict the high temperature elastic behaviour of their 

oxide ana logu es involves two approaches. (1) Determination of whether 

the fluorides exhibit hi gh temperature elas tic behaviour at lower 

absolute temperatures than their oxide analogues, which would enable 

meas urement of high temperature derivatives of the elastic moduli at 

temperatures attainable in laboratory experiments. (2) Examination of 

the elastic moduli and their temperature derivatives in terms of elastic 

modu li systematics to determine whether measured values for the fluorides 

can be used to predict those of the oxi es . 

The quality and the temperature range of the available elasticity 

data from the literature precluded evaluation of the high temperature 

modelling concept . One of the most promising systems for testing the 

validity of the high temperature modelling concept is the rocksalt 

analogue pair LiF-MgO . Reliable elasticity data for MgO exist for the 

temperature range 73°K to 1200 0 K (Anderson and Andreatch, 1966; 

Spetzler, 1969, 1970) . However the high temperature data for LiF from 

the resonance experiments of Susse (1961) and Chernov and Stepanov (1961) 

were not s uited to detailed comparison with MgO. The only other fluorides 

for which single crystal elastic moduli have been determined at high 

temperatures (T > 300 0 K) are NaF (rocksalt) and CaF 2 (fluorite), both 

of which were studied by resonance techniques (Nikanorov and Stepanov, 



1963; Nikanorov et al . , 1968; Vidal, 1974) . The uncertainties in the 

data for LiF determined by such techniques did not encourage reliance 

on the data for NaFand CaF 2 . 

We have therefore undertaken a programme to determine the elastic 

moduli of LiF and its isomorph NaF, and of CaF2 and its isomorphs SrF2 

and BaF2, by ultrasonic pulse techniques to temperatures well above 

room temperature. In addition, we have studied the temperature 

dependence of the elastic moduli of the rutile-structure MgF2, and the 

perovsk ite-structure KMgF3' which are of great interest as structural 

analogues of two possible lower mantle phases (see Ringwood, 1970; Liu, 

1975, 1976). 

1.2 Outline of thesis 

The purpose of this thesis is to report new and precise values 

of the single crystal elastic moduli as a function of temperature from 

298°K to approximately 650 0 K for fluorides in the rocksalt, fluorite, 

rutile and perovskite structures, and to examine the data within the 

framework of high temperature equations of state and elastic modulus 

systematics in order to evaluate the fluorides as models for the high 

temperature elastic behavior of the oxides . In Chapter 2, we describe 

the experimental ,techniques employed to determine the elastic wave 

velocities and hence the elastic moduli as a function of temperature 

and pressure. The elasticity data versus temperature are presented in 

Chapter 3 for LiF, NaF, CaF 2, SrF 2, BaF 2, MgF2 and KMgF3 . These new 

data are shown to be internally consistent throughout the temperature 

range and are compared with existing data from previous investigators. 

Various high temperature equations of state are employed in Chapter 4 

for the discussion of the temperature behaviour of our elastic moduli , 

and for comparison of the onset of high temperature elastic behaviour 

5 



6 

for fluoride and oxide analogues . In Chapter 5, fluoride and oxide 

elastic moduli and their pressure and temperature derivatives are 

examined in terms of elastic modulus systematics . Chapter 6 contains a 

summary and final conclusions on the value of the fluoride-oxide 

modelling scheme with regard to high temperature el as ticity. 

1.3 Extent of publication 

Some of the material in this thesis has been published or submitted 

for publication while more is being prepared for publication. 

1. Jones, L. E. A. and Liebermann, R. C., 1974 . Elastic and thermal 
properties of fluoride and oxide analogues in the rocksalt, 
fluorite, rutile and perovskite structures, Phys. Earth Planet. 
Interiors., 9 : 101-107. 

2. Jones, L. E. A., 1976. High temperature behavior of the elastic 
moduli of LiF and NaF; comparison with MgO and CaO, submitted 
to Phys. Earth Planet. Interiors. 

3. Jones, L. E. A. , 1976. High temperature elasticity of the fluorite 
structure compounds, CaF 2, SrF2 and MgF2' in preparation. 

4. Jones , L. E. A., 1976. High t emperature elasticity of rutile 
structure MgF 2 ' in preparation . 

S. Jones, L. E. A., 1976. Elastic moduli of KMgF3-perovskite as a 
function of temperature and pressure, in preparation . 
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2.1 Introduction 

Ultrasonic pulse techniques were employed in determining the 

elastic wave velocities in several single crystal fluorides as a function 

of temperature and pressure. For the temperature measurements, a 

control l ed atmosphere furnace capable of T ~ 1000°C was specially 

designed and built . Existing apparatus of our laboratory was utilized 

for the pressure measurements to P ~ 3 kbar. 

2 . 2 Sample description and preparation 

Single crystal specimens of LiF, NaF, CaF z , BaF z and MgFz were 

purchased from Harshaw Chemical Company (Cleveland, Ohio, U.S.A.) while 

single crystals of SrF z and ~1gF3 were obtained from Atomergic Chemetals 

(Carle Place, New York, U.S.A.). The bulk densities were determined 

hydrostatically, using toluene as the density reference fluid, and 

agree to within 0.1% with the X-ray densities (Table 2.1); the former 

were employed in the calculation of the elastic moduli in Chapter 3 . 

For the materials of cubic symmetry (all of the above except 

MgF z) it was necessary to prepare two sets of crystallograpllic faces 

for ultrasonic measurement to determine and cross-check the three 

independent elastic moduli. The LiF, NaF and CaF z crystals were received 

as {100} oriented cubes which required further orientation and cutting 

to provide a pair of (110) faces and a pair of (001) faces; the SrF z 

and KMg F3 crystals were purchased in this configuration. Due to the 

appearance of a small crack, the BaF z crystal was not altered from its 

original configuration which included a pair of (110) faces and a pair 

of (Ill) faces. 

The t etragonal MgFz crystal was purchased as a 1 inch cube with 

a pair of fac s perpendicular to the c-axis, [001] . To enable the 

determination and cross-checking of the six independent elastic moduli, 



,.... 

TABLE 2 .1: Comparison of bulk and X-ray densities 

Bulk density X-ray den sity 

Crysta l -3 (gm.cm ) -3 (gm . cm ) 

LiF 2 . 641±0.003 2 . 639 1 

NaF 2 . 806±0 . 003 2 . 804 1 

CaF2 3.183±0 . 003 3.181 2 

SrF2 4.282±0 . 004 4.277 3 

BaF2 4.887±0 . 00S 4 . 886 2 

MgF2 (crystal A) 3.178±0 . 003 3.178 4 

MgF2 (crystal B) 3 . 177±0 . 003 3.1784 

KMgF3 3.1S1±0 . 003 3.15 5 

l. Miller and Smith (1964) 

2. Wong and Schuele (1968) 

3. Gerlich (1964b) 

4. Haussuhl (1968) 

S. Rosenberg and Wigmore (1967) 

I 



8 

this specimen was oriented and cut to provide the two crystals illustrated 

in Figure 2. 1; crystal A, which consisted of a cube with a pair of (001) 

faces and a pair of (110) faces; and crystal B, which was a cube with a 

pair of (100) faces and a pair of faces at 45° to the (001) and (010) 

crystallographic planes . Since the purchased crystal of MgF2 was mis-

aligned from the c-axis by 5°, the resultant errors in the orientations 

of crystals A and B were corrected in the polishing process . 

The physical dimensions of the approximately cubical specimens 

lay between 6 . 3 mm and 7.5 mm for all crystals except KMgF3, for which 

the edge length was approximately 5 mm . Lengths at room temperature 

and atmospheric pressure were determined with a micrometer and are 

-3 accurate to ±3 x 10 mm. Opposite faces were polished with 8 ~m diamond 

paste to a flatness of within 0.0005 cm and to a parallelness of better 

The final orientations for LiF and aF were verified by trans-

mission X-ray techniques to be correct to within 0.3°. Back reflection 

X-ray techniques verified that the orientations were correct to within 

1.5° for CaF2, SrF2 and the (110) face for BaF2. The (lTl) face of BaF2 

was found to have a misalignment of 3.5°. Similar determinations for 

MgF2 demonstrated that the orientations were correct to within 1°. The 

misorientation angles for each of the seven crystals are detailed 

completely in Appendix A. The effect of these misorientations on the 

elastic moduli and their temperature derivatives is discussed later in 

Chapter 3. 

2.3 Ultrasonic Techniques 

The pulse superposition technique of McSkimin (1961, 1962) was 

employed in determining the elastic wave velocities as a function of 

temperature and pressure. A block diagram of the electronic equipment 
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Figure 2 .1 : Diagram showing the orientation of MgF2 crystals A and B 

relative to the crystallographic axes for tetragonal crystals . 
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used is shown in Figure 2.2 . The 20 MHz quartz transducers (X-cut for 

compressional and AC-cut for shear waves, both co-axially-plated and 

~ inch diameter) were bonded directly to the specimens for the temperature 

and pressure measurements. A high temperature lubricating grease 

Extemp 9901 (Frisillo and Barsch, 1972) facilitated excellent acoustic 

coupling at room temperature although a somewhat poorer signal resulted 

at elevated temperatures (see Figure 2 . 3) . Loss of acoustic coupling 

due to failure of the bond at high temperatures limited the experimental 

temperature range to T ~ 400°C. For the pressure measurements, Dow-

Chemical Resin 276-V9 was used as the bonding material and provided an 

excellent signal in the pressure range 0-2.5 kbar . At higher pressures, 

the signal became highly attenuated and we could not obtain systematic, 

reproducible data (see Figure 2.4), perhaps due to the increased 

viscocity of the pressure transmitting fluid or to deterioration of 

the bonding resin. 

In the pulse superposition technique, the "in phase" echo condition 

is obtained by varying the pulse repetition frequency, fR' until a 

maximum occurs in the amplitude of the successive internal acoustic echoes 

within the specimen . When this condition is achieved: 

o = (l/fRP) - (l/fc) [n/p - y/360] (2.1) 

where 0 is the round trip delay in the specimen alone, f is the carrier c 

frequency (20 MHz) and y is a phase angle associated with reflections at 

the transducer-specimen interface . In these experiments, pulses were 

applied for each round trip in the specimen, corresponding to the p 1 

condition. The value of fR associated with n = 0 was determined by 

measuring the spectrum of repetition frequencies corresponding to integer 

increments in n for 10 MHz, 20 MHz and 30 MHz transducers. Unresolved 

ambiguities were eliminated by a pulse transmission technique (Liebermann 

et al ., +975). For a thin acoustic bond, the phase angle y should be of 

the order of a few degrees (McSkimin, 1961, 1962; Schreiber et al., 1973). 
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Tunable 

Pre-amp 

Video A mplifier 

O sci lloscope 

SUPERPOSITION 

Frequency 
Counter 

Transducer 

Specimen 

Figure 2 . 2 : Block diagram of the pulse superposition apparatus in 

operation with one transducer. The relationship between the pulse 

repetition frequency (fR) and the carrier frequency (fc) is 

illustrat d schematically. 



Fig.2 . 3 

(a) 

(b) 

Photos of typical ultrasonic pulse superposition 
signals for LiF at room temperature (a) and at high 
temperature (350 ° C) (b). The deterioration of the 
s ignal with increa sing temperature is due to the 
failure of the Extemp bond. The carrier frequency 
is approximately 20MHz and the mode of propagation 
is C44 shear mode in the [ 001 ] direction. 



Fig.2.4 

(0) 

(c ) 

Photos of typical ultrasonic pulse superposition. 
signals for KMgF 3 at ambient pressure (a), at 1 
kbar (b) and at 3 kbar(c). The increased 
attenuation and decrease in the signal qual ity 
at 3 kbar are indicative of bonding problems at 
higher pressures. The carrier frequency is 
approximately 20 MHz and the mode of propagation 
is the (44 shear mode in the [11 0] direction 
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The resultant errors in 0 would lie between 1 x 10- 3 and 1 x 10-4 for 

the compressiona l and shear modes measured . The variation of the phase 

angle y with pressure and temperature was minimized by maintaining th e 

transducer-bond assemblage at its resonant frequency (McSkimin, 1961). 

Herein lies the advantage of the pulse superposition technique in its 

sensitivity to small changes in the elastic wave velocities due to 

changing environmental conditions (P, T, etc . ). 

Ambiguities in the measurement of pulse repetition frequencies 

were observed due to extraneous interference effects which produced 

multiple maxima in pulse amplitudes instead of the ideal single maximum . 

In addition, not all the displayed echoes peaked in amplitude at the 

same frequency, a condition we refer to as "phasing". The uncertainties 

in fR' which tended to be larger for the compressional modes, were 

estimated on the basis of the separation of the multiple peaks and were 

comparable to the errors in 0 due to phase changes at the transducer­

bond-sample interfaces . Uneven bond thicknesses resulting in varying 

phase angles across the transducer could be one explanation for the 

multiple peaking and "phasing". This is supported by the fact that the 

pattern of peaks does vary with temperature. 

Non-parallellism and departure from flatness of the acoustically 

r eflecting faces could also result in extraneous interference effects. 

Another contributing factor could be diffraction which results in beam 

spreading and possible side wall reflections as well as reflection of a 

non-planar wave front from the far end of the sample. The choice of 

20 MH z transducers is a tradeoff between minimising the effects of non­

parallelism (less significant at lower frequencies) and those of 

diffraction (less significant at higher frequencies). At the carrier 

frequency of 20 MHz the previously quoted parallelism figures of better 

than 0.013° and flatness of better than 0.0005 cm lie on the borderline 

of detectable effect (Truell et al ., 1969, chapter 2 . 2). The effects of 
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diffraction are small for a/A » 1, where a is the transducer radius 

and A is the wavelength of the carrier (McSkimin, 1964 ) . For compressional 

waves , a/A 'V 12 and for shear waves, a/A 'V 25. Hence diffraction effects 

are more likely to be non-negligible for compressional than for shear 

waves . The small departures of the echo pattern from exponential decay 

at room temperature are typical of the effects of non-parallelism and 

diffraction (Truell et al., 1969, chapters 2 .1, 2.2). That the extraneous 

interferences could be due to the side wall reflections allied with 

diffraction is supported by the fact that the occurrence of multiple 

peaking was greatly reduced with the change of boundary conditions upon 

immersion of the sample in the pressure medium. 

The observed multiple peaking and "phasing" probably arise from 

a comb ination of diffraction and bond effects. However, despite the 

errors ascribed to fR on the basis of peak separation, it was, in general, 

possib l e to track a particular peak as a function of temperature, 

resulting in a much more systematic data set than the errors would i mp ly. 

The absolute accuracy of fR at any P, T is better than ± 1 x 10-
3

; 

however the r elative precision of fR at successive T or P in a particular 

-4 
run is better than ± 1 x 10 . 

2.4 Furnace and specimen holder 

A small furnace was specially constructed to our design for the 

meas urement of elastic wave velocities as a function of t emperature. 

One requirement was a thermal inertia low enough to facilitate a flexible 

range of heating rates, yet high enough to prevent short term temperature 

fluc tuations . The stipulation that the temperature gradi ent across the 

samp le be as small as possible demanded the provision of a large uniform 

"hot spot" at the centre of the furnace. Provision also had to be made 

for the maint nance of an inert gas atmosphere . 



A schematic drawing of the furnace is shown in Figure 2 . 5, 

illustrating the furnace casing built by our workshop, the furnace core 

and the packing arrangement. The furnace core consisted of a mullite 

tube of 5/8 inch internal diameter which we wound with platinum 20% 

rhodium wire of 0 . 020 inch diameter. The windings were spaced closer 
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at the ends (approximately 13 turns per inch) than at the centre 

(approximately 10 turns per inch) and were anchored in place with alumina 

cement. This gradation in winding was intended to produce a large 

uniform " hot spot" . The ends of the mullite tube extended beyond the 

fur nace so that gas seals could be easily made with the specimen holder 

and opposing end piece in place . We completed assembly of the furnace by 

packing in powdered alumina and magnesium oxide as thermal insulation. 

The specimen holder (Figures 2.6, 2.7) was designed to support 

the srunp le, to supply the electrical signal to the co-axial transducer 

bonded directly to the sample, and to provide spring loading on the 

transducer-sample interface. This last was necessary to maintain good 

acous tical coupling as a function of temperature. The opposing end 

piece was employed as a thermal and gas seal as well as a means of 

introd ucing the platinum-platinum 10% rhodium thermocouple which was 

seated directly against the specimen. A schematic drawing of both the 

specimen holder and end piece is shown in Figure 2 . 6 which also illustrates 

their placement in the furnace core. Figure 2 . 7 is a photograph of the 

assemb led specimen holder while Figure 2.8 is a photograph of the 

furnace with both specimen holder and opposing end piece in place . 

The temperature distribution along the axis of the furnace and 

the exact position of the "hot spot" were determined with the complete 

assemblage shown in Figure 2.8, but with the introduction of a second 

thermocoupl down the axis of the signal pin. The difference between 

the fixed reference thermocouple and the movable one enabled precise 

determination of the temperature di stribution . For the final deter-

mination, a dummy s pecimen with a hole for the thermocoup le bored 
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Figure 2 . 5 : Vertical section through the furnace showing the furnace 

casing, the furnace core and the packing arrangement of the 

insulating material. 
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Figure 2.6: Schematic drawing of the specimen holder and opposing end 

piece in situ in the furnace bore . The drawing is to scale except 

wh re broken in the vertical dimension, and except for schematic 

repres ntation of the transducer , springs, screw-thread and O-rings. 



Fig. 2.7: Photo of the assembled specimen holder 



Fig. 2.8 Photo of the furnace assembly with the specimen 
holder and opposing end piece in place. The 
signal cable can be seen at the very top of the 
photo. Gas input and output tubes are attached 
to horizontal tubes on the assembly. The 
thermocoup l e leads enter from the bottom. 
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along its axis was employed as this simulated the experimental arrangement 

more closely . Figure 2 . 9 demonstrates that the hot spot is indeed very 

uniform, the variation in temperature being less than 1°C over a distance 

of 12.5 mm at 800°C . At lower temperatures, the hot spot should be even 

larger . Determinations of the effect of inert gas flow at 400°C, 600°C 

and 800°C demonstrated that for very slow gas flow, the "hot spot" was 

unaltered from the position determined at 800°C. 

For a temperature run, inert gas (ei ther argon or dry nitrogen) 

was flushed through the system and then reduced to a very slow flow 

before the furnace was switched on. The reference junction of the 

platinum-platinum 10% rhodium thermocouple remained at room temperature 

which was known to ±loC for the runs for LiF and NaF and to ±0.2°C for 

subsequent runs . The e.m.f. associated with the thermocouple was 

measured by either a potentiometer or a digital voltmeter; the uncertainty 

in measurement of e.m.f. corresponded to a temperature difference of 0.5°C. 

The th ermocoupl es used were calibrated against the melting point of gold 

and against the boiling point of water (see Appendix B) and were found 

to be correct to within 2°C . It was decided that corrections need not 

be made to the measured values of temperature. 

2.5 Pressure apparatus 

The pressure dependence of the elastic wave velocities was deter­

mined by placing the specimen in a standard specimen holder in a liquid 

medium apparatus (Figure 2.10) built by Harwood Engineering Company 

according to the specifications of this laboratory (Liebermann et al ., 

1975) . Silicone oil (Dow-Corning DC-200, 5 centistoke viscosity) was 

the pressure medium and the pressure was determined from the millivolt 

output of a manganin pressure gauge with a precision pf ±0 . 01 kbar . 

Temperatur was not controlled but was monitored by a copper-constantan 

thermocouple with a reference of O°C in an ice-water slurry . With each 
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increase in pressure, the temperature also increased and time to reach 

equilibrium was allowed before measurements were taken. Since the 

equilibrium valu es of t emperature also increased with pressure, t he data 

,,,ere corrected to 298 °K (see also Chapter 3.6). 



CHAPTER 3 

TEMPERATURE AND PRESSURE DEPENDENCE OF THE ELASTIC 

MODULI OF SEVERAL FLUORIDES : EXPERIMENTAL RESULTS 

3.1 Introduction 

3.2 Data analysis for the elastic moduli (c) as a function of 
temperature (T) and pressure (P) 

3 .3 Rocksalt-structure fluorides: LiF and NaF . c(T) . 

3.4 Fluorite-structure fluorides : CaF2, SrF2 and BaF2. c(T). 

3.5 Rutile-structure fluorides: MgF2. c(T). 

3 .6 Perovskite-structure fluorides: KMgF 3. c(T), c(P). 

3.7 Conclusion 



CI~PTER 3 

TEMPERATURE AND PRESSURE DEPENDENCE OF THE ELASTIC 

MODULI OF SEVERAL FLUORIDES: EXPERIMENTAL RESULTS 

IS 

3.1 Introduction 

The single crystal elastic moduli were determined as a function 

of temperature using the experimental techniques described in Chapter 

2, for fluorides which crystallize in the rocksalt, fluorite, rutile 

and perovskite structures. Measurements were performed in the range 

298°K to approximately 650 0 K for LiF and NaF (rocksalt), CaF2, SrF2 

and BaF2 (fluorite), and MgF L (rutile). The temperature range of the 

measurements for KMgF 3 (perovskite) lay between 298°K and approximately 

550 0 K. The single crystal elastic moduli of KMgF 3 were also determined 

as a function of pressure from 1 bar to 2 . 5 kbar. 

Propagation of shear and compressional waves in the [110] and 

[001 ] directions for the cubic crystals LiF, NaF, CaF2 and SrF 2 enabled 

the determination and cross-checking of the three independent elastic 

modu li (Table 3 .1 ) as a function of temperature. For BaF2 and ~IgF3' 

the three independent elastic moduli were determined by the propagation 

of compressional and shear waves in the [110] direction, with the room 

t emperature crosschecks for BaF 2 being provided by measurements for 

the [Ill] direction (Table 3 .1 ). The six independent elastic moduli for 

MgF 2, together with crosschecks to 370 0 K, were determined by the 

propagation of shear and compressional waves in the [100], [110] and 

[00 1] directions , and in a direction at 45° to the [001] and [010] 

directions (Table 3.2) . 

3 . 2 (c) as a function of 
pressure 

Th elastic wave velocities as a function of temperature are 

determin d from the primary data, the pulse repetition frequencies, fR' 



Table 3 .1 : Modes of )2ro)2agation in cubic crl:stals used for determining 

the single crl:stal elastic constants 

Mode velocity Elastic Constant Direction Mode 

vI cll [001] P 

v2 c44 [001] S random 
polarisation 

v3 lc ' [llO] S pol [110] 

v
4 C44 [llO] S pol [001] 

Vs 2c" [llO] P 

v6 
3c 

L 
[ Ill] p 

v
7 

4c [ Ill] S random T 
polarisation 

l. c ' = (cll CI2)/2 

2. c" = (Cll + cl2 + 2c44)/2 

3. cL (Cll + 2Cl2 + 4C44)/3 

4. cT (cll cl2 + c44) /3 



Table 3.2: Modes of )2ro)2agation used for determining the single crystal 
elastic cons t ants for the rutile s t ructure 

Mode velocity Elastic constant Direction Mode 

vI cll [100] P 

v
2 c66 [1 00] S pol. [010] 

v3 c44 [100] S pol. [001] 

v
4 

Ic 
LI [ 11 0] P 

v5 2c ' [110] S po l. [ Ill] 

v6 c44 [ 11 0] S po l. [001] 

v
7 c33 [001] P 

Vs c44 [001] S random 
polarisation 

Vg 3c 45° to [00 1] P (quasi) L2 and [010] 

v
lO 

4c 45° to [001] S (quasi) T2 and [010] 

v
ll 

Sc 45° to [001 ] S pol . [100] TI and [010] 

l. c = 
LI (cll + c I 2 + 2c66)/2 

2. c ' = (cll CI 2)/2 

3. c = 
L2 

l-,j{cll + c33 + 2c44 + 
1: 

[ (cll - C33)2 + 4(C13 + C44)2]2} 

[ (cll - C33)2 + 4 (c13 2 ~ 4. c = l-,j{ cll + c33 + 2c44 - + c44) ] } 
T2 

S . c
TI = (c44 + c66)/2 
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which are measured during very slow heating (less than O.SoC per minute). 

The values of fR thus obtained are indistinguishable from equilibrium 

measurements . The inherent precision of the pulse superpos ition techniqu e 

is reduced by other experimental uncertainties, in particular those 

associa ted with bond and diffraction effects (Chapter 2) . For the 

purposes of a least squares analysis, it is assumed that the uncertain-

ties in the pulse repetition frequency are instrumental and are all 

-4 equal (relative error = 1 x 10 for most of the measured modes), and 

that the random errors in the measurement of temperature can be neglected. 

The pulse repetition frequencies, fR' the elastic wave velocities, 

v, and the elastic moduli, c, at any temperature are related by 

2 
c = pv (3 . 1) 

For cubic crystals, p, the specimen density, and t, the specimen length 

in the direction of propagation, are related to their respective room 

temperature values, po and t o, by 

p = po ( ~o ) 3 (3.2) 

to(al + a2T + a3T2 + a4 T3 ) (3 . 3) 

The coefficients a. in the polynomial expression for the length, 
1 

together with the bulk density used in the calculation of the elastic 

modu li, are given in Table 3 . 3 for LiF and NaF, and in Table 3 . 4 for 

CaF 2, SrF2 and BaF2 ' For tetragonal crystals for which the thermal 

expansion is anisotropic , the corresponding relationships between t and 

to for the [100] and [110] directions is given by 

(3 . 4) 

and for the [001] direction by 



Table 3.3 : Basic data for LiF and NaF 

Data LiF NaF 

Molecular Weight 25.94 41. 99 

Molar Volume, cm 3 9 . 83 14.98 

Bulk Density, -3 
gm . cm 2 . 641 2.806 

X-ray Density, - 3 
2. 639 1 2 . 804 1 gm . cm 

a
l 0 . 9925 2 0 . 9924 2 

a
2

, deg -1 x 10- 4 
0 .1 845 2 0.1896 2 

deg -2 10- 7 
0.2360 2 0 . 2263 2 a3 , x 

1. Miller and Smith (1964) 

2 . 2 
£o(T) = £0(298) [a l + a2T + a3T ], where aI' a

2
, and a

3 

are calculated from bl , b
2 

and b
3 

of Srivastava and 

2 Merchant (1973) where a*(T) = b
l 

+ b
2
T + b

3
T , a* being 

the lattice parameter. 



Table 3 . 4 : Basic data for CaF 2, SrF2 and BaF2 

Data CaF 2 SrF 2 BaF 2 

Molecu l ar Weight 78 . 08 125.62 175.34 

Molar Volume, 3 cm 24 . 55 29. 37 35 . 89 

Bulk Density , -3 gm.cm 3 .1 83 4 . 282 4 . 887 

Density, 
-3 

3.181 1 4.277 2 4 . 8861 X-ray gm . cm 

a l 0 . 9957 3 0 . 9943 3 0 . 9950 3 

deg 
-1 10- 4 

0 . 0727 0 . 2616 a
2

, x 0 .1 371 

deg - 2 10- 7 
0 . 2863 0 . 3509 0 . 090 a3, x 

deg -3 10- 10 
0.1567 0 . 390 0 . 050 a

4
, x -

1. Wong and Schuele (1968) 

2. Gerlich (1964b) 

3 . 2 (T) = 2 (298) (a
l 

+ a
2
T + a

3
T2 + a4T3) where 2 is the length and 

the a . are de termined from the thermal expansion data of 
l 

Sirdeshmukh and Deshpande (1964) . 
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(3.5) 

and between p and po by 

(3.6) 

a c 
where 1 and 1 are lengths along the a and c axes respectively . For 

propagation in the direction at 45 0 to the [001] and [010] directions, 

the relationship between 1 and 10 is 

(3.7) 

The coefficients a . and c., and the bulk density are given in Table 3.5 
1 1 

for MgF2' The raw pulse repetition frequency data and the elastic 

modu li calculated from equation (2.1) at each temperature data point 

are listed in Appendix C for each of the measured modes for LiF, NaF, 

CaF 2, SrF 2 , BaF2 and MgF2' For KMgF3, only the pulse repetition 

frequencies and corresponding temperatures are listed in Appendix C. 

The values of the elastic moduli, c, calculated from equation 

(2 .1), versus temperature were fitted by polynomials in T using the 

method of least squares. The standard F-test (Bevington, 1969, chapter 

10-2) was applied in determining the statistical significance of adding 

furt her terms to the fitted polynomials. This was used 1n conjunction 

with a standard x2- test (Bevington, 1969, chapter 10-1) to determine the 

degree of the polynomial that should be fitted to the c-T data. In 

general, it was found that the statistical significance of adding a 

fur ther term to the polynomial became marginal at the point where the 

reduced i-value became approximately equal to unity, indicating that the 

scatter of th data about the fitted polynomial was comparable with the 

es timated experimental uncertainti s. In the absence of thermal 

expansion data for KMgF3, the polynomial fitting procedure was applied 



Table 3.5 : Basic data for MgF2 

Data 

Molecular Weight 

3 Molar Volume, cm 

Bulk Density, gm . cm -3 crystal 
crystal 

-3 X-ray Density, gm.cm 

a l 

deg -1 10- 4 a
2

, x 

deg -1 10- 7 a
3

, x 

c l 

deg -1 10- 4 
c2 ' x 

deg 
-1 10- 7 

c3 ' x 

l. Haussuhl (1968) 

.Q, (T) .Q, (298) [a l + 2. a
2
T + 

a a 

.Q, (T) 
c 

.Q, (298) c 
[c l + c

2
T + 

A 
B 

2 
a3T ] 

2 c3T ] 

62.31 

19.61 

and 

3.178 
3.177 

3.178 1 

0.997019 2 

0.087794 2 

0.040547 2 

0.99584 2 

0.125943 2 

0.043968 2 

where 

.Q, , .Q, are lengths along the a-axes and 
a c 

c-axis respectively. The a. and c. are 
1 1 

determined from the thermal expansion data 

of Bailey et al. (1975). 
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directly to the fR-T data. 

The values of the elastic moduli and their temperature derivatives 

were evaluated at 298°K from the polynomial equations in T. The 

associated errors were determined from the uncertainties In the 

polynomial coefficients (Bevington, 1969, chapters 6-5, 8-1) together 

with the uncertainties in Po (~ 0.1%) and io (~0 . 05%) . Since the 

uncertainties in the polynomial coefficients are not independent, the 

calculated errors in the elastic moduli and their t emperature derivatives 

probably overestimate the actual uncertainties. 

The effect of crystal misorientations (Chapter 2) on the elastic 

moduli and their t emperature derivatives was calculated from the 

expressions for the orientation dependence of the elastic wave velocities 

given by Waterman (1959). The expression used in conjunction with 

Waterman 's equations for calculating the error in the temperature 

derivatives is given In Appendix A. 

The primary pressure data are the pulse repetition frequencies, 

fR' measured as a function of pressure under equilibrium and quasi­

isotherma l conditions and corrected to 298°K, using data for the 

temperature dependence of the fRo The precision of the measurement of 

f -4 -4 R is 2 x 10 for the compressional mode and 1 x 10 for the shear 

modes. The uncertainties can also be roughly estimated from the degree 

of reproducibility attained in different runs. For the purposes of a 

least squares analysis, it is assumed that the uncertainties in fR are 

instrumental and are all equal, and that the random errors in the 

measurement of pressure can be neglected. 

The pulse repetition frequencies versus pressure were fitted by 

straight lin s using the method of least squares. The linear relationship 

for fR-P simplified the application of the formula introduced by Cook 

(1957) for the r lative length change with pressure, 



( ~o) = 1 + (3.8) 

where f3, f4, fs are the pulse repetition frequencies corresponding to 

V3, V4 and Vs in Table 3.1 and where ~ is given by 

a yT 
v (3 . 9) 

In (3.9),a is the volumetric thermal expansion and y is the thermal 
v 

Gruneisen parameter 

y = (3.10) 
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KS being the adiabatic bulk modulus and Cp ' the specific heat per gram 

at constant pressure . Since the fR depend linearly on P, equation (3 . 8) 

can be rewritten as 

( ~J = 1 + 
(1 + ~ ) fP dP 

12 P o ~ o 2 0 AP 2 + BP + C 
(3.11) 

The integral in equation (3 .11 ) can be evaluated (e . g. , see Abramowitz 

and Stegun, 1965) as fo llows: 

f 
dP ._--=----

AP2 + BP + C 
In 1 2A P + B - (B

2 
- 4AC)~1 

2 1: 
2AP + 13 + (13 - 4AC) 2 

1 
2 l~ 

(B - 4AC) -2 

(B2 - 4AC > 0) 

- 2 (B 2 _ 4AC = 0) 
2AP + 13 

2 2AP + 13 
2 1: arctan 2 1: 

(4AC - B ) 2 (4AC _ 13 ) 2 

(13 2 - 4AC < 0) (3 . 12) 

The elastic moduli were calculated at 1 bar and the maximum 

experim ntal pressure from equations (3.1), (3 . 2), (3.] 1) and (3 .1 2) 

us ing the values of fR derived from t h linear fits to the fR-P data. 
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The bulk density used in the calculation is listed in Table 3.6. In 

(3.11) , (1 + ~) was replaced by unity for KMgF3' This has a negligible 

effect on £/£0 sinee ~ ~ 0.05 and the second term in (3.11) is of the 

-3 order 1 x 10 at 2.5 kbar. The pressure derivatives of the elastic moduli 

were determined by assuming a linear dependence on pressure for the 

elas tic moduli. The errors in the elastic moduli and their pressure 

derivatives were estimated from the uncertainties in the coefficients 

of the linear equations satisfying the fR-P data. 

3 .3 Rocksalt-structure fluorides: LiF and NaF . c(T). 

The elastic moduli calculated from equation (3 . 1) for LiF and NaF 

are plotted for all five modes in Figures 3.1 and 3.2 respectively. Also 

shown are the fitted polynomial equations (see also Table 3.7) . For all 

modes except c" for LiF and NaF, the addition of a quadratic term to th e 

fitted polynomial equation was statistically significant at the 99.9% 

confidence level. For c", a cubic polynomial was required for LiF 

a lthough a linear fit was sufficient for the NaF data . However, the 

uncertainty for c" is larger than that for the other modes due to 

difficulti es in identifying the correct peak as a function of temperature . 

In view of this it was decided that only a second degree polynomial 

was justified by the data for LiF. 

The value s of the elastic moduli and their temperature derivatives, 

calculated by evaluating the polynomials at 298°K, are listed in Table 

3 .8 for LiF and NaF, together with the associated errors. The effects 

of misorientation were found to be negligible. The crosschecks are 

provided by comparing C44 from V2 and v4 and by comparing c" (measured) 

a~d c" (calculated fromc ll, c ' and C44); in all cases the agreement for 

the elastic moduli is better than 0.5% and for the temperature derivatives 

is within 5%. These differences for c44 and c" and their temperature 

derivatives are well within the calculated uncertainties for the 



Table 3.6: Basic data for KMgF3 

Data 

Molecular Weight 

3 Molar Volume, cm 

-3 Bulk Density, gm.cm 

-3 
X-ray Density, gm . cm 

1 . Rosenberg and Wigmore (1967) 

120.41 

38 .23 

3.151 

3 . 151 
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Figure 3 . 1: Elastic moduli ver sus t emperature for the modes clI, c", c44 

and c ' for LiF . The solid lines represent th e fitted s econd degr ee 

polynomials . For the c44 shear mode, the polynomial curve for the 

[001] direction cannot be distinguished from the plotted curve for 

the [110] direction . Data points for the crosscheck for c44 from 

the [001] direction are indicated by X. For reasons of clarity, not 

all t he dat a point s used i n t he fitting procedure are pl otted . 
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Figure 3.2: Elastic moduli versus temperature for the modes cII, c", c44 

and c ' for NaF . The solid lines represent the fitted polynomials 

(quadratics for Cl I, c ' and C44 and a straight line for c"). For 

the c44 shear mode, the polynomial curve for the [110] direction 

cannot be distinguished from the plotted curve for the [001] direction . 

Data points for the crosscheck for C44 from the [110] direction are 

indicat d by X. For reasons of clarity, not all the data points used 

in the fitti ng procedure are plotted . 



Tabl e 3. 7 : Coefficients of the fitted Eo1lnomi a l s , 2 c = A + BT + CT 

for LiF and NaF 

A B C 

(kbar) -1 -2 10 -3) (kbar . deg. ) (kbar . deg. x 

LiF 

cll 1377 -0.810 +0.102 

I 
457 -0.464 +0.140 c 

c44 (v 2) 687 -0.142 -0.063 

c44 (v4) 687 -0.149 - 0.056 

1/ 
c 1615 -0.552 -0.038 

NaF 

cll 1166 -0.672 +0.080 

c 474 -0.380 +0.074 

c44 (v 2) 297 -0.045 -0.022 

c44 (v4) 299 -0.046 -0.021 

c /1 994 -0.351 



Tabl e 3 . 8 : Single crystal elastic moduli and their temperature derivatives at 2980 K for LiF and NaF 

Mode 

cll 

I 
c 

c44 

/{ 

c 

KS 

Veloci ty 

vI 

v3 

v2 

v4 

v5 

calc. 

calc . 

c 
(kbar) 

11 44 ± 3 

331 ± 1 

639 ± 3 

637 ± 2 

1447 ± 7 

1453 ± 4 

704 ± 4 

LiF 

G~)p -1 
(kbar. deg. ) 

-0. 749 ± 0.005 

-0.380 ± 0.002 

-0 .179 ± 0.002 

-0.183 ± 0.004 

-0.575 ± 0.012 

-0.555 ± 0.009 

-0.242 ± 0.008 

c 
(kbar) 

973 ± 3 

368 ± 1 

282 ± 2 

284 ± 2 

890 ± 3 

888 ± 5 

483 ± 4 

NaF 

n~) p -1 
(kbar. deg. ) 

-0.624 ± 0 . 006 

-0.336 ± 0 . 002 

-0.058 ± 0.003 

-0.059 ± 0.004 

-0.354 ± 0.003 

-0.347 ± 0.008 

-0.177 ± 0 . 009 
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respective modes. 

In Tab l e 3.9, values of the elastic moduli from other investigations 

are listed for comparison with our data for LiF and NaF at 298°K. For 

LiF, the agreement is good with the exception of the values of Briscoe 

and Squire (1957) and Susse (1961) which tend to be very much lower. 

Similar ly for NaF the agreement is generally good with the exception of 

the elastic moduli data of Nikanorov and Stepanov (1963) . 

Also compared in Table 3 . 9 are the va lues of the temperature 

derivatives of the elastic moduli (ac/aT)p at 298°K. For both LiF and 

NaF the agreement between our values and those of Haussuhl ( 1960) is 

remarkab ly good, the discrepancy being less than 1%. The agreement with 

the NaF data of Vallin et al. (1966) and Bensch (1972) is only fair . 

The comparison of our elastic moduli with those of other 

investigators can be carried out over a wider range of temperatures in 

Figures 3 . 3 and 3 . 4 which are plots of adiabatic bulk modulus, KS' versus 

temperature from O-lOOOoK for LiF and 0-800 oK for NaF, respectively . 

The data of Briscoe and Squire (1957) for LiF define a smooth curve 

offset to lower KS values than ours but with a compatible gradient at 

298°K . The data point at 298°K from Haussuhl (1960) is in agreement 

with our curve both in absolute value and indicated gradient. The 

resonance data of Chernov and Stepanov (1961) and Susse (1961) deviate 

marked ly from our curve at higher temperatures even though the former 

intersects our curve in the neighbourhood of 300 oK. 

For NaF, there is good agreement between our data (300-650
0

K) and 

those of Vallin et al. (1966) (0-300 0 K) and Lewis et al. (1967) (0-300
0

K). 

In addition the room temperature value of KS and the temperature gradient 

of Hauss~hl (1960) are i n agreement with our curve . The values of th e 

bulk modulus from the resonance experiments of Nikanorov and Stepanov 

(1963) are consist ntly lower at all t mperatures and the absol ut e va lue 



Tab l e 3 . 9: ComEarison of room temE erature values of c and (ac/ aT)p from various investigators for LiF and NaF 

CCll) (i£') ( aC4~ ('KS~ 
I aT aT p aT aT 

c11 c c44 KS P -I P P Reference 
(kbar) (kbar. deg . ) 

LiF 1144 331 639 704 -0.749 -0.380 -0.183 -0.242 This work 

1137 331 637 696 Miller and Smith (1964) 

1136 330 635 696 -0.749 -0.377 -0.178 -0.247 HaussUh1 (1960) 

1130 327 637 694 Chernov and Stepanov (1961) 

1111 345 630 651 Briscoe and Squire (1957) 

913 276 598 622 Susse (1961) 

NaF 973 368 282 483 - 0 . 624 -0.336 - 0 . 059 -0.177 This work 

970 366 282 482 Miller and Smith (1964) 

970 364 283 485 -0.61 8 -0.331 -0.059 -0.177 Haussuh1 (1960) 

970 367 282 481 -0.60 -0.325 -0.085 -0 . 166 Vallin et a1. (1966) 

963 359 279 485 Lewis et a1. (1967) 

963 362 276 482 -0.584 -0.308 -0.045 -0.173 Bensch (1972) 

943 372 283 447 Nikanorov and Stepanov (1963) 
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Figure 3.3: Bulk modulus versus temperature for LiF. The dashed curve 

will be discussed later, when this figure is presented again as 

Figure 4.10. 
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of their gradient is 50% higher than that of other investigators. 

Of particular note in Table 3.9 is the good agreement between our 

room temperature data andthoseof Miller and Smith (1964) and Haussuhl 

(1960) , both of whom us ed ultrasonic pulse techniques . The comparisons 

in Table 3 .9 support the accuracy and reliability of our data in the 

region of 29SoK and promote confidence in the elastic moduli data at 

higher temperatures . 

3.4 Fluorite-structure fluorides: CaF 2, SrF 2 and BaF 2 . c(T) . 

The elastic moduli calculated from equation (3 .1 ) for the five 

indiv idual modes for CaF2 and SrF 2 are plotted in Figures 3.5 and 3.6 

respec tively, while those for the three individual modes for BaF2 are 

plot ted in Figure 3 . 7. The fitted polynomials are also plotted in 

Figures 3.5, 3 . 6 :and 3 . 7. The addition of a quadratic term to the 

linear fit was statistically significant (at the 99 . 9% confidence level) 

for all modes except for c44 (v4) for CaF2 . For consistency and 

compar i son with the c44 (v2) mode, the quadratic term for c44 (v4) was 

retained . For some modes , the addition of a cubic term was marginally 

significant; however, simultaneous application of the x2-test indicated 

2 that the reduced X value was less than unity for the quadratic fit, 

which implies that the average scatter of the data about the fitted 

polynomial was less than the estimated experimental uncertainty . In view 

of this it was decided that the data required only a second degree 

po lynomial . The polynomial coefficients for all three crystals are 

listed in Table 3 .10 . 

The values of the elastic moduli and their temperature derivatives 

calculated by evaluating the polynomials at 29SoK are given in Table 

3.11 for CaF 2 and SrF 2 . In Table 3.12 are listed the calculated values 

(from the polynomial) of the elastic moduli and their temperature 
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Figure 3.5: Elastic moduli versus temperature for the modes cll, c", C44 

and c ' for CaF2 . The solid lines represent the fitted second degree 

polynomials for cll, c", c44 (vz) and c ' . For the c44 shear mode, 

the polynomial curve for the [110] direction cannot be distinguished 

from the plotted curve for the [001] direction. Data points for 

the crosscheck for c44 from the [110] direction are indicated by X. 

For r asons of clarity, not all the data points used in the fitting 

procedure are plotted . 
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Fi gure 3 . 6: Elastic moduli versus temperature for the modes C!l, c", c44 

and c ' for SrF 2. The solid lines represent the fitted second degree 

polynomials for cII, c", c44 (v4) and c'. For the shear mode C44, 

the polynomial curve for the [001] direction is indistinguishable 

from the plotted curve for the [11 0] direction. Data points for the 

crosscheck from the [001] direction are indicated by X. For reasons 

of clari t y, all of the data points us ed in the fitting procedure 

were not plotted. 
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Table 3.10: Coefficients of the f itted polynomials, c = A + BT + CT 2 , 
for CaF2, SrF2 and BaF2 

A B C 
(kbar) -1 

(kbar. deg -2 10- 3) (kbar .deg ) x 

CaF2 cll 1743.5 -0 . 2774 -0.1144 

c ' 633 .1 -0.0846 -0.0439 

c44 (v 2) 374 . 2 -0.1184 -0.0046 

c44 (v4) 374.7 -0.1214 -0.0021 

c" 1486.4 -0.3135 -0.0732 

SrF2 cll 1310.5 -0 .1 873 -0 . 0810 

c ' 415 . 4 -0.0422 -0.0253 

c44 (v 2) 345 . 7 -0.0848 -0.0130 

c44 (Vl.) 345.7 -0.0857 -0.0123 

c" 1241. 5 -0.2318 -0.0678 

BaF2 c ' 262 . 2 -0.0279 -0.0161 

c44 278 . 5 -0.0706 -0.0094 

c" 996 . 5 -0 . 2296 -0.0351 



Table 3.11: Single crystal elastic moduli and their temperature derivatives at 29SoK for CaF2 and SrF2 

CaF 2 SrF2 

c O~)p c (~~ )p 
Mode Velocity (kbar) -1 (kbar) 

-1 
(kbar. deg ) (kbar . deg ) 

cll v I 16S0.7±3 -0.346±0 .004 1247 . S±2 - 0 . 236±0 . 002 

c' v3 604±1 - 0 .1l l±0 . 001 400.6±0 . 7 -0.OS73±0 . 0007 

c44 v
2 338 . S±0 . 6 -0.1212±0.0007 319 . 3±0 . 8 -0.09 2S±0 . 001 

v
4 338.3±1 -0.1226±0 . 001S 319.l±0 . 7 -0.093±0 . 0008 

c" Vs 1386 . S±1 -0.3S7±0 . 003 1166.4±2 -0 . 272±0 . 002 

calc. 138S±S -0.3S6±0 . 006 1166.2±4 -0 . 271±0 . 004 

KS calc. 84S.4±4 -0.198±0 . 00S 713 . 4±3 -0.lS9 ±0 . 003 



Table 3 .1 2 : Singl e crystal elastic moduli and their temEerature 

derivatives at 298°K for BaF2 

c (~~ ) p 
Velocity (kbar) -1 Mode (kbar . deg ) 

c' v3 2S2 . 4±O . S -O.O376±O.OO6 

c44 v
4 2S6 . 7±O . S -O.076l±O.OOOS 

c" Vs 92S.0±2 -O.2Sl±O.OO2 

cL v6 927 . S±l. 4 

calc. 926.4±2 

cr v7 2S3.8±O.4 

calc . 2S3.8±O . S 

KS calc . 581. 2±3 -O.162±O. OOS 



derivatives for BaF 2 , together with the measured values of C
L

(V6) and 

C (V7) at room temperature. 
T 

The effect of misorientation on the elastic moduli and their 

temperature derivatives was determined as described in Appendix A, and 

these errors when significant were incorporated into tho se listed in 
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Tab les 3.11 and 3 . 12. For CaF 2, the misorientation errors were comparable 

wi th other experimental uncertainties for the elastic moduli (0. 2%) and 

very much less for the derivatives (0.1 %). For SrF2 , the errors arising 

from misorientation were negligible « 0.03% for the elastic moduli and 

< 0 . 05% for their derivatives). The large misorientation angle of 3.5 0 

for the [110] direction in BaF2 r esulted in errors of less than 0.03% 

for t he elastic moduli and 0.5% for the derivatives, while the effect 

of mi sorienta tion in the [Ill] direction was negligible. The insensitivity 

of the elastic wave velocities of BaF 2 to misorientation results from its 

near isotropy (i.e., c' % c44). 

For CaF2 and SrF2 , the cros schecks are provided by comparing c44 

from v2 and v4 and by comparing c" (measured ) and c" (calculated from cII, 

c' and c44); the agreement is better than 0.1 % for the elastic moduli 

and 2% for the derivatives, well within the calculated uncertainties. 

For BaF2 , the room temperature crosschecks are provided by comparing the 

calculated and measured values of C
L 

and C
T 

which agree to approximately 

0.1 %. Cros s checks for the temperature derivatives were not possible 

becaus e development of the crack in the specimen prevented further high-

temperature measurements . 

In Table 3.13, values of the elastic moduli from other investigators 

are listed for comparison with our new data for CaF 2, SrF2 and BaF 2 at 

298 °K. For Car 2 and SrF2 , the value tabulated for c44 is th e average of 

t he values from v2 and v4 in Table 3.11. The agreement is good for CaF2 

wi th the exception of the values of Nikanorov et al . (1968) and Huffman 



Table 3.13: Comparison of room temperature values of c and cac/aT) from various investigators for CaF 2, SrF2 and BaF2 p ----

cll c' c44 KS ( ac ll) 
aT p (~) aT p (k44) 

aT P 
( aKs) 

aT P 

(kbar) -1 (kbar . deg ) Reference 

CaF2 1651 604 338 845 -0.346 -0.111 -0.122 -0 . 198 This work 
1642 601. 2 337 . 0 841 -0.318 -0.107 -0 . 122 -0.176 Wong and Schuele (1968) 
1635 . 7 597 . 8 339 . 2 838 . 6 -0.335 -0 . 104 -0.116 -0 . 197 Haussuh1 (1963) 
1649.4 601. 6 338.0 847 . 3 Ho and Ruoff (1967) 
1652 599 337 853.3 Brie11es and Vidal (1975) 
1652.6 599 337.5 854 Vidal (1974) 
1700 590 341 913 . 3 Nikanorov et a1. (1968) 
1640 555 337.0 900 Huffman and Norwood (1960) 

SrF2 1247 . 5 400 . 6 319 713.7 -0 . 236 -0.057 -0.093 -0.159 This work 
1236 402 . 3 313.2 699 . 6 -0 . 198 -0.017 - 0.085 -0 . 175 Gerlich (1964b) 
1246 . 1 - 399 . 9 318.74 713 . 0 -0.239 -0 . 057 -0.092 -0 . 162 A1terovitz and Gerlich (1970) 

BaF 2 920 . 8 252 . 4 256 . 7 581. 2 -0.212 -0.0 375 -0 . 076 -0 . 162 This work 
919 . 9 252 . 1 256 . 8 583 . 8 -0 . 204 -0.0368 -0 . 0734 -0.155 Wong and Schuele (1968) 
912.2 248 . 7 255.1 580.6 -0 . 206 -0 . 0359 -0 . 0735 -0.158 Haus suh1 (1963) 
894 . 8 254 . 7 249 . 5 555.2 Gerlich (1968) 
891. 5 245.7 253 . 5 594 . 3 Gerlich (1964a) 
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and Norwood (1960). Similarly for BaF2 , the agreement is generally good 

with the exception of the values of Gerlich (1964a , 1968). Our values 

of the e lastic moduli for SrF2 agree very well with those of Alterovitz 

and Gerlich (1970), but not as well with those of Gerlich (1964b). 

Also compared in Table 3.13 are the values of the temperature 

derivatives of the elastic moduli, (ac/aT)pat 298°K. Our values of 

(a c44/aT)p for CaF2 and SrF2 are obtained by averaging the values from 

v2 and v4 listed in Table 3 .11. For CaF2, there is good agreement 

bet ween our values and those of Wong and Schuele (1968) and Haussuhl 

(1963); in particular, there is striking agreement between our value of 

(aKS/ aT) p and that of Haussuhl (1963). The values of Alterovi tz and 

Gerlich (1970) for SrF2 agree exceptionally well with all of our values 

for (ac/aT)p; the agreement is much better than for the earlier data of 

Gerlich (1964b) . For BaF 2, there is good agreement among the values of 

(ac/ aT)p from the present work and those of Wong and Schuele (1968) and 

llaussuhl (1963). 

As for LiF and aF, the available high T data from various sources 

may be readily compared in Figure 3.8 which is a plot of adiabatic bulk 

modulus, K
S

' versus temperature from different investigators from 

O-11 23°K for CaF2 , and from 0-650 o K for SrF2 and BaF 2 . The low 

temperature values of KS for CaF 2 calculated from Cll and C! 2 of 

Huffman and orwood (1960) do not follow a smooth curve and are offset 

t o higher KS values than ours, as are the high temperature resonance data 

of Nikanorov et al . (1968) . The KS values from both these studies were 

considerably higher than those of all other investigators at 298°K in 

Table 3.13. However the KS-T data of Nikanorov et al . (1968) does 

f Ollow the general trend of the present KS-T data. The KS-T data from 

Vidal (1974) obtained by resonance techniques is considerably different 

in gradie nt from our curve (approximate l y 50% differ nce in (aKS/aT)p) 

although there is agreement with our curve at room temperature . However, 
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Figure 3 . 8: Bulk modulus versus t emperature for CaF2, SrF2 and BaF2 . 

The so l id line for CaF 2 will be discussed later in Figure 4 . 12 . 



the agreement of our values for (ac/aT)p at 298°K with other data 

obtained by ultrasonic pulse techniques in Table 3.13 support the 

reliability of the trend of our high temperature data for CaF 2 . 

Also plotted in Figure 3.8 are the low temperature KS-T data for 

SrF2 calculated from 4-280 o K from the single crystal elastic moduli of 
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Gerlich (1964b) as well as our high temperature KS-T data from 300 o -650 o K. 

The low temperature curve is slightly offset from our curve and slightly 

steeper at room temperature; however, as pointed out in the earlier 

discussion of Table 3.13, Gerlich's (1964b) values differ from the 

present values and those of Alterovitz and Gerlich (1970), evaluated 

The low temperature KS-T data for BaF2 from 0-280 o K plotted in 

Figure 3.8 were calculated from the values of CII and cl2 read from 

Figure 1 of Gerlich (1964a). Even though such values are not likely to 

be very accurate they are sufficient to indicate the trend of the low 

temperature data curve which is offset from our curve at 298°K and also 

somewhat steeper in slope. Comparisons of the various data in Table 

3. 13 indicate that the room t emperature value and gradient for our KS-T 

curve is reliable and promote confidence in the hi gh temperature data for 

3.5 Rutile-structure fluorides: MgF2' c(T). 

The elastic moduli calculated from equation (3.1) for MgF2 are 

plotted in Figure 3.9 for all eleven modes in Table 3.2 together with 

the fitted polynomials (Table 3.14). The primary modes for cIl, cGG' c', 

c33 , c44 (va) and C were measured from 298 -650 o K while the modes for 
L2 

the crosschecks, c44 (v3 and vG), CLl' C
Tl

' and C
T2 

were measured from 

298-370 o K. The fitted polynomials were determined to be quadratics in T 

at a confidence level of better than 99.9% for all modes by the simultan-
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Figure 3 . 9: Elastic moduli versus temperature from 298°-6S0 0 K for the 

modes cII, cGG, c ' , c33, c44 (va) and C
L2 
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TI 
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The solid lines represent the fitted polynomials (not plotted for 

c44 (v3 and vG)) . Data points for the crosscheck for C44 from the 

[100] direction are indicated by • and from the [110] direction by 

X. For reasons of clarity not all the data points used in the 

fitting procedure were plotted . 



Table 3 . 14: Coefficients of the polynomials, c 

Mode 

cll 

cGG 

c44 

cLI 

c' 

c44 

c33 

c44 

c
L2 

c
T2 

c
TI 

fitted to the c-T data for MgF2 

A 
(kbar) 

1455 . 9 

1038 . 0 

581. 5 

2237 . 3 

251. 9 

582 . 5 

2141. 8 

586 . 7 

1839.4 

544 . 0 

808.4 

B -1 
(kbar . deg ) 

-0 . 1294 

-0 . 2650 

-0 . 0296 

-0.3449 

+0 . 0137 

-0.0307 

-0 . 2775 

-0 . 0571 

-0 . 2092 

-0 . 0297 

-0 . 1312 

A + BT + CT2 , 

C_ 2 3 
(kbar .deg x 10- ) 

-0.1053 

-0.0206 

-0.0651 

-0 . 2144 

-0.0214 

-0.0625 

-0 . 0741 

-0 . 0292 

-0 . 0713 

-0 . 0974 

-0.0641 
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2 
eous application of the F-test and X -test described previously. 

The values of the elastic moduli and th eir t emperature derivatives 

calculated by evaluating the polynomial equations at 298°K are listed in 

Tab le 3.15 for MgF z together with the appropriate errors. The value of 

KS is calculated as the VRH (Voigt-Reuss-Hill) average, i.e. the 

arithmetic mean of the Voigt and Reuss averages for the moduli of a 

polycrystalline aggregate (Hill, 1952). In the absence of a theoretical 

formulation for the P and T derivatives of the aggregate moduli, it was 

assumed that (aKS/aT) could be represented by the arithmetic mean of the 

values of (aKS/ aT) calculated from the Voigt and Reuss formulae. The 

upper and lower bounds for KS and (aKS/aT) are respectively 1023 and 

-1 1015 kbar , and 0 .1604 and 0.1599 kbar . deg The errors due to mis-

orientation were calculated as described in Appendix A and when signifi-

cant were incorporated into the errors listed in Table 3.15. For the 

[001] direction the errors were insignificant « 0 . 04% for the e lastic 

moduli and < 0.1 % for their temperature derivatives ) . The errors for 

the [100] direction are less than 0.2% for the elastic moduli and less 

than 0 . 5% for their temperature derivatives. For the [110] direction, 

the errors in the e l astic moduli were l ess than 0 . 2% and in their 

temperature derivatives less than 0.02% except for cac '/ aT)p for which 

the error is 13% (which appears large only because (ac ' /aT)p is near 

zero) . Consequently, the misorientation of less than 0.3° for the 

propagation dir ction at 45° to the [100] and [010] directions was 

ass umed to have negligible effect on the elastic moduli and their 

temperature derivatives. 

For MgFz , the crosschecks are provided by the comparison of C44 

from v 3, Vs and va, and by the comparison of the measured values of CLI , 

C
TI 

and C
Tz 

with those calculated from the six primary modes. 

crosschecks for the elastic moduli are good to within 0 . 25% . 

The 

For 

CaC44/aT)p the values from v3 and Vs agree to within 0.6% whereas the 



Table 3 .1 5: Single crystal elastic moduli and their teml2erature 
d rivatives at 29SoK for MgF2 

c ( ~~ )p 
Mode Velocity (kbar) -1 (kbar.deg ) 

cll vI 140S±6 -O.192±O.OO7 

cGG v
2 9S7±S -O.277±O . OO7 

c ' Vs 2S4±1 +O.OOO9±O.OOO4 

c33 v
7 20S3±6 - O.322±O.OO6 

c44 Vs S67±1 - O. O746±O . OOO7 

c
L2 v9 177l±S - O. 2S2±O . OOS 

cl2 calc . 900±S -O . 194±O.OO7 

cl3 calc. 63S±1l - O. 086±O . 02S 

KS calc. lO19±7 - O.160±O . OlS 

c44 v3 S67±3 -O.O683±O.OO7 

v6 S68±2 -O.O679±O.OO4 

c
LI v

4 211S±21 -O.473±O . O71 

calc . 2111±9 - O. 470±O.O12 

c
T2 v

lO S27±8 -O.O88±O.O26 

calc . S27±13 - O. O80±O.O19 

c
TI v

ll 
764±7 -O . 169±O.O17 

calc . 762±3 -O.176±O . OO4 
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values from vG and va agree to within 10%. The calculated and measured 

values of (acL/aT) P' (acT/aT) p and (acT/aT) p all agree to within 10%. 

The errors associated with the measured crosscheck modes are large due 

to the limited temperature range and the small number of data points 

used in the polynomial fitting procedure; the large errors in the 

calculation of these elastic moduli and their temperature derivatives 

result from the propagation . of errors, since these elastic moduli are 

complicated functions of the six independent elastic moduli. In view of 

t his, the crosschecks are quite satisfactory. 

In Table 3 .16, values of the elastic moduli from other investigators 

are listed for comparison with our new data for MgF2 at 298°K . The 

agreement is generally good with the exception of the values of Cutler 

et a l. (1968) which are all too low (except for c ' and cGG) . Our value 

of the isotropic bulk modulus (VRH average) compares favourably with the 

polycrystalline data of Bailey et al . (1975). 

Also compared in Table 3 .16 are the values of (ac/aT)p at 298°K 

from variou s investigators. The values attributed to Aleksandrov et al. 

(1969 ) are determined from their values at 20°C and -100°C together with 

t he i r statement that the elastic moduli depend linearly on temperature 

i n this range. The agreement between the various values is generally 

satis factory. 

In Figure 3 .10, the present values of KS versus T are compared 

wi th those of Bailey et al. (1975). The values of KS for Bailey et al . 

(1975) were calculated from their linear equations in T for the average 

compressional and shear velocities of a number of polycrystalline 

samples. Our values of KS are the VRH averages calculated at each 

t emperature from the single crystal moduli . The difference between the 

Voigt and Reuss aggregate averages is indicated in Figur 3.10 . Also 

plotted in Figure 3.10 are the two data points calculated from the single 



Table 3.16: Comparison of room temperature values of c and (oc/oT)p for MgF2 from various investigators 

Cll C33 c12 c13 c44 c66 c' KS Reference 

c 1408 2053 900 635 567 957 254 1019 This work 
(kbar) 1395 2041 897 625 564 951 249 1010 A1eksandrov et a1 . (1969) 

1237 1770 732 536 552 978 252 869 Cutler et al~68) 
1427 2040 922 641 567 935 252 1030 Davies (1976) 
1399 2042 893 637 570 954 253 1015 Haussuh1 (1968) 

1035 Bailey et al. (1975) 

( ~~) p 
-1 

-0 . 160 This work (kbar . deg ) -0.192 -0.322 -0.194 -0.086 -0.075 - 0 . 277 +0 . 0009 
-0.233 -0.308 -0.183 -0.050 -0.058 -0.308 -0 . 025 -0.151 Aleksandrov et al . (1969) 
-0.215 -0.294 -0.2 23 -0.051 -0.063 -0.267 +0.004 -0.155 Haussuhl (19~ 

-0.1 76 Bailey et al. (1975) 
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Figure 3 .10 : Bulk modulus versus t emperature for MgF2. The solid curve 

will be discussed later, when this figure is presented again as 

Figure 4.13 . 



crystal elastic moduli of Aleksandrov et al . (1969) at 173°K and 293°K . 

Except for a slight offset, the present KS-T data curve and that from 

Bailey et al. (1975) agree very well over the entire high t emperature 

range. This agreement between the bulk modulus calculated as a 

complicated function of the single crystal elastic moduli and that 
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determined from many polycrystalline samples indicates the compatibility 

of both sets of high temperature data. 

3.6 Perovskite-structure fluorides: KMgF3. c(T), c(P). 

The elastic moduli were not calculated as a function of temperature 

in the absence of thermal expansion data for KMgF3 . The pulse repetition 

frequencies, fR' versus T are plotted in Figure 3 .11 for the three 

individual modes for the [110] direction (Table 3.1), together with 

the fitted straight lines. Only a straight line fit to the fR-T data 

was statistically significant. The coefficients of these linear 

equations are given in Table 3.17. 

The values of the elastic moduli calculated from the linear fR-T 

equations at 29B o K are given in Table 3.1B . The errors due to misorient-

ation were negligible. The temperature dependence of the elastic moduli 

was expressed in the form 

-CL + 
(ci In fR) 

2 \ dT 
(3.13) 

where CL is the linear coefficient of thermal expansion. Equation (3. 13) 

is obtained by differentiating equation (3.1) with respect to T and then 

by dividing the resultant equation by equation (3.1). The temperature 

dependence of the elastic moduli at 29B o K can then be found directly 

from equation (3.13), once the value of the thermal expansion coefficient 

is known. In Table 3 .1B are listed the values of (d In fR/dT)p together 

with the appropriate errors . If the linear thermal expansion coefficient 
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Figur e 3 .11: Pulse repetition frequency, fR' versus temperature for the 

c", c ' and c44 modes for KMgF3. Not all the data points were 

plotted for reasons of clarity. 



Table 3.17: Coefficients of the straight lines, 

c' 

c44 

c" 

fR = A + BT, fitted to the fR-T data 

for KMgF3 

A B -1 
(kHz) (kHz.deg ) 

393 . 29 0.09708 

404.89 0.02685 

680.61 0 . 06976 



Table 3 . 18: Room temperature values of the elastic moduli for KMgF3 and 

their t emperatur e derivatives expressed in the form 
dlnc dlnfR -ar- = -u + 2~ where u, the linear thermal expansion 

coefficient, is taken to be 3 . 76 x 10- 5 deg 
_It 

c ( dlnfR) (d lnc) 
( ~~) p dT P dT p 

Velocity (kbar) (10- 3 deg -1) (10- 3 deg -1) -1 Mode (kbar . deg ) 

c ' v3 471.9±1 -0.4937±0 . 0006 -0 . S313±0. 0013 -0 . 2Sl±0.001 

c44 v
4 

SOO . 1±l -0.1326±0 . 0003 -0.1702±0.0008 -0.08S±0.001 

cIt Vs l413 . 3±3 -0.20S±0.0008 - 0 . 243±0.002 -0 . 343±0 . 004 

cll calc. l38S±S -0.S09±0.006 

c12 calc . 44l±S -0.007±0.006 

KS calc. 7S6±4 - 0 . 174±0.00S 

t See Footnote p . 29 . 
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-5 -1 t 
i s assumed to be 3.76 x 10 deg for KMgF3 (see footnote), values for 

(a In c/aT)p and (ac/aT)p can be calculated at 298°K and these are also 

t abulated in Table 3.1B. 

The values of fR versus pressure to 2.5 kbar fo r KMgF3 are plotted 

in Fi gures 3.12, 3.13 and 3 .14 for c ' , c44 and c" respectively, together 

wi th the fitted straight lines (Table 3 .19). Only a linear fit to the 

data was justified for the small number of data points which span a 

limited pressure range. For c ', run 2 data was analysed in preference 

to run 1 data, since the decreasing P data points for run 1 did not 

exactly follow the trend for increasing P. In addition, fR evaluated at 

1 bar and 29BoK from run 2 is in much bett er agreement with the corres-

ponding value from the temperature run. The data for run 3 for C44 (see 

Fi gure 3.13) were taken as the primary fR-P data since these data are 

mor e numerous and reproducible than for runs 1 and 2 . The data for c" 

versus pressure are reproducible within the limit of experimental 

uncer t ainty in determining fR' which was larger for this mode. The 

above pressure measurements are limited to 2.5 kbars, since at higher 

pressures the data are not reproducible. 

In Table 3 . 20 are listed values of the elastic moduli and their 

pressure derivatives for KMgF3 at 29BoK . The elastic moduli at 29BoK 

det er mined from the pressure runs agree to within 0.06% of those det er-

mined from the temperature runs (Table 3.1B), which is of the order of 

t he uncertainty expected from the straight line fitting procedure . (The 

larger errors listed in Tables 3.18 and 3.20 result from the incorporation 

t 
Thi s value of a for KMgF 3 is determined by multiplying by 4 the value 

of a for SrTi0 3 (Lytle, 1964). This follows from the thermal 

expansion studies of Megaw (1939) and Austin (1952) which demonstrated 

that for compounds with the same structure, a is proportional to Z Z c a 
where Z , Z are the cationic and anionic valence charges respectively . 

c () 
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Table 3 .19 : Coefficients of the straight lines, fR = A + BP, 

fitted to the fR-P data for KMgF3 

A B -1 
(kHz) (kll z . kbar ) 

c ' (run 1) 393.69 1.18 

c' (run 2) 393.40 1.13 

c44 (run 1) 404 . 71 0 . 43 

c44 (run 2) 404 . 76 0 . 43 

c44 (run 3) 404 . 75 0 . 44 

c" 680 . 59 1. 6 



Table 3 . 20 : Elastic moduli and their ,eressur e derivatives at 

1 bar and 298°K for KMgF3 

c dc 
Mode Velocity (kbar) dp 

c' v3 472 . 2± 1 2 . 94±0 .1 2 

c44 v
4 499 . 8± 1 1. 3l±0 . 03 

c" Vs l4l3.2±3 7 . 3±0 . 4 

cll calc. l386±S 8.93±0.SS 

c12 calc . 44l±S 3 . 0S±0 . SS 

KS calc . 7S6±4 S. 01±O . 47 
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of the measurement errors for Po and to). It is worth pointing out that 

the values of (ac/ap)T calculated from the less reliable runs for c ' and 

C44 lie within the uncertainty limits on the values bf (ac/ap)T listed 

i n Table 3.20 . 

In Table 3.21, our values of the elastic moduli at 298°K for 

KMg F3 are compared with those of other investigators. There is very 

good agreement between our values and those of Reshchikova (1969) while 

t he values of Rosenberg and Wigmore (1967) all appear too low. 

The values of (ac/aT)p at 298°K are also compared in Table 3.21. 

The agreement between our values of (ac/aT)p calculated neglecting thermal 

expansion and those of Reshchikova (1969 ) , who also ignored thermal 

expans ion, is exce llent. Table 3.21 also illustrates that the effect of 

neg lecting thermal expansion is an error of approximately 10% in all the 

(ac/aT) p except for the smaller magnitude (aC44/ aT)p for which the error 

is approximately 25%. 

3.7 Conclusion 

Utilising the precise technique of pulse superposition, we have 

measured as a function of temperature (and pressure) the single crystal 

elasti c moduli of several fluorides crystallising in the rocksalt, 

fl uorit e , rutil e and perovskite structures. The reliability of our data 

is supported by its internal consistency and compatability with other 

dat a . In general, crosschecks are good to within 0 . 25 % for the elastic 

moduli and 5% for their temperature derivatives for LiF, NaF, CaF 2, SrF2 

and MgF 2 . These results are evidence for the reliability of our data for 

KMgF 3 (no crosschecks) and BaF2 (room t emperature crosschecks only). 

The agreement between our values of the elastic moduli and their 

t emperature derivatives at 298°K and those of other investigators using 

ultrasonic pulse techniques attests to the reliability of our data in 



Table 3.21: Comparison of the room temperature values of c and (ac/aT)p 

for KMgF3 from various investigators 

C I c44 
(kbar) 

1385 472 500 

1380.1 471. 8 498.3 

1320 462 485 

(~) (~) (~) aT p aT p aT p 
-1 (kbar.deg ) 

-0.509 -0.251 -0.085 

-0.46 -0 . 23 -0.066 

-0.47 -0.23 -0.061 

756 

751.1 

704 

(OK~ 
aT p 

-0 . 174 

-0.153 

-0.163 

Reference 

This work 

Reshchikova (1969) 

Rosenberg and Wigmore 
(1967) 

This work 

This work neglecting 
thermal expansion 

Reshchikova (1969) 



the room temp rature region and promotes confidence in our elastic 

moduli data at higher temperatures. Our high temperature data appear 

to be superior to the existing high temperature'elastic data determined 

from resonance experiments . 

These precise new data will be central to the discussions of 

high temperature elastic behaviour (Chapter 4) and elastic modulus 

systematics (Chapter 5). 
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CHAPTER 4 

HIGH TEMPERATURE ELASTICITY 

4.1 Introduction 

Many workers, both in the fields of solid state physics and earth 

sciences, have been interested in the characterisation of the temperature 

dependence of the elastic moduli; such studies have involved either experi­

.menta l determinations or theoretical derivations (or both). There are 

many reasons for this interest. The parameters in various interatomic 

force models can be further constrained by information on the behaviour of 

the elastic moduli, c, versus temperature, leading to a greater understand­

ing of the nature of the short range repulsive forces in the lattice. Such 

an approach assumes that the elastic behaviour versus temperature is 

correctly described by the particular lattice dynamical model; for instanc~ 

Garber and Granato (1975) expressed the temperature dependence of the 

second-order elastic constants in terms of second-order, third-order and 

fourth- order elastic constants. Alt er natively, the experimentally deter­

mined values of c-T can be employed in testing the validity of certain 

lattice dynamical approaches as well as in supporting semi-empirical 

derivations. An understanding of the dynamic lattice is essential in 

assess ing thermal and finite compression effects so that physical proper­

ties can be extrapolated to pressures and t emperatures beyond the accessible 

laboratory ranges; these extrapolations have special importance in geo­

physical discussions of the Earth's interior, where pressures of 3.5 Mbar 

and temperatures of greater than 3000 0 K are achieved. 

The regimes of low- and high-temperature elasticity have received 

particular attention in theoretical studies of the solid state. Here 

"low" temperature refers roughly to the "T3" region in the Oebye theory 

of specific heat and "high" temperature refers to temperatures above 

which all of the lattice vibrational modes are activated and the 
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classica l Dulong-Petit specific heat limit is attained (.i.e., for 

T> eO ' the Oebye temperatur e). Various formulation s of finite strain 

equations of state depend on the knowledge of the high t emperature value 

of (8K/8T) p in the reference state so that thermal effects can be incorpor­

ated (e . g ., Thomsen and Anderson, 1969; Thomsen, 1970, 1972 ; Davies, 1973) . 

The temperature derivatives of the elastic moduli, (8c/8T) p' at high 

temperatures are also important to discus sions of l attice instability 

theories of melting (e . g., Jackson and Liebermann, 1974) . 

The dependence of the elastic moduli on pressure and temperature 

is a direct cons equence of lattice anharmonicity. Such behaviour is not 

predicted by harmonic theories which are based on the assumption that 

the inter atomic potential energy can be expanded as a power series in 

atomic displacements terminated after the quadratic term. Harmonic 

theories predict that the elastic moduli should be independent of 

temperature and pressure and that the thermal expansion should be zero 

(see Ki ttel, 1971, chapter 6 ; Leibfried and Ludwig , 1961) . 

Anharmonic effects were considered by Gruneisen (1926) 1n his 

explanation of the thermal expansion of solids . Born and his co-workers t 

presented a thorough thermodynamical characterisation of solids in which 

calcu lations of the elastic moduli versus t emperature were carried out 

for various values of th e exponents m and n in the power law potential, 

A B 
~ = -- + -- The approaches of both Born and Gruneisen were restricted 

m n' 
r r 

by the use of such a simple, power law interatomic potential. 

Leibfri ed and Hahn (1958) employed a more generalized approach to 

arrive at the now commonly accepted r esult that the elastic moduli are 

linearly decreasing in temperature at high tempera tures (T » eO' wh ere 

So is the Oebye t emperature) and are approximately constant with 

temperature at low temperatures (T « eO) (see Figure 4 .1 ). This 

t 
e . g . , Born (194 3) , Born and Bradburn (1943), Bradburn (1943), Furth 
(1944), Gow (1944). 
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Figure 4.1: Plot of KS versus T demonstrating the general behaviour of 

the elastic moduli as a function of temperature. At very low 

temperatures , KS is approximately constant while at high temperatures 

KS is almost linear in T. 



results from their expression for the elastic moduli, 

the internal vibrational energy, € 

c.. = Co (l - 0 £) 
1J 

c . . , 
1J 
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in terms of 

(4.1) 

where 0 is a parameter which depends on the crystal structure and on 

the model employed . Nevertheless, some doubt has been cast on the 

ab ility of this theory to correctly predict the magnitude of the 

(3c/ 3T)p (see Slagle and McKinstry, 1967) . An extensive treatise on 

on the theory of anharmonic effects in crystals by Leibfried and 

Ludwig (1961) arrives at the same conclusion for the behaviour of c .. 
1J 

versus T as the Leibfried and Hahn (1958) paper. However, this later 

treatment is more satisfactory in the agreement between the experimental 

and theoretical curves for the c .. as a function of temperature. 
1J 

An important point to note in the discussion of these lattice 

dynamical theories is that they are couched in terms of volume (strain) 

and temperature as the independent variables, whereas in the experimental 

regime the measured variables are pressure (stress) and temperature . It 

appears, therefore, from the form of the high temperature equations that 

the predicted linearity should occur at constant volume, rather than at 

constant pressure (see also Thomsen, 1972) . This is supported by 

Stern 's (1958) theory of the anharmonic properties of solids which is 

formulated in terms of stress and temperature. Stern demonstrated that 

the temperature derivative of the adiabatic compressibility was 

propor tional to the specific heat at constant pressure which increases 

with temperature; this implies that the adiabatic bulk modulus should 

not depend linearly on temperature at constant pressure. 

The theories of Garber and Granato (1975) and Mitskevich (1965) 

also illustrate the high temperature linearity of the elastic moduli as 

a function of temperatur~without the restriction of Leibfried and Hahn 

(1958) that the temperature dependent part of the elastic moduli should 
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be proportional to the vibrational energy. Finite strain theories of 

Thomsen (1970, 1972) and Davies (1973), the so-called 4th order anharmonic 

theories, extend the considerations of Leibfried and Ludwig (1961) who 

di scussed the effect of temperature and infinitesimal strain. This 

should obviate the difficulty that classical theories of lattice 

dynamics are not valid where the strains become larger. 

However, all of the pr~ceding theories are limited by their 

re liance on the quasi-harmonic approximation . This can be illustrated 

briefly as follows. The isothermal elastic moduli are defined as 

= ~o ~ n:;~ nkJT i,j,k,l = 1,2,3 (4.2) 

where n
ij

, n
kl 

are measures of the strain and F, the Helmholtz free 

energy, is given in the quasi-harmonic approximation by 

F = ~ o + Fh . armonlC 
+ F . anharmonlc 

(4.3) 

~o being the static lattice potential energy. The term F h . is an armonlC 

an explicit function of T only and does not contribute to the elastic 

moduli in (4. 2). Fh . is represented by the harmonic expression 
armonlC 

~w ~w 
Fharmonic = E{Z + kT In [1 - exp (- kT'))} 

k 
(4.4) 

wi th the proviso that the vibrational frequencies, w, are now explicit 

f unctions of volume (strain). The validity of this quasi-harmonic 

approximation may be subject to doubt at temperatures where the thermal 

vibrations become large (e.g. Leibfri ed and Ludwig, 1961). 

Semi-empirical equations of state, for example Anderson's (1966) 

version of Wachtman's equation, avoid the difficulty of correctly 

describing the anharmonic effects by relating the elastic moduli to the 

measured values of other properties which reflect the contributions of 

hi gh temperature anharmonicity (e.g., the enthalpy data). This approach 

has al 0 been followed by Madan (1971) and will be discussed later in 

this Chapter. 
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Our new experimental data for the elastic moduli at high tempera-

tures will be discussed in terms of the theories of high temperature 

elasticity for the rocksa l t, fluorite, rutile and perovskite structures. 

Particular attention will be paid to the question of the relative onset 

of the high temperature elastic regime for the fluorid es and their oxide 

analogues. 

4.2 Intrinsic and extrinsic temperature dependence of the elastic 
moduli 

To evaluate the various theoretical predictions of the high 

temperature behaviour of the elastic moduli, it is useful to express the 

measured temperature dependence as a combination of intrinsic and 

extrinsic components: 

intrinsic extrinsic 

(4.5) 

1 ( ~~\ o.v = V where Volume thermal expansion 

Isothermal bulk modulus ~ -V ( ~~ )T 

Adiabati c bulk modulus KS = ~(l + o.VyT ) 

y = ~KS 
pCp 

Thermal Gruneisen parameter 

Specific heat (per gram) at constant P Cp 

Values of C and y for LiF, NaF, CaF2, SrF2, BaF2 and MgF2 are listed in 
p 

Table 4 . 1 . The extrinsic temperature dependence of the elastic moduli 



TABLE 4 . 1: Thermodynamic Data 

C 
P 

(cal . deg -1 -1 mole ) y 

1 
LiF 9 . 978 1. 63 

2 
NaF 11.198 1. 51 

1 
CaF2 16 . 393 1. 83 

3 
SrF2 18 . 1 1. 31 

4 
BaF2 17.020 1. 80 

1 
MgF2 14.73 1. 21 

1. Douglas (1959) 

2 . JANAF (1971) 

3. Touloukian (1967) 

4 . Wicks and Block (1963) 
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in (4 . 5) arises through their dependence on volume and its dependence on 

temperature. 

Equation (4 . 5) is strictly app l icable only to solids with cubic 

symmetry . Fritz (1974) has shown that for the rutile structure the 

equivalent expression is 

(4 .6) 

where 8 is a correction term involving the axial thermal expansion 

coefficients, the axial compressibilities and the uniaxial strain 

derivatives of the elastic moduli. The magnitude of 8 is discussed in 

section 4.5 for MgF2. 

4.3 (3c/3T)p versus T for LiF and NaF 

The intrinsic and extrinsic temperature dependence of the elastic 

moduli for LiF and NaF is illustrated in Figures 4.2 and 4.3 which are 

plots versus temperature of (3c/3T)p' determined from the polynomial 

equations (Table 3.7), and (3c/3T)V calculated from equation (4 . 5), for 

the moduli cII, c", c' c44 and KS . Our experimental values for KS and 

those of Srivastava and Merchant (1973) for Uv as a function of 

temperature were used in the calculations in equation (4 . 5). For 

simplicity, it was assumed that y and (3c/3P)T are independent of 

temperature, the values for the latter being taken from Miller and Smith 

(1964). Figure 4.2 and Figure 4.3 also demonstrate that the crosschecks 

described earlier (Chapter 3) for c" and c44 are valid over the entire 

temperature range, T = 300 o -650
o

K. 

The linear temperature dependence of (3c/3T)p for all moduli is 

a direct consequence of fitting the data by a second degree polynomial . 

For both LiF and NaF, I (3Cl l/3T)pl and I C3c ' /3T)pl decrease with T while 
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I (Cl C44/ ClT)pl, I (Clc"/ClT)pl and I ( Cl KS/ClT)pl either increase or (in the case 

of c" for NaF) remain approximately constant. There is no doubt that 

this observed curvature is a real feature of our experimental data and 

is statistically significant. Neither errors in the thermal expansion 

data used in equations (3 .1 )-(3.3) nor uncertainties due to bond effects 

are large enough to account for the deviation of the c vs T curves from 

linearity; in any case, these effects would cause curvature in the same 

sense for all the modes. 

For comparison, (Clc/ClT)p and (Clc/ClT)V for MgO are plotted versus 

temperature in Figure 4.4 using Spetzler's (1969) data, for which 

(Cl c/ Cl P)T does depend on temperature. I (Clc/ClT)pl increases initially 

(except for c'), becomes approximately constant for KS and c44, but 

thereafter decreases for cII, c' and c". 

The reduction to constant volume for LiF and NaF lowers the 

curves of (Cl c/ClT)p versus temperature in Figures 4.2 and 4.3 and also 

alters their temperature dependence; I (Cl c"/ Cl T)I now decreases with 

increasing t emperature. In the above reduction it is assumed that 

(Clc / Cl P)T is independent of temperature. Comparison of the curves of 

CClC/ Cl T)p and CClC/ClT)V versus temperature for MgO in Figure 4.4 demonstrates 

t hat the term involving CClc/ClP)T in equation (4.5) increases with increas­

ing temperature. It is assumed as a first approximation that this 

behaviour reflects that of LiF and NaF . Application of this result to 

t he C<lc/ClT)-T curves in Figure 4 . 2 and Figure 4.3 for LiF and NaF 

i ndicates that although the temperature dependence of (Clc/ClT)V may be 

eliminated for the modulus c44 (resulting in a linear c-T plot at 

constant volume), that for the moduli C!l, c' and c" will be accentuated . 

Several interesting comparisons emerge from Figures 4 . 2-4 . 4 . 

Firstly,ICClCll/ClT)V I and I (Clc ' / ClT)Vi for MgO decrease with 

t emperature as they did for LiF and NaF. Secondly, the reduction to 
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constant volume reduces the I (ac/ aT)pl for all modes for each compound 

to more comparable values; this results from the large extrinsic effect 

f or the modes c 11, c" and c' . Thirdly, the decrease of KS with T is 

entirely an extrinsic effect as KS in fact increases slowly with 

t emperature at constant volume. Similar behaviour was pointed out by 

Roberts and Smith (1970a) for the sodium and potassium halides. 

Comparisons of (ac/aT) for LiF, NaF and MgO will be discussed further 

in Chapter 5. 

4.4 (ac/aT) versus T for CaF2, SrF2, and BaF2 
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The intrinsic and extrinsic temperature dependence of the elastic 

moduli for CaF2, SrF2 and BaF 2 is illustrated in Figures 4.5-4.7 respect­

ive l y . The values of aV(T) from Sirdeshmukh and Oeshpande (1964) and 

the experimental values of KS(T) were used in the calculations in 

equation (4.5). We have assumed that y is independent of temperature 

and will show later that this assumption is valid. In any case, the 

expr ess ion (4.5) is not sensitive to minor variations in y. For CaF2 

and BaF 2, values of (ac/ap)T at 298°K were taken from Wong and Schuele 

(1968); estimates of (a2c/aTap) were also made from their data at 298°K 

and 195°K. For SrF2, only the room temperature value of (ac/ ap)T from 

Al t erovitz and Gerlich (1970) was available. Figures 4.5 and 4.6 also 

demonstrate the crosschecks described earlier (Chapter 3) for c" and c44 

for CaF 2 and SrF 2 to be valid over the entire temperature range, T = 

300-650 0 K. 

The linearity of the (ac/aT)p curves in T for all moduli is again 

a direct consequence of fitting the data by second degree polynomials 

(Table 3 . 10). For all of the moduli for CaF2, SrF 2 and BaF 2, I (ac/aT)pl 

either increases with T or remains approximately constant. This is in 

Contrast to the behaviour for LiF and NaF (se,ction 4.3) where I (ac/ aT) p I 

f or some moduli actually decreases with temperature. As discussed 



0·5 

0'4 

10) 0·3 
Q) 

"'0 . ... 
0 

..0 
~ 0·2 

-~ 
"'0 

~ 
u 0.1 

"'0 --
o 

- 0·1 

constant pressure 

constant volume 

constant volume 

( (del d p) constant) 

- Ks 

(' 

========----============ (44 

-------(' 
------------- _--- (11 

: - - - - - - - - - - - - -..=-- --- -:. - - - (44 
-------------- --(" - - --------------

.... . 
--'- ......... t..:... •• .!..:.~ •• ..:.: ••••••• •• - ••••• 

--------

300 500 

. ' . 
. . .. Ks 

.' . 

Temperature, 0 K 

700 

Figure 4.5: -(ac/aT) versus temperature for CaF 2 . The values of (ac/aT)p' 

represented by the solid lines, are determined from the fitted 

polynomial equations . The dashed lines represent the values of 

(ac/aT)V calculated from (4.5) . The dotted line for KS illustrates 

the effect of a constant value for (ac/ap)T ' The crosschecks for 

(ac44/aT)p (v4) and (ac"/aT)p (calculated) cannot be distinguished 

from the respective plotted lines. 



'0) 
Q) 

""0 

.... 
o 

..!l 

.::.:. 

0·5 

0·4 

0·3 

0·2 

0·1 

o 

- 0·1 

constant pressure 

constant volume 

C" 

______ ---------------------C44 
..;;- c: C' - - - --

___ __ =- ------~'----- _ .. ---C' 
<::::" ..... - C 44 

--------

300 

..... ::::: ,::::-C 11 

~11 

500 

Temperature. oK 

----K 
s 

C 

700 

Figure 4.6: - (ac/aT) versus temperature for SrF 2 ' The values of (ac/aT)p 

represented by the solid lines are determined from the fitted 

polynomial equations. The dashed lines represent the values of 

(ac/aT)V which are calcul ated from (4.5). The crosschecks for 

( dc 44/ aT )p (v 2) and (ac"/ aT)p calculated cannot be distinguished 

from the respective plott ed lines. 



I 
0) 
Q) 

-0 

.... 
0 

..0 

...)(. 

0·5 

0 ·4 

0·3 

0·2 

constant pressure 

constant volume 

/I 

C 

--- Ks 
~ 

-0 
~ 
u 0 ·' -0 

"-

0 

- 0 ·' 

300 

C44 
- - - --

__ c 

C44 

" -c 

- - Ks 

500 

OK Temperature t 

700 

, 

Figure 4 . 7 : - (ac/aT) versus temperature for BaF 2 . The values of (ac/aT)p, 

represented by the solid lines, are determined from the fitted 

polynomial equations. The dashed lines r epresent the values of 

(ac/aT)V which are calculated from (4.5) . 



40 

earlier, the observed curvature is a real feature of the data and cannot 

be explained by uncertainties in either the experimental or analysis 

procedures . 

The reduction to constant volume for CaF2, SrF2 and BaF2 lowers 

the curves of cac/aT)p versus temperature in Figures 4.5, 4.6 and 4.7 

and also alters their temperature dependence. The above reduction for 

CaF2 and BaF2 took account of the variation of cac/ap)T with temperature, 

albe it at somewhat modest temperatures. For CaF2, the values of 

ICdc /aT)1 at constant volume do not increase as rapidly with temperature 

as those at constant pressure. This indicates that the curvature in the 

c-T plot can be partly removed by the conversion to constant volume. In 

Figure 4.5 for CaF2, we have plotted constant volume curves for KS for 

two cases; Ci) cac/ap)T a function of T and Cii) Cdc/ap)T independent of 

T. The curvature in the c-T plot for case Ci) is much more nearly 

eliminated than for case Cii) . For BaF2 and SrF2, CaC44/aT)Vand cac'/aT)V 

are almost independent of temperature, whereas I Cdc"/aT)V I and 

I cac ll/aT)VI now decrease with temperature. Additional information on 

the variation of (ac/ap)T with T is required before more definite 

conclusions can be drawn from these plots of cac/aT)V versus temperature; 

however it does appear that the curvature observed in the c-T plots at 

constant pressure for these compounds is compatible with linearity in the 

c-T plots at cons tant volume, since the correction term aV~ cac/ap)T 

becomes larger with increasing temperature . 

Several other interesting features can be seen in Figures 4 .5-4.7. 

Firstly, the curvature in the c-T plot, as indicated by the gradient of 

the (ac/aT)p-T plots, is largest for CaF2 and smallest for BaF2 ' This 

behaviour is in accord with the magnitude of the Oebye temperatures 

CSI4°K for CaF2, 380 0 K for SrF2 and 282°K for BaF 2) since the predicted 

linear behaviour of c vs T should occur for temperatures greater than the 

Debye temperature. Secondly, the magnitudes of cac ' /aT)p and (ac44/ aT)p 
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are very similar, indicating that the degree of anisotropy should not 

be very temperature sensitive. This is in contrast to the alkali 

fluorides, LiF and NaF, where I (Clc ' /ClT)l p is much larger than I (Clc44/ClT)pl. 

Thi rdly, the reduction to constant volume reduces the I (ClC/ClT)pl for all 

modes to much more comparable values; the results from the large extrinsic 

effect for the modes cll and c" . Fourthly, the decrease of KS with T is 

entirely an extrinsic effect as (ClKS/ClT)V is actually small and positive. 

4.5 (Clc / ClT) versus T for MgF 2 

The intrinsic and extrinsic temperature dependence for MgF2 is 

illustrated in Figure 4.8, which is a plot of CClc/ClT)p and (Clc/ClT)V versus 

T for the independent single crystal elastic moduli and KS. The values 

of (ClC/ClT)p were determined from the polynomial equations (Table 3.14 ) ; 

va lues of (ClC/ClT)V were calculated via equation (4.5) using our experi ­

mental values of KS vs T, the values of aV vs T from Bailey et al. (1975 ) 

and the values of (Clc/ClP)T at 298°K from Davies (1976) . y was assumed 

to be independent of temperature . 

As mentioned earlier, equation (4 . 6) is the appropriate equation 

for th e approximate separation of (Clc/ClT)p into intrinsic and extrinsic 

components for the rutile structure. Fritz (1974) has shown that if 

the axial strain derivatives of th e elastic modulus are of the same 

sign, then the magnitude of 8 can be bounded in the following inequality, 

(4 . 7) 

where a , a are the coefficients of axial thermal expansion, and 
a c 

Xa ::: - ( Cl In ta/ Cl P)T' Xc ::: - ( Cl In t C/ ClP) T' are the axial compressibilities . 

From the stress-strain re l ationship involving the single crystal elastic 

Constants (e . g . Musgrave, 1970, chapter 4 . 4), it can be shown that 
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(4.8) 

Evaluation of the r.h.s. of equation (4.7) using values of a and a 
a c 

f rom Bailey et al. (1975) demonstrates that the possible error of the 

correction term relative to the extrinsic term could be as large as 14 

per cent. The error in determining (ac/aT)V will thus be larger when 

the extrinsic term represents a large fraction of the temperature 

dependence. The foregoing analysis only applies for the case where the 

uniaxial strain derivatives of the elastic moduli are of the same sign; 

i t is conceivable that they could be of opposite sign and the errors in 

neglecting S could be even larger in this case. In the absence of 

measured uni-axial strain derivatives which would permit a rigorous 

separation of (ac/aT)p into intrinsic and extrinsic components, equation 

(4 .5) is used as a first approximation, with the possible errors kept in 

mind. 

Figure 4.8 for MgF z illustrates that for all the moduli,1 (ac/ aT)pl 

either increases with temperature or remains approximately constant . 

This is similar to the behaviour for CaF2, SrF2 and BaF 2, but in contrast 

t o that for LiF and NaF. For Ti02, Manghnani et a l. (19 72 ) r eported va lu es of 

I (a c/ aT)pl which decreased with increasing temperature. The behaviour 

of (ac/aT)V versus temperature for MgF z supports the possibility of 

linearity in the c-T plots at constant volume, particularly if account 

could be taken of the temperature dependence of (ac/ap)T ' As discussed 

earlier in sections 4 . 3 and 4.4, an increase in the correction term with 

temperature would tend to reduce the slope of the (ac/aT)-T curves . 

The remarks n\ade previously for the rocksalt and fluorite fluorides 

regarding the similarity in magnitude of the (ac/aT)v vs T curves do not 
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apply for MgF2' There seems to be no simple trend relating (3C/3T)p and 

(3 c/3T)V for the various moduli. However, as noted for the other 

structures, the t emperature dependence of KS is entirely an extrinsic 

effect, as KS actually increases very slowly at constant volume . 

4. 6 High temperature equations of state 

The predictions of many classical lattice dynamical theories that 

c .. should exhibit linear dependence on T for T > 8
0 

were discussed 
1J 

earlier (4.1) . However, although the expressions for c .. vs T reduce to 
1J 

simple analytical expressions in the high temperature and low temperature 

l imits, none of the theories is able to furnish a simple analytical 

expression for the c .. vs T that is valid for the entire temperature 
1J 

range from ' OoK to the melting temperature. 

In the absence of an exact theoretical equation of state, recourse 

may be made to equations derived on a semi-empirical or approximate 

theoretical basis . For example, Varshni (1970) has claimed some 

theoretical justification for the following equation 

c = 
tiT c o + s/(e - 1) (4 . 9) 

where co, s and t are parameters determined by fitting the equation to 

t he c -T data. Equation (4.9) is based on the result of Leibfried and 

Hahn (1958) that the temperature dependent part of th e e l astic moduli is 

proportional to the internal vibrational energy E (equation 4.1), as 

obtained from the Einstein model, 

~ w 
E = ~1W + ----~-----

e~w/kT _ 1 
(4 . 10) 

where h is Planck ' s constant, n ~TI and k is Boltzmann's constant. 

Varshni demonstrated good agreement of (4 . 9) with the experimental data 

for metals and ionic compounds (some alkali halides and BaF2) ' Attempts 

to fit equation (4.9) to the present c-T data for LiF and NaF indicated 
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that it was incompatible with the data for the modes cII and c '. Analysis 

of the functional form of equation (4.9) revealed that it cannot accommo-

date data for which (ac/ aT) is negative and increasing, i.e . , data for 

which the c-T plot is concave upward. Equation (4.9) is functionally 

compatible with the c-T data of Caf-2 , SrF 2, BaF2 and MgF2; however it 

was decided not to fit the data by this equation since the parameters 

are not well constrained by the c-T values in the high temperature region 

and are extremely sensitive to small differences in slope. This occurs 

i n the absence of constraining data on the parameters at lower tempera-

t ures (T « 8
0

) where a significant fraction of the curvature occurs (see 

Figure 4.1 for the general shape of c-T curves) . 

Another semi - empirical equation of state has been proposed by 

Wachtman et al . (1961) 

E = Eo - bT exp (-TO/T) (4 . 11) 

where E is Young's modulus and b and To are the parameters to be determined 

from the data. Anderson (1966) has placed this equation on a firmer 

theoretical basis for KS and has demonstrated that KS is linear in T for 

T > 8
0
/2 (which he defines as the regime of high temperature elastic 

behaviour) . Anderson ' s final form of the Wachtman equation (Soga, 

Schreiber and Anderson, 1966) is expressed in terms of the enthalpy data 

HT and is given by 

K T 
S 

K 298 
S 

(4 .1 2) 

where V298 is the volume at 298°K and 6 is another dimensionless 

Gruneisen parameter defined by 

= _ (a 1 n K~ ~a 1 n V\ = 
6 \ aT / ~ 

p p 
(4.13) 

On theoretical grounds (Anderson, 1966; Madan, 1971), 6 should lie 

approximately between 3 and 4 for alkali halides ; this is verified in 

Figure 4 . 9 for some of our fluoride compounds. These theoretical 



derivations depend on assumptions on the nature of the interatomic 

potential; nevertheless their advantage is that equation (4.12) can be 

used to extrapolate KS to high t emperatures in the absence of a value 

for (a KS/dT) • 
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The derivation of (4 .1 2) assumes that y and 0 are independent of 

temperature, an assumption which has been demonstrated to be valid for 

MgO, Mg2Si04 and MgSi0 3 (Anderson, 1966; Soga and Anderson, 1967). In 

Figure 4.9, we have illustrated the temperature dependence of y and 0 for 

several fluorides of the present study, and demonstrated that y and 0 are 

indeed approximately constant over the range T = 300-650 0 K. The product 

yo varies even less over this temperature range, perhaps since the 

product is independent of both KS and aV o This observation is particularly 

interesting since it is sufficient in deriving (4.12) that yo be indepen­

dent of temperature. 

Figures 4.10 and 4.11 compare the experimental values of KS for 

LiF and NaF with those calculated from OaK to the melting point from 

the enthalpy data via equation (4 . 12). The calculated curves are matched 

in value and slope to our data curves at 298°K, since KS298 and (aKS/aT)p 

are input parameters to (4 .1 2). Figures 4.10 and 4.11 demonstrate the 

exce llent agreement between our data and the calculated curve for 

T > 300 0 K. This provides additional support for the reliability of our 

high temperature data, particularly since our values of KS and (aKS/aT)p 

at 298° K were earlier demonstrated to be in excellent agreement with the 

most reliable results of other investigators (Chapter 3). For LiF, the 

calculated curve between OaK and 300 0 K follows the general trend of the 

offset Briscoe and Squire (1957) data (Figure 4.10). The agreement 

between the low temperature curves is better illustrated by adjusting 

Briscoe and Squire ' s data to agree with ours at 298° K. For NaF, the 

ca lculated low temperature curve agrees remarkably well with the low 

temperature data of Lewis et al . (1967) and Vall in et al . (1966) . This 
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in Tables 3 . 3-3.5 . 
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further supports our ear lier claim (Chapter 3) that our high temperature 

data for LiF and NaF are in accord with the low temperature data of other 

experimenters using ultrasonic pulse techniques and lends credence to the 

cons truction of composi t e (aKS/aT)-T curves using experimental data from 

the low and high temperature regions. 

In Figures 4 .1 2 and 4.13, values of KS versus T are plotted for 

comparison with the values determined from the enthalpy data for CaF2 and 

MgF2 ' respectively . For both CaF2 and MgF2, there is excellent agreement 

between the present data and the calculated curves for T > 300 o K. The 

non-sys t ematic behaviour of the low temperature data of Huffman and 

Norwood (1960) for CaF 2 and its offset from ours at 298°K make further 

comparisons with the calculated curve impossible. For MgF2' the two 

data points from Aleksandrov et al. (1969) are in quite good accord with 

the calculated curve at low temperature . The absence of very low 

temperature data for MgF2 and the poor quality of the existing data for 

CaF 2 preclude construction of a composite caKS/aT)-T curve using experi­

mental data. 

Plots of (aKS/aT)p versus temperature provide a much more 

sensitive way of examining the t emperature behaviour of the bulk modulus 

since the high temperature linearity of the KS-T plot is reflected by 

(aKS/aT)p attaining a constant value (e.g ., Anderson and Andreatch, 1966). 

In Figure 4.14, the measured (aKS/aT)p is plotted versus temperature for 

LiF, NaF, and MgO in order to determine the onset of high temperature 

elas tic behaviour. For comparison, (aKS/aT)p calculated from the enthalpy 

data for LiF and NaF are also given in Figure 4.14 and the acoustic Oebye 

temperatures, 8
0

, are indicated (see Chapter 5.6 for 80) , 

The combined measured and calculated data in Figure 4.14 for LiF 

and NaF exhibit a very rapid increase of I (aKs/aT)pl with temperature at 

low temperatures followed by a levelling out to constant values at high 
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Figure 4.14: -(aKS/aT)p versus temperature for LiF, aF and MgO . Values 

of (aKS/aT)p for LiF and NaF for T > 300 0 K were determined from the 

polynomial fit to our data . For T < 300 0 K, (aKS/aT)p for LiF and 

NaF are determined stepwise from the data of Briscoe and Squire 

(1957) and Lewis et al, (1967) respectively, the temperature 

intervals being selected to eliminate large scatter . For MgO the 

(aKS/aT)p values for T < 300 0 K are listed by Anderson and Andreatch 

(1966) and (a KS/aT) p for T = 300° K to 1200° K are taken from Spetzler 

(1969). The values of (aKS/aT)p calculated from the enthalpy data 

(Douglas, 1959 for LiF and JANAF, 1971 for NaF) via equation (4 . 12) 

are indicated by +. The Debye temperatures, 80 , are indicated on 

the temperature axis for LiF, NaF and MgO . 
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temperature, similar to the behaviour of MgO (Figure 4.4). Our experimental 

curves for T = 298-6S0 o K demonstrate that I (aKS/aT)pl increases from its 

value for T < 300 0 K but does not attain a constant value at high tempera-

tures since the data are fitted by only a second degree polynomial in 

temperature in the experimental range. Fitting the C-T data by a third 

degree polynomial permits I (aKS/aT)pl to increase to an approximately 

constant value and thereafter decrease. 

If we arbitrarily define the onset of the high temperature regime 

to occur at that temperature T* for which l( aKS/ aT)p l attains 90% of its 

maximum experimental value we find that 

LiF 400 734 

NaF 300 441 

MgO 420 955 

Comparison of the experimental curves with the calculated data points 

indicates that the values of T* are likely t o be too large for LiF and 

NaF. Nevertheless, these values of T* are in fair agreement with the 

theoretical prediction that the high temperature regime commences for 

T > 8
D
/2 , although we might have anticipated a greater contrast in T* for 

LiF and MgO. 

Similar comparisons based on high temperature elastic data are 

not able to be made for the fluorite structure fluorid es and oxides. 

High temperature data exist only for polycrystalline Th02 specimens 

of varying degrees of porosity (Spinner et al., 1963) and are not 

presented in a suitable form for analysis or comparison . The low 

temperature data curves for CaF2, SrF2 and BaF2 are not sufficiently 

Continuous with our data curves at 298°K (see Figure 3.8) to permit the 

Construction of composite (aKS/ aT)p-T curves. 



Comparisons of the relative onset of high t emperature elasticity 

can also be made for the rutiles, MgF2 and Ti02 . The si ngl e crystal 

elastic data of Manghnani et al . (1972) for Ti0 2 permit the calculation 

of KS and (aKS/aT)p in the range, 298°-573°K, via the Voigt-Reuss-Hill 

aver aging procedure (Hill, 1952). In Table 4.2, (aKS/dT)p is listed at 

various temperatures above 298°K for MgF 2 and Ti02 . The values of 
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(aKS/aT)p for Ti02 vary little over the temperature range. For MgF2 , the 

values of I (aKS/ aT)p l increase gradually with T; as discussed earlier for 

LiF and NaF, the fitting of a second degree polynomial prevents detection 

of any levelling off in the value of (aKS/aT)p with T. We can conclude 

at l eas t from th e data in Table 4.2 that th e onset of high temperature 

elastic behaviour does not occur at lower temperatures for MgF2 than for 

4 .7 Conclusion 

The prediction from lattice dynamical theories of the high 

temperature linearity of the c-T plot is more valid in constant volume 

rather than constant pressure space. The experimental results for CaF 2, 

SrF2 , BaF2 and MgF2 support thi s interpretation; at constant pressure, 

the c-T curves exhibit concave downward curvature, which can be largely 

eliminated by the correction to constant volume . However, since the 

curvature is in th e opposite sense for the cil and c' mode~ for LiF and 

NaF , correction to constant volume merely increases the deviation from 

linearity and accentuates the variance with the theory. A similar 

Concave upward curvature in the c-T plot appears in the results of 

Slagle and MCKinstry (1967) for NaCl, KCl and KBr and Manghnani et al. 

(197 2) for Ti02 . Slagle and McKinstry fitted their data with polynomials 

i n T, with the justification that the elastic moduli can be expanded as 

power series i n th e vibrational energy (equal to kT at hi gh temperatures). 

The quadratic and higher ord er terms in this expansion were neglected by 



TABLE 4.2: Comparison of (3KS/3T)p versus temperature for MgF2 and Ti02 

T (3 KS/aT) P 

(0 K) (kbar -1 deg ) 

1 
MgF2 298 -0.160 

348 -0.165 
398 -0 . 170 
448 -0 . 174 
498 -0.179 
548 -0.184 
598 -0.189 
648 - 0 . 194 

2 
Ti0 2 300.5 -0.571 

313 -0.517 
333 -0.495 
358 -0.525 
423 -0.501 
523 -0.458 

1. This work 

2. Manghnani et a1. (1972) 
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Leibfried and Hahn (1958) . 

Detailed studies of the behaviour of the elastic moduli as a 

function of temperature have important implications for lattice dynamical 

theories . In particular, in the high temperature regime, the validity 

of the quasi-harmonic approximation requires further evaluation in the 

light of our new experimental data . For geophysical discussions of the 

earth's interior, the high temperature value of (3KS/3T)p is an important 

parameter. The deviations from the predicted linear behaviour will result 

in some uncertainty in (3KS/3T)p; however since I (3KS/3T)pl is a small 

quantity numerically, and since the extrapolations in equations of state 

are carried out over a pressure range which is very much larger than the 

temperature range, the resultant uncertainties will be of secondary 

importance. 

Our rationale in measuring the temperature dependence for fluorides 

was the expectation that the fluorides would exhibit high temperature 

elastic behaviour at lower absolute temperatures th an their oxide 

ana logues; this would enable evaluation of high t emperature derivatives 

in the accessible experimental temperature range . However, the comparisons 

for the model pairs LiF-MgO and MgF 2-Ti02 indicate that the onset of high 

temperature elastic behaviour does not occur at significantly lower 

temperatures for the fluorides. 

The precision of our data for the temperature dependence of the 

elastic moduli for LiF, NaF, CaF2, SrF2 , BaF2 and MgF2 enables predictions 

of equations of state at high temperature to be tested. These data are 

a lso important in providing information on the elastic moduli and their 

temperature derivatives for crystal structures of interest in the 

earth ' s mantle . In Chapter 5 , we will examine the possibility of 

employing our data for the fluorides to predict the elastic properties of 

their oxide analogues . 



CHAPTER 5 

SYSTEMATIC RELATIONSHIPS GOVERNING THE ELASTIC MODULI 

AND THEIR TEMPERATURE AND PRESSURE DERIVATIVES 
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5.2 Bulk modulus - volume systematics 

5.3 Shear modulus - volume systematics 

5.4 (ac/aT) systematics 

5.5 (ac/ap) systematics 

5.6 Debye t emperature systematics 



CIIAPTER 5 

SYSTEMATIC RELATIONSHIPS GOVERNING THE ELASTIC MODULI 

AND THEIR TEMPERATURE AND PRESSURE DERIVATIVES 

5.1 Introduction 

Systematic relationships between the elastic properties and 

crys tallographic parameters of minerals have been useful in geophysics 

in estimating the elasticity of unmeasured phases, in relating seismic 

velocities to density in order to draw compositional inferences about 

the earth ' s mantle, and in elucidating the nature of the interatomic 

forc es in the crystalline lattice. 

so 

One of the first examples of such a relationship was the demonstra-

tion by Birch (1960, 1961a, 1961b) that the compressional velocity, v , 
p 

is a function only of density, p, and mean atomic weight, M. For many 

minerals and rocks, the following linear relationship holds: 

v = a(M) + bp (5 .1 ) 
P 

where a is a function only of M and b is a constant. In view of the 

large number of possible variables, e.g ., composition, structure, bonding 

type , etc ., it is a rather surprising result that the velocity can be 

described in terms of only two parameters. Birch also conjectured that 

fo r a chemically homogeneous mat erial, the velocity should depend only 

on density, irrespective of whether density variations were due to 

changes in t mperature, pressure or crystallographic phase. The recent 

avai lability of data on the temperature and pressure dependence of the 

elastic moduli, and on the elasticity of the low- and high-pressure 

po lymorphs of various phase transformations has enabled evaluation of 

Birch' s hypoth sis (D. L. Anderson et al., 1971; Liebermann and Ringwood, 

1973; Liebermann, 1974b, 1975). Birch ' s initial formulation of the 

linear law (5.1) has been d veloped further by many workers; including 
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its recent formulation as a power law in which the parameters are derived 

from crystallographic and thermodynamic considerations (e.g . , D. L. 

Anderson , 1967 ; Shankland , 1972 ; O. L. Anderson , 1973; Shankland alld 

Chung, 1974). 

Much recent interest has also centred on systematics cast in 

terms of elastic moduli and volume, V, rather than velocity and density. 

Several studies have demonstrated that the relationship KV = constant 

holds for isostructural series of halides, oxides, sulphides, selenides 

and tellurides (0 . L. Anderson and Nafe, 1965; O. L. Anderson and Soga, 

1967 ; D. L. Anderson and O. L. Anderson, 1970; and O. L. Anderson, 1972). 

In addition to the isostructural trends, O. L. Anderson and Soga (1967) 

have demonstrated that for compounds with the same mean atomic weight, M, 

the relationship KV 4 
= constant is appropriate and that this is merely 

a restatement of Birch ' s law. 

Isostructural relationships for the shear modulus, ~, as a function 

of volume have been discussed by Davies (1975) who demonstrated that the 

relationship ~V4/3 = constant holds for many simple compounds . Davies 

also examined possible systematics in the pressure derivatives (3K/3P)T 

and (3~/3P)T' Such systematics are also of interest in providing 

constraints for the interpretation of shock wave data for high pressure 

phases of rocks and minerals (e.g., D. L. Anderson and Kanamori, 1968; 

Davies and Gaffney, 1973) . 

The relationship between the bulk moduli of fluorides and their 

oxide analogu s is examined in the existing framework of bulk modulus­

vo lume systematics . Relationships are also investigated for the tempera­

ture and pressure derivatives of the elastic moduli as a function of 

Vo lume, structure and composition. The earlier observation (Chapter 4) 

that the Oebye temperatures of oxides and fluorides do not differ so 

markedly as the melting temperatures is explained in terms of systematics 
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in the Oebye temperatures. 

5.2 Bulk modulus-volume systematics 

The empirical relationship KV = constant is consis tent with a 

simple Born-Mie interatomic potential with a power law repulsion leading 

KV
4 / 3 h' h ' . d' . . h b f to = constant, w 1C 1S 1n 1st1ngu1s a Ie rom the empirical result. 

O. L. Anderson (1972) has demonstrated that for a general repulsive 

potential vCr), the following equation is true, 

2 A [1 + v"(ro)ro ] 
KO = 9V O TO 2v' (ro) (5.2) 

2 
where A = A Z Z e ,A is the Madelung constant and Z ,Z are the mca m c a 

valence charges of the cation and anion respectively. The zero subscripts 

refer to values for the lattice in equilibrium. For a suitable definition 

of the Madelung constant, A is essentially independent of structure and 
m 

the variation in A is contained in the valence product Z Z . Taking 
c a 

the logarithm of equation (5.2) gives 

In KO In Z Z - x In Vo + constant c a (5.3) 

where x empirically is close to one. If the term in brackets in 

equation (5.2) were independent of rO, then x would equal 4/3 (the 

resul t for the Born-Mie potential). Equation (5.3) l eads directly to 

the result (dropping the zero subscripts for convenience) 

KV* constant (5.4) = 

Following Anderson and Nafe (1965), the data of Table 5 . 1 are 

presented in Figure 5.1 as a log-log plot of bulk modulus versus molar 

vol ume per ion pair (V* = 2M/p = 2V, where M and V are the mean atomic 

weight and volume, respectively) for oxides and fluorides crystallising 

in the rocksalt, fluorite and rutile structures. For clarity the data 

for the perovskite oxides and fluorides are plotted in Figure 5 . 2. 



Table 5.1: $ummarl of elastic and thermal 2ro2erties of fluorides and oxides 

Structure Compound CN 
Ionic Radii l ,2 Z Z 

Molar M 
Elastic Moduli Ijoa T So Ab 

X c a Volume 
p Mbar m 

Cation(s) Anion cm 3 gm/ em 3 K ~ 
OK OK 

s s 

. Rocksalt LiF 6-6 0.74 1. 33 9.83 25.94 2.639 3 0.704~0 0.491~0 0.270 1120 31 7343~ 57 

Na F 1. 02 14.98 41.99 2.804 3 0.483~0 0.314~0 0.283 1269 32 491 35 56 

KF 1. 38 23.00 58.10 2.526~ 0.323~ 0.164~ 0.289 1130 31 327~ 50 

RbF 1.49 27.18 104 . 47 3.8434 5 0.280 5 0.127 5 0.297 1048 33 22 15 48 

~lgO 0.72 1.40 4 11.25 40.31 3.5836 1. 628 6 1. 311 6 0.178 3125 32 955 36 96 

CaO 1. 00 16.76 56 . 08 3.3467 1.14 7 0.814 7 0.186 288732 670' 91 

srO 1. 13 20.69 103.62 5.009 7 0.887 0.591 7 0. 177 2693 32 457 37 90 

BaO 1. 36 25.59 153.34 5.9928 0.61 8 0.355 8 0.152 2291 32 29 1' 75 

Fluorite CaF2 8-4 1. 12 1. 31 24.55 78.08 3.18 19 0.845~0 0.427~0 0.270 1691 32 514 38 67 

SrF2 1. 25 29.37 125.62 4.277 10 O. 713~0 0.350~0 0.273 1673 31 380 10 66 

PbF2 1. 29 31.47 245.19 7.79 11 0.611 11 0.230 11 0.250 1097 31 22 111 55 

8aF2 1.42 35.89 175 . 34 4.886 9 0.581~0 0.255~0 0.272 1593 31 282 39 62 

U02 1. 00 1. 38 8 24.62 270.03 10.97 12 2.13 12 0.874 12 0 .1 70 3151 32 394 ' 95 

Th02 1. 04 26.38 13 264.04 10.01 1. 93 1 ~ 0.9721~ 0.165 3493 32 424 ' 103 

Rutil e MgF2 6-3 0.72 1. 30 19.61 62.31 3 .178 15 1.019~0 0.547~0 0 . 260 153632 626~~ 67 

NiF2 0.69 20.08 96.7 1 4.815~2 1.197~3 0.452~3 0.312 459' 62 

COF2 0.735 21.1 1 96.93 4.592 16 0.835 16 0.392 16 0.229 147S 31 428' 59 

MnF2 0.82 23.67 92.93 3.926 15 0.883 15 0.30 15 0.27 1 1129 31 393' 55 

Si02 0.40 1. 36 8 14.01 60.08 4.287 17 2.49~1 2.04~1 0.114 
t 1116~7 

1144' 108 

Ge02 0.54 16.64 104.59 6.28618 2.589 18 1.509 18 0.140 774 ' 102 

Ti02 0.605 18.80 79.90 4.25 13 2.155 19 1 . 1244 19 0.132 2103 32 782 ' 94 

$n0 2 0.690 21.56 150.69 6.990 20 2.123 20 1.01820 0.149 190332 555 ' 96 

Perovskite KMgF3 12-6-6 1. 60 0.72 1. 33 1.5 38.23 120.41 3. 1521 0.756~0 0.489~0 0.30 1 1070~7 570~9 69 

KNiF3 1.60 0.69 38.84~5 154.81 3.985 0.851~6 0.456~6 0.344 J130~7 479 ' 67 

KZnF3 1.60 0.75 40.13~5 161 . 47 4.023 0.800~6 0.392 ~6 0.334 875~ 7 438' 63 

KCoF3 1. 60 0.745 40.58~5 155.03 3.82 0.787~6 0.369~6 0.333 435 ' 61 

RbCoF3 1. 73 0.745 4 2.34 ~5 201.40 4.756 0.801~6 0.397~6 0.353 397' 65 

KMnF3 1.60 0.82 44.16 IS!. 04 3.42 22 0.649 23 0.325 23 0.298 I 032~8 418 ' 60 

RbMnF3 1. 73 0.82 45.73 197.40 4.3172~ 0.6752~ 0.3412~ 0.32 1 986~8 386 23 64 

CdTi03 1. 31 0.605 1. 40 6 32.9025 208.30 6.331 2.12 26 0.9826 0.182 590' 90 

CdSn03 1. 31 0.69 36.6527 279.09 7 . 615 1.8928 0.87 28 0.180 489' 90 

SrTi0 3 1.40 0.605 35.87 183.52 5.11629 1.744 30 J.17 3O 0.162 J910~8 691' 102 

a. Ijo ; KV '/ZcZae2 where V' ; 2M/p ; iV b. A as li' 
0 

where a ; V· I / 3; mean lattice parameter 

So calculated from r oom temperature values of the elastic constan t s. t Tm for the quartz polymorph of Ge02 



Table 5.1 (Continued) 

1. Shannon and Prewitt (1969). 
2 . Shannon and Prewitt (1970). 
3. Miller and Smith (1964). 
4. Marshall and Miller (1967). 
5. Cleavelin et al. (1972) . 
6 . Spetzler (1969). 
7 . Son and Bartels (1972). 
8 . Vetter and Bartels (1973). 
9. Wong and Schuele (1968). 

10. Gerlich (1964b) . 
11 . Wasilik and Wheat (1965). 
12. Wachtman et al . (1964) . 
13 . Robie et ~1966) . 
14 . Macedo, Capps and Wachtman (1964). 
15 . Hauss~hl (1968) . 
16. Hart and Stevenson (1970). 
17. Mizutani et al. (1972). 
18. Wang and Simmons (1973). 
19. Manghnani, Fisher and Brower (1972) . 
20 . Chang and Graham (1975). 
21. Reshchikova (1969) . 
22 . Beckman and Knox (1961). 
23. Aleksandrov, Reshchikova and Beznosikov (1966). 
24. Melcher and Bolef (1969). 
25 . Roth (1967). 
26 . Liebermann (1976) . 
27 . Smith (1960). 
28 . Liebermann (1974a). 
29. Swanson, Fuyat and Ugrinic (1954) . 
30. Bell and Rupprecht (1963). 
31. Wicks and Block (1963). 
32 . Robie and Waldbaum (1968). 
33. Weast (1972). 
34 . Briscoe and Squire (1957). 
35 . Lewis, Lehoczky and Briscoe (1967). 
36. eO calculated from elastic moduli of Anderson and Andreatch (1966). 
37. Johnston, Thrasher and Kearney (1970). 
38. Huffman and Norwood (1960) . 
39. Gerlich (1964a). 
40 . This work. 
41. Liebermann et al. (1976) . 
42. Calculated from lattice parameters 1n Wyckoff (1963). 
43 . Wu (1974). 
44 . eO calculated from elastic moduli of Aleksandrov et al. (1969) at 

173°K. 
45 . Molar volume calculated from the lattice parameter given in 

Rousseau et al. (1974). 
46 . Rousseau et al . (1974) . 
47 . Levin et ~1964). 
48 . Levin et al. (1969). 
49 . eO calculated from elastic moduli of Reshchikova (1969) at 120 o K. 
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Three important trends emerge from these data: 

(1) The relationship KV* = constant holds for fluorides and oxides in 

( 2) 

the rocksalt, fluori t e , rutile and perovskite structures. For the 

perovskite and rutile compounds, the scatter of the data points about 

the line of gradient -1 is much greater than for fluorides and oxides 

in the other structures. 

From the values of ~ = KV*jZ Z e2 in Table 5.1 we observe that the c a 

isostructural lines are scaled approximately as Z Z for the 
c a 

fluoride compounds and also for the oxide compounds. Slight vari-

ations of ~ with structure for both the fluorides and the oxides 

reflect some sensitivity of the effective charges in the Born-Mie 

interatomic potential to the details of atomic packing and co-ordina-

tion number (see also D. L. Anderson and O. L. Anderson, 1970). 

(3) The fact that the ~-values for the fluoride and oxide compounds 

within each isostructural group are not the same can be attributed 

to differences in the effective charge. If S = ZOj2Z
F 

is defined 

as the ratio of the effective unit charges of the oxides with 

respect to the fluorides (following O. L. Anderson, 1972), then 

the KV* constant lines for the fluorides and oxides of a given 

2 structure are scaled as 4S. The values of S determined by comparing 

the KV* lines for each Isostructural group in Figures 5.1 and 5.2 

are 0.80 for the rocksalt, 0.78 for the fluorite, 0.70 for the 

rutile and 0.73 for the perovskite structure. Thus the effective 

unit charge of an oxide is approximately 75 % of that of its fluoride 

analogue for all the structures considered. 

It is interesting to compare our values of S with those derived 

from the more rigorous lattice dynamical calculations . Using a shell 

model, Axe (1965) and Axe and Pettit (1966) derived values of S 0 . 73 

for the fluorite structure (CaF 2 and Th02)' Katiyar and Krishnan (1969) 
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employed a rigid ion model and concluded that S = 0 . 77 for the rutile 

structure (MgF2 and Ti02)' Recent determinations of the effective charges 

for rutile fluorides (Striefler and Barsch, 1973) and rutile oxides 

(Strief ler and Barsch, 1975) from a least squares fit over all the 

available elastic and optical data lead to values of S in the range 

0.57-0 .74. 

Since the relative effective charges do not appear to depend on 

structure for the rocksalt, fluorite, rutile and perovskite structures, 

i t should thus be possible to predict the bulk modulus of an oxide from 

the bulk modulus of a fluoride of the same crystal structure. In 

particular the bulk moduli of the corresponding fluoride-oxide pairs ~n 

the Goldschmidt modelling scheme (for which the molar volumes are 

o F 2 
comparable) are related by (K /K ) = 4S. A similar idea was suggested 

by Haussuhl (1968) in considering MgF2-Ti02 and LiF-MgO as ana logue pairs. 

A word of caution is warranted here though; even though the scaling 

fac tor 4S2 is virtually the same for all the structures considered, the 

prediction of bulk moduli is bound to be uncertain for those structures 

which exhibit large scatter about the lines of gradient (-1) in the 

log-log K-V* plot. 

From Figures 5.1 and 5.2 we can conclud e that the rutile and 

perov s kite isostructural groups do not fit the KV * = constant systematics 

as well as we suggested previously (Jones and Liebermann, 1974). For 

the perovskites, this may be due to the fact that the lattice potential 

energy involves two types of cation-anion interaction, each characterised 

by its own repulsive potential . The requirement that the bracketed term 

in equation (5.2) be a slowly varying function of ro (Anderson, 1972) 

might not be satisfied and deviation from the systematics would occur. 

For the rutile-structure oxides, a rigid ion model with central 

forces only is not satisfactory, and the effects of bond bending must 
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be incorporated into the model (Striefler and Barsch, 1975). Striefler 

and Barsch's theoretical values of the bulk modulus agree very well with 

the experimental values for Ge02, Ti02 and Sn02, and their model predict s 

reasonable values for the pressure derivatives of the elastic moduli. 

We can thus assume th.at it provides a reasonable explanation for the 

deviations of the rutile oxides on a log-log K-V plot. In general, the 

deviations from the predicted systematics result from the non-applicability 

of a simple model rather than from experimental uncertainties. Stishovite 

(rutile Si02) is an exception to this in that a wide range of experimental 

values of bulk modulus have been reported. Ultrasonically-determined 

values for polycrystalline samples range from 3.46 Mbar (Mizutani et al., 

1972) to 2.49 Mbar, the value used here (Liebermann et al., 1976) while 

Striefler and Barsch (1976) predict a value of 3.145 Mbar on the basis of 

their lattice dynamical calculations. 

The rigid ion model has also been applied to the rutile fluorides 

(Striefler and Barsch, 1973), although the predicted and experimental 

values of bulk modulus are not in such good agreement in this case . In 

particular the model predicts that KS should decrease monotonically with 

i ncreasing molar volume for the sequence of fluorides MgF2' NiF2' CoF2 

and MnF2 which is not observed (see Figure 5.1) . It is possible that 

t he effects of bond bending may also be important in the rutile fluorides. 

Another complication is introduced for the rutile and perovskite fluorides 

containing transition metal ions, since these compounds undergo magnetic 

transitions at low temperatures (e . g., Aleksandrov et al ., 1966; Melcher 

and Bolef, 1969; Melcher, 1970). The "non-magnetic" compounds MgFL and 

KMgF2 have very simi lar values of ~ to those of the rocksalt and fluorite 

fluorides. Despite these discrepancies, our earlier discussion demonstra­

t ed that the relative effective charge of the oxides with respect to the 

fluorides appears to be virtually independent of structure, co-ordination 

number and details of the atomic interactions. 



Another aspect of bulk modulus-volume systematics is given by 

O. L. Anderson and Nafe (1965) (see also O. L. Anderson and Soga, 1967) 

who proposed that oxides and silicates of common mean atomic weight 

M = 20-21 would be characterized by the relationship KV*4 = constant. 

In Figure 5.1, the bulk moduli of compounds with M = 20-2 1 (Si02, MgF 2' 

MgO, NaF) are indeed scaled as the inverse fourth power of the volume; 

t his is an important result since this group of compounds contains both 

oxides and fluorides of different crystal structures. For other values 

of M the K~V*-4 scaling is not as evident . However, for the rocksalt 

s tructure pairs MgO-NaF (M = 20- 21), CaO-KF (M = 28-29), and SrO-RbF 

(M = 52) this relationship holds very well as indicated in Table 5.2; 

the members of each pair have comparable M since they are composed of 

adj acent elements in the Periodic Table which are very close in atomic 

weight. This alternative modelling scheme, on the basis of common M 

rather than ionic radii, is implicit in the approach of Son and Bartels 

(19 72) who chose their pairs on the basis of the same closed shell ion 

core configuration. 

5 .3 Shear modulus-volume systematics 

There is no simple theoretical basis for shear modulus-volume 

sys tematics as there is for the bulk modulus, which can be described in 

terms of thermodynamic variables. Davies (1975) has demonstrated that 

t he empirical relationship ~Vn = constant holds for the alkali halides, 

r ocksalt oxides and fluorite fluorides, where n is a constant 

approximately equal to 4/3. According to Davies, oxides in the rutile 

and corundum structures are also consistent with this relationship. 

In Figure 5.3 we have plotted shear modulus, ~, versus volume on 
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a log-log plot for oxides and fluorides in the rocksalt, fluorite, rutile 

and perovskite structures. In addition to the features pointed out by 

Davies we can make some further comments on Figure 5.3 in the framework 



Table 5 . 2: KV*4 Systematics for Rocksalt Fluorides and Oxides 

Compound M KV*4 

LiF 13.0 0 . 06 

MgO 20.2 0.26 
NaF 21. 0 0.24 

CaO 28.0 0 . 90 
KF 29 . 1 0 . 90 

SrO 51. 8 1. 61 
RbF 52.2 1. 53 

BaO 76 . 7 2.62 
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Figure 5 . 3: Log-log plot of s hear modulus (~) versus molar volume per 

ion pair (2M/p) for oxides and fluorides i n the rocksalt, fluorit e , 

r utile and perovskite structures . The data of Table 5 .1 for a 

particular structure are plotted in order of increasing molar volume. 

The dashed lines of gradient -4/3 represent the relationship 

~V4/3 = constant. 
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of th e fluoride- oxid e modelling scheme : (1) the perovski t e fluorides follow 

a well defined trend which is steeper than the lines of gradient -4/3, 

while the perovskite oxide data is too scattered to be conclusive. The 

rutile fluorides describe a much steeper trend than their oxide counter­

parts which are consistent with ~V*4/3 = constant. (2) Following an 

analogous procedure to that used in 5.2 for the bulk modulus-volume 

sys tematics, we can evaluate the relative effective charges from the 

bes t fitting lines for a particular structure, assuming that the V*-4/3 

dependence is valid . Values of S are 0.88, 0.75, 0.81 and 0.72, 

respectively, for the rocksalt, fluorite, rutile and perovskite structures. 

For the fluorite and perovskite structures, these values of S are very 

close to those determined from the bulk modulus-volume systematics. 

This correspondence does not hold as well for the rocksalt and rutile 

structures for which the values of S derived from ~-V systematics are 

higher than those determined from K-V systematics. The larger spread in 

these values of S is reflected in Figure 5.3 where the oxides tend to 

clust er much more closely along a single trend than do the fluorides. 

The uncertainties in slope and relative effective charge are larger for 

the shear modulus systematics than for the bulk modulus systematics. 

Since the values of S do appear to be structure sensitive, it 

seems better to rely on isostructural trends within an isochemical 

group for predicting shear moduli of unmeasured high pressure phases. 

For example, extrapolation along a line of gradient -4/3 through the 

perovskite oxide data leads to a shear modulus of 1.7 Mbar for the high 

pressure perovskite phase of MgSi0 3 (V* = 9.84 cm3 , Liu, 1975). 

Liebermann (1976) obtained a value of 2.8 Mbar for the bulk modulus of 

MgSi0 3 - perovskite through application of the K-V systematics described 

in 5.1. These results indicate the value of systematics in elastic 

moduli in characterising the elasticity of unknown phases . 

An uncertainty implicit in Figure 5 . 3 relates to the problem of 
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calculating the elastic moduli of polycrystalline aggregates from the 

sing le crystal elas ti c moduli . Values of the isotropic bulk and shear 

modu li in Table 5.1 were calculat ed by the Voigt-Reuss-Hill (VRH) averaging 

scheme (Hill, 1952) for which the uncertainties measured by the difference 

between the Voigt and Reuss bounds can be quite large, particu larly for 

high ly anisotropic materials (e.g., rutiles) . However, in general it is 

found that the arithmetic average (VRH average) of the upper and lower 

bounds is a fair approximation (e . g . , Meister and Peselnick, 1965, for 

tetragonal crystals). 

In view of the fact that ~ is a complicated average of single 

crystal elastic moduli, it is perhaps surprising that the shear modulus 

exhibits any systematic behaviour at all . On a very qualitative level, 

the shear modulus-volume systematics for the rocksalt structure can be 

unders tood in terms of calculations of the elastic moduli from a central 

force model (e.g., O.L. Anderson and Liebermann, 1970). For the cubic 

structure, ~ is a function of c ' and c44 which for the rocksalt structure 

are given by 

c ' Z2e2 
{An + B} 

Vo4/3 

(5.5) 

Z2e2 
0 

Vo4/3 

where n is the exponent in the repulsive term in the Born-Mie potential 

and A, Band 0 are constants. Gilman (1963) has demonstrated that c44 

-4 d' exhibits a d dependence for alkali halides, where is the interatomlc 

-4/3 d . distanc e . The V dependence of the shear mo ulus arises naturally ln 

this model . 

5 .4 (ac/aT) sys t ematics 

Following the discussion of systematics in the elastic moduli 
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for fluorides and oxides in the rocksalt , fluorite, rutile and perovskite 

structures, it is of particular interest to investigate the relationship 

of (ac/aT) to crysta llographic parameters. Table 5 . 3 presents the 

breakdown of (ac/aT)p into intrinsic and extrinsic components according 

to equation (4.5), for the alkali fluorides LiF, NaF, KF and RbF, and for 

the alkaline earth oxides MgO, CaO, SrO and BaO. We decided to investigate 

the relationships between (ac/ aT) for these compounds rather than 

1 
(a In c/aT) = /c(ac/aT) used by other authors (e.g., Bartels and Vetter, 

1972), since (ac/aT)p can be discussed ln t erms of explicit theoretical 

expressions derived by Mitskevich (1965) . 

Some important trends and relationships emerge from Table 5.3 : 

(1) In general, for the fluoride series LiF-NaF-KF-RbF, and for the 

oxide series MgO-CaO-SrO-BaO, I (ac/aT)pl decreases with increasing molar 

vol ume for the elastic moduli cII, c ' , c44, KS and~. The trends for 

(ac/aT)V are not nearly so uniform; I (aC/aT)v l decreases with increasing 

mo lar volume for the moduli c', c44, KS and ~ for the fluorides and for 

the moduli cII, c' and ~ for the oxides, but increases with increasing 

molar volume for c44 and KS for the oxides. (aCI daT)V for the series 

LiF-NaF-KF-RbF remains approximately constant. (2) The large extrinsic 

temperature dependence for the moduli, cII, KS and c' was noted previously 

for LiF, NaF and MgO in the discussion of Figures 4 . 2-4 .4. The same 

behaviour is borne out in general for the alkali fluorides and alkaline 

earth oxides in Table 5.3 . For the shear modulus, ~, the intrinsic and 

extrinsic components of the temperature dependence are approximately 

equal for both the fluorides and the oxides . (3) The "weakened model" 

concept introduced by Goldschmidt (1927) suggests that the elastic 

properties of fluorides should be more temperature sensitive than those 

of their oxide analogues . For the fluoride-oxide analogue pairs, LiF-MgO, 

NaF-CaO, KF-SrO, RbF-BaO, Table 5.3 illustrates that for the moduli cII, 

c ', c44 and KS' I (ac/aT)pl for the fluoride member of a pair is generally 



TABLE 5.3: Intrinsic and extrinsic components Of(~~) for the alkali p 
fluorides and a lkaline earth oxides at room temperature 

Intrinsic Extrinsic 

-(~~}p -(~i)v + avKr(~ ~)T (~~)T 
-1 -1 -1 (kbar .deg ) (kbar . deg ) (kbar.deg ) 

cll LiF 0 .7 49 1 0.094 0 . 655 9.97 2 
MgO 0 . 606 3 0.166 0.44 3 .8.697 3 
NaF 0.624 1 0 .1 02 0.522 1l. 56 2 
CaO 0 . 547 4 0.085 4 0.462 4 10.53 5 
KF 0.481 4,6 0.093 4,6 0.3884 ,6 12.26 7 
SrO 0.352 4 -0.065 4 0.417 4 1l.33 5 
RbF 0.433 4,6 0 .1 23 4 ,6 0.310 4,6 12.148 
BaO 0.32 9 

c' LiF 0.38 0.144 0 . 236 2.73 
MgO 0.34 0 . 145 0.195 3 . 64 
NaF 0 . 336 0.120 0.216 1 . 985 
CaO 0.266 0.115 0.148 3.4 
KF 0.26 0.094 0 . 167 5.25 
SrO 0 . 21 0.064 0.147 4.0 
RbF 0.225 0 . 099 0.126 4 . 93 
BaO 0.19 

c44 LiF 0.183 0.092 0.091 1. 38 
MgO 0 . 103 0.048 0.055 1. 09 
NaF 0 . 058 0.049 0.009 0.205 
CaO 0.072 0.049 0.024 0.6 
KF 0.027 0.040 -0.013 -0.43 
SrO 0 . 057 0 . 062 -0.005 -0.2 
RbF 0 . 017 0 . 034 -0.017 -0.7 
BaO 0.16 

KS LiF 0.242 -0 . 098 0.340 5.14 
MgO 0.153 -0.042 0.195 3.85 
NaF 0.177 -0.058 0 . 235 5.18 
CaO 0.192 -0.069 0 . 262 6.0 
KF 0.134 -0.032 0 .1 66 5 . 26 
SrO 0.07 -0.15 0.22 6.0 
RbF 0 .1 34 -0.008 0.143 5.57 
BaO 0.07 

).J LiF 0.316 0.169 0.147 2.24 
MgO 0.230 0 . 107 0 .1 23 2 . 44 
NaF 0.153 0.116 0.037 0.814 
CaO 0.150 0 . 075 0.075 1. 70 
KF 0.094 0 . 061 0 . 033 1.043 
SrO 0 .11 9 0.070 0.049 1. 32 
RbF 0.074 0.057 0 . 017 0.668 
BaO 0.166 



TABLE 5.3 (Continued) 

l. This work 

2 . Miller and Smith (1964) 

3. Spetzler (1969 ) 

4 . Bartels and Vetter (1972) 

5. Son and Bartels (1972) 

6 . Haussuhl (1960) 

7. Roberts and Smith (l970a) 

8 . Roberts and Smith (l970b) 

9 . Vetter and Bartels (1973) 



larger than t hat for the oxide. However, the (3c/3T)p for a particular 

analogue pair are not as dissimilar as one would expect from other 

evidence of t he "weakened mode l" concept, e . g . , t he ratio of the bulk 
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moduli (Jones and Liebermann, 1974) . (4) An alternative modelling scheme 

(Son and Bartels , 1972) based on the same closed shell ion core configur­

ation would pair MgO-NaF , CaO-KF and SrO-RbF; (3c/3T)p for a pair chosen 

on this basis are more comparable but not demonstrably more systematic 

than for pairs with similar ionic radii . A modelling scheme based on 

ionic radii considerations has more theoretical appeal since properties 

dependent on geometrical configuration such as the relative effect of 

nearest neighbour and next nearest neighbour interactions ought to be 

simi lar for the members of an analogue pair. 

In Table 5 . 4 we present the intrinsic and extrinsic components 

of (3c/3T)p for the alkaline earth fluorides CaF2, SrF2 and BaF2' 

Temperature derivatives of the single crystal elastic moduli are not 

avai lable for their oxide analogues, Th02 and U02' However we can note 

some features of the dependence of (3c/3T) on crystallographic parameters 

for the fluorides alone. (1) For the fluoride series CaF2-SrF2-BaF2, 

I (3C/3T)pl decreases with increasing molar volume for all the elastic 

moduli. The (3c/3T)v data do not exhibit systematic behaviour except for 

the modulus c ' , for which I (3C/3T)v l decreases with increasing molar 

vol ume . (2) The large extrinsic temperature dependence for the moduli 

cI I and KS was noted previously in the discussion of Figures 4.5 , 4.6 

and 4.7. For the single crystal (c ' and c44) and isotropic (~) shear 

moduli, the intrinsic temperature dependence comprises at least half of 

the total temperature dependence. (3) For the fluorite structure, the 

value of I (3CII/3T)pl is very much lower than for the rocksalt structure. 

I (3c ' /3T)pl and I (3C44/3T)pl are comparable in value for the fluorites in 

Contrast to t he rocksalt structure where I (3C ' /3T)pl is much larger than 

I (dcLf4/3T) pl. For the two structures, the values of 1(3c44/3T) pi are similar. 



TABLE 5.4: Intrinsic and extrinsic components Of(~~)p for the alkaline 

earth fluorides at room t emperature 

Intrinsic Extrinsic 

-(~~\ -G~)v 1 cc) +CtvKr aP T G~\ 
-1 (kbar . deg ) -1 (kbar.deg ) -1 (kbar . deg ) 

cll CaF2 0.346 2 0 . 0461 0.300 6.05 3 
SrF 2 0 . 236 2 0 . 0630 0 .1 73 5.254 
BaF 2 0.212 2 0.0452 0 .167 4 . 82 3 

c' CaF2 0.1108 0 . 0686 0.042 0.852 
SrF2 0 . 0573 0.0453 0 . 012 0.365 
BaF 2 0 . 0376 0 . 0437 -0.006 -0.177 

c44 CaF2 0 .1 212 0.0563 0.0649 1. 31 
SrF2 0 . 0925 0.0574 0.0351 1. 07 
BaF2 0.0761 0.0492 0.0269 0.777 

KS CaF2 0 .1 98 -0 . 0454 0 . 243 4 . 92 
SrF2 0 .1 59 0.002 0.157 4.76 
BaF2 0 .1 56 - 0 . 0191 0.175 5 . 05 

CaF2 0 .11 8 0 . 058 0.060 1. 218 
SrF2 0.084 0.058 0 . 026 0.795 
BaF 2 0 . 061 0 . 047 0.014 0 . 39 

1. Sirdeshmukh and Oeshpande (1964) 

2. This work 

3 . Wong and Schuele (1968) 

4 . Alterovitz and Gerlich (1970) 
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The intrinsic and extrinsic temperature dependence for the rutile­

structure compounds are given in Tables 5.5 and 5.6. Several important 

features emerge from Tables 5.6 and 5.7. (1) The trend that was obs erved 

for the rocksalt and fluorite structures for I (ac/aT)pl to decrease with 

increasing molar volume is evident here for neither the rutile fluorides 

nor oxides; in particular, the values of (ac/aT)p for Ti02 seem 

anomalously high in comparison with Ge02 and Sn02. (2) For the rutile 

fluorides , the extrinsic temperature effect is dominant for the moduli 

cII, c12, cl3 and KS. The intrinsic component dominates the temperature 

dependence for the shear moduli, cGG and ~S . In general the temperature 

dependence of the rutile oxides is characterized by similar contributions 

from the intrinsic and extrinsic components; however, the dominant 

component is extrinsic for the moduli cII , c12, c13 and KS' and intrinsic 

for the shear moduli c44, c66 and ~S. (3) As was stated earlier, an 

underlying concept of the fluoride-oxide modelling scheme was that the 

physical properties of the fluorides should be more temperature sensitive. 

From Tables 5.5 and 5.6, we can see that I (ac/aT)pl for the fluorides is 

in general much lower than the corresponding I (ac/aT)pl for the oxides. 

An exception to this is Sn02 for which all the (ac/aT)p are very comparable 

with those for the fluorides. The major cause of this difference is the 

fac t that the intrinsic temperature dependence for the rutile oxides is 

much larger than for the fluorides. (4) The temperature behaviour of 

MgF2 does however reflect that of Ti02 in that the ratio of (ac/aT)p for 

Ti0 2 relative to MgF2 lies between 2 .5 and 3 for all modes except c13· 

Similar ratios for other fluoride-oxide pairs do not exhibit such 

constancy . 

In Table 5.7, we have listed the intrinsic and extrinsic components 

of the (ac/aT)p for the perovskites KMgF3 and SrTi03. The comparisons 

must be viewed as being rather tentative since the value of aV is only 

an estimate for KMgF3 (see Footnote, p. 29) . However some comments can 



Table 5 . 5 : Intrinsic and extrinsic components of ( ~~)p for the rutile 

fl uorides at room t emEerature 

int rinsic extrinsic 

- ( ~~ ) p - ( ~~ )v 1 CC) +avKr ap T (~~ )T 
-1 (kbar . deg ) -1 (kbar.deg ) -1 (kbar . deg ) 

Cll MgF 2 0.192 2 0.0107 0.181 4 . 83 
NiF2 0 . 164 0.037 0.123 4.4 5 

MnF2 0 . 216 6 

C33 MgF2 0.322 0 . 110 0.212 5.6 
NiF2 0 . 32 0.166 0 . 154 5.5 
MnF2 0 . 374 

C12 MgF2 0 . 194 -0 . 0366 0 . 231 6.1 
NiF2 0.24 -0.009 0 . 249 8 . 9 
MnF 2 0 . 220 

Cl3 MgF 2 0 . 086 -0.0574 0 . 143 3 . 8 
NiF2 0.11 0 . 048 0.062 2 . 2 
MnF 2 0 . 163 

C4 4 MgF 2 0.0745 0 . 0443 0 . 119 0 . 8 
NiF2 0.02 0 . 010 0.009 0 . 33 
MnF 2 0.069 

C66 MgF2 0 . 277 0.160 0.117 3.1 
NiF2 0 . 26 0.176 0.084 3.0 
MnF 2 0 . 264 

KS MgF 2 0 . 160 -0.0213 0.181 4 . 8 
NiF2 0 . 18 0 . 046 0.134 4 . 8 
MnF2 0 . 209 

)J MgF2 0 . 079 0 . 059 0 . 020 0 . 6 
NiF2 0 . 028 0 . 045 -0.017 -0.6 
MnF2 0 . 065 

1. a for MgF 2 taken from Bailey et a1 . (1975) v 
a for NiF 2 taken from RaO (1973) . v 

2 . This work . 

3 . Davies (1976) . 

4. Wu (1974) . 

5 . Jamieson and Wu (1974) . 

6 . Haussuh1 (1968) . 



Tab l e 5 . 6 : Intr i ns i c and extr i nsic component s ( dC ) . of aT p fo r the rutlle 

oxides at room t emperature 

int rins i c extr i nsic 

- ( ;~ )p - (~~)v 1 (de ) +CLvKT ap T ( ~~)T 
-1 (kbar . deg ) 

- 1 (kbar. deg ) -1 (kbar . deg ) 

Cll Ge02 0 . 42 2 0 . 187 0 . 233 6 . 65 2 

Ti0 2 0 . 513 0 . 184 3 0 . 326 3 6-. 47 3 

Sn0 2 0 . 20 4 0 . 084 0 .11 6 5 . 25 4 

C33 Ge02 0 . 38 0 .1 48 0 . 232 6 . 63 
Ti 0 2 0 . 90 0 . 484 0 . 416 8 . 34 
Sn02 0 . 37 0 . 236 0 .1 34 6 .1 0 

C12 Ge02 0 . 46 0 . 178 0.282 8 . 05 
Ti02 0 . 58 0 .1 23 0.457 9 . 10 
Sn02 0 . 21 0 . 062 0 . 148 6 . 73 

Cl3 Ge02 0 . 23 0 . 087 0 . 143 4 . 10 
Ti02 0 . 33 0 . 077 0.253 5 . 02 
Sn02 0 . 132 0 . 030 0 .102 4 . 65 

C44 Ge02 0 . 15 0 . 088 0 . 062 1. 78 
Ti02 0 . 22 0 . 168 0 . 052 1.10 
Sn02 0 . 059 0 . 04 0 . 019 0 . 889 

C66 Ge02 0 . 38 0 . 237 0 . 143 4 . 10 
Ti02 0 . 78 0 . 457 0.323 6 . 43 
Sn02 0 . 256 0 . 187 0 . 069 3 .1 8 

KS Ge02 0 . 36 0 . 145 0 . 216 6 . 15 
Ti02 0 . 41 0 . 067 0.343 6 . 80 
Sn02 0 .19 0 . 077 0 .11 3 5 . 13 

J1 Ge02 0 . 12 0 . 077 0 . 043 1. 22 
Ti02 0.27 0 . 226 0 . 044 0 . 78 
Sn02 0 . 067 0 . 054 0 . 013 0 . 61 

1. CL for Ge02 and Sn02 t aken from RaO (1973) . 
v 

2. Wang and Sinunon s (1973) . 

3. Manghnani et a!. (1 972) . 

4. Chang and Graham (1 975) . 



TABLE 5 . 7 : Intrinsic and extrinsic components of (~~)p for the perovskites 

KMgF3 and SrTi03 at room temperature 

Intrinsic Extrinsi c 

-(~i) p - ( ~~)v 1 cc) +o.v KS aP T n~)T 
-1 (kbar . deg ) -1 (kbar . deg ) -1 (kbar . deg ) 

c ll KMgF3 0.509 2 0 . 255 0 . 254 8.93 2 

RbMnF 3 0.44 5 

SrTi03 0.867 3 0 . 378 0 . 489 10.21 4 

c ' KMgF3 0 . 251 0.168 0 . 083 2.94 
RbMnF 3 0.217 
SrTi03 0.367 0 . 207 0.160 3.35 

c44 KMgF3 0 . 085 0.048 0 . 0372 1. 31 
RbMnF 3 0.028 
SrTi0 3 0 . 161 0.102 0.059 1. 24 

KS KMgF 3 0 . 174 0.032 0.142 5.01 
RbMnF 3 0 . 151 
SrTi0 3 0 . 377 0 . 102 0.275 5.74 

]..1 KM gF3 0 . 159 0 . 104 0.055 1. 93 
RbMnF 3 0.095 
SrTi0 3 0 . 295 0 . 154 0.141 2 . 95 

1. 0. for SrTi03 taken from Lytle (1964) 
v 

0. for KMgF3 estimated in Footnote p. 29. 
v 

2. This work 

3 . Bell and Rupprecht (1963) 

4. Beattie and Samara (1971) 

5. Melcher and Bo1ef (1969) 
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still be made on the nature of the temperature dependence of the elastic 

moduli. (1) For both KMgF3 and SrTi03, the intrinsic temperature effect 

is greater than or equal to the extrinsic effect for the modes CII, c' 

and c44 . For (aKS/aT)p' the dominant effect is extrinsic, although not 

as marked as for the rocksal t and fluorite structure. (2) The values of 

(ac/aT)p for a particular mode are larger for SrTi03 than for KMgF3; 

similar behaviour was noted for (ac/aT)p for the rutile-structure 

compounds . For the fluorides KMgF3-RbMnF 3, I (ae/aT) p I decreases with 

increasing molar volume for all moduli; however more data are required 

to establish a trend. 

It is worth re-stating the most striking conclusions of the 

preceding comparisons of (ac/aT) for oxides and fluorides in the rocksalt, 

fluorite , rutile and perovskite structures . (1) Trends of decreasing 

I (ac/aT)pl with increasing molar volume are observed for the rocksalt 

and fluorite structure compounds. (2) (ac/aT)p values are very similar 

for the members of a rocksalt-structure fluoride-oxide analogue pair; 

these similarities are not exhibited by the rutile and perovskite-

structure compounds . (3) For all of the compounds considered , (Cl KS/dT) P 

is dominated by extrinsic temperature dependence; for (Cl~/ClT)p' the 

intrinsic component is greater than or equal to the extrinsic component. 

The existence of the above trends and similarities for the 

rocksalt fluorides and oxides prompted us to seek a theoretical 

exp lanation for this behaviour. From theoretical lattice dynamical 

considerations, Mitskevich (1965) deriv ed the following express ions for 

the temperature dependence of the c .. , 
1J 



(~) k 
(0.4llA

2 
+ 3.25A- 4.8) 

aT P d 3 
0 

CC 12
) 

k (0.038A2 
+ 0.46A - 4.0) = 

d 0
3 (5.6) aT p 

CC44
) 

k (-0.06A + 4.8) 
aT P do

3 

where k is Boltzmann's constant and A is the repulsive parameter in the 

Born-Mayer potential 

~ (d) 
A Z Z e 2 

m c a 
d 

B -Ad/do 
+ e (5.7) 

where do is the equilibrium value of the nearest neighbour distance d, 
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A is the Madelung constant and Z ,Z are the valences of the cation and 
m c a 

anion respectively. By invoking equilibrium conditions it is easy to 

show that 

1\ 2 + 
9Vd OK 

A Z Z e
2 

m c a 

(5 . 8) 

where V is the molecular volume. We demonstrated earlier that the 

relationship KV*/Z Z e2 
= constant holds for isostructural series of c a 

fluorides and oxides in the rocksalt, fluorite, rutile and perov~kite 

structures (also for halides, sulphides, selenides and tellurides, D. L. 

Anderson and O. L. Anderson, 1970). We have applied this result to 

equation (5 . 8) which leads to 

A = 2 + <pd (5 . 9) 

where <p is a constant for the members of an isostructural series . Hence 

from equations (5.6) and (5.9), (dc . . /aT)p should be a function of 
1.J 

nearest-neighbour distance only. 

In Figure 5.4 we have plotted on a log-log diagram, l(dc/aT)pl 

versus molar volume per ion pair for the moduli cll, c' and c44 for the 

alkali fl uorides and the alkaline earth oxides. Both the fluorides and 
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the oxides describe nearly linear and remarkably similar trends. Also 

plotted in Figure 5.4 are the theoretical curves for the alkali fluorides 

calculated from equations (5.6) and (5.9) using a ~ value of 2.63 (the 

average of the values for LiF and NaF). The agreement with the theoretical 

prediction is quite satisfactory in view of the experimental uncertainties 

in (ac/aT)p and the simplifications in the theory. Strictly, equations 

(5 .6) apply to the high temperature regime whereas we have plotted 

(ac/aT)p at 298°K in Figure 5.4. The failure of the theory to describe 

the behaviour of (aC44/aT)p versus volume for the alkali fluorides might 

result from the use of the simple Born potential which neglects next-nearest 

neighbour interactions. 

In Table 5.8, our high temperature values for (ac/aT)p for LiF 

and NaF are compared with those calculated from equations (5.6). The 

agreement is very good for NaF (except for c44) but poorer for LiF. 

Mitskevich 's (1965) derivation applied to alkali halides; however Figure 

5.4 demonstrates that (ac/aT)p for the fluorides and oxides behave in a 

similar manner. Therefore we have calculated (ac/aT)p for MgO for 

comparison with Spetzler's (1969) high temperature data as well as 

(ac/aT)p for CaO to compare with Bartels and Vetter's (1972) room 

temperature data. The values of A were calculated from equation (5.8) 

for two cases: (i) Z = Z = 2 and (ii) Z = Z = 1.6. Table 5.8 c a c a 

indicates that for case (ii) the agreement between the observed and 

calculated values of (ac/aT)p for MgO and CaO is very good (except for 

C44) whereas for case (i) the agreement is very poor. 

The concept of an effective charge governing the Coulombic 

interaction has been discussed by many authors. Son and Bartels (1972) 

pointed out that the effective charge model made the decomposition of 

the elastic properties and the repulsive parameters for the oxides appear 

more like those of the fluorides. Sirdeshmukh and Rao (1975) demonstrated 

that the use of an effective charge in the calculation of the Gruneisen 



Tabl e 5 . 8: Comparison of calculated and measured values of Cdc/dT)p for Li F, NaF, MgO and CaO~ 

d KS Z A 
( dCll) , 

( ~') ( aC4~ 
aT p aT p aT p 

(A 0) -1 (kbar) (kbar. deg. ) 

LiF 2 . 0132 2 
704 2 

1 7.17 - 0.70 -0.36 -0. 073 
(-0.67)[, ( -0. 27) (-0.22) 

NaF 2 . 3165 2 
483 4 

1 8 . 22 -0.55 -0 . 29 -0.0 48 
(-0 . 56)4 (-0 . 28) (-0.075) 

MgO 2 . 1065 3 
16 28 5 

2 5.53 -0.38 -0.19 -0.067 
1.6 7. 51 -0 . 63 -0.33 -0.064 

(-0 . 59)5 (-0.30) (-0.122) 

CaO 2 . 4055 3 ll 40 3 
2 6.26 -0.31 -0.16 -0.044 

1. 6 8.66 -0 . 54 -0.28 -0.043 
(-0.55) 6 (-0 . 27) (-0.0 72) 

1. (dc/dT)p measured at room temperature for CaO and at hi gh temperatures for LiF, NaF and MgO. 

2 . Miller and Smith (1964) 

3 . Son and Bartels (1972) 

4. This work 

5 . Spet zl er (1969) 

6. Barte ls and Vetter (1972) 

(
aKS) 
aT p 

-0. 22 

( - 0.30) 

-0.17 

(-0.19) 

- 0 . 13 

-0.1 9 

(-0 . 20) 

-0.10 

-0.16 

(-0.19) 
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parameter y for the alkaline earth oxides resulted in agreement with the 

therma l values of y . Following Anderson's (1972) discussion of bulk 

modu lu s systematics , we have shown earlier in this Chapter that a 

relative effective charge of the oxides with respect to the fluorides 
zO 

= 0 . 80 for the rocksalt 2 S =- structure made KV/Z Z e the same 
2ZF c a 

constant for all of the rocksalt fluorides and oxides. The good 

agreement between the observed and calculated values of (ac/aT)p for 

MgO and CaO for Z = Z = 1.6 supports the application of the above c a 

result to equation (5.9) where ~ is now the same constant for both the 

oxides and fluorides. Equations (5.6) and (5 . 9) demonstrate that 

of 

(ac/aT)p should be similar for the members of a fluoride-oxide analogue 

pair chosen on the basis of similar ionic radii (e.g. LiF-MgO, NaF-CaO), 

the differences arising from the fact that the nearest neighbour distances 

are not exactly equal (Table 5. 8) . 

While Mitskevich ' s (1965) th eory is limited by its very simple 

lat tice potential, particularly in the description of (aC44/aT)p' it can 

be applied in conjunction with the observed bulk modulus systematics to 

describe some of the observed trends and relationships in a semi-

quantitative manner. In particular, this theory demonstrates the 

importance of the nearest neighbour distance as a parameter controlling 

the temperature dependence of the elastic moduli. 

Following the success of our model incorporating Mitskevich's 

theory and K-V systematics for the rocksalt structure, it is of interest 

to investigate its validity for the fluorite structure. No simple 

equations such as (5.6) have been derived for this structure due to the 

complexity of evaluating the lattice sums in the potential energy . An 

added complication is introduced by the fact that the fluorite lattice 

is nOI1- c ntrosymmetric. However, the qualitative behaviour of (ac/aT)p 

as a function of nearest neighbour di stance can be illustrated in Figure 

5.5 which is a log-log plot of (ac/aT)p versus molar volume per ion pair. 
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We can see that for the modes cII, c ' and C44 the data for the series 

CaF 2-SrF2-BaF2 are monotonically decreasing with increasing volume and 

describe roughly linear trends. The th eoretical trend s calculated for 

t he rocksalt structure are drawn In for comparison. The fluorite and 

rocksalt lattices are qualitatively similar in the dependence of (dc/ dT)p 

on interionic distance. 

For the rutile and perovskite structures, there are neither obvious 

trends nor theoretical calculations to elucidate the important parameters 

controlling the temperature dependence of the elastic moduli. We 

commented previously on the absence of simple trends for the rutile 

f luorides and oxides in the discussion of Tables 5.5 and 5.6 . The 

theoretical lattice calculations of Striefler and Barsch (1973, 1974, 

1975) for the rutile structure do not include estimates of (dc/dT)p' The 

r utile lattice is complicated by the presence of second nearest neighbour 

i nteractions, anion-anion repulsion and non-central forces in general 

(including bond-bending for the oxides) . For the perovskite structure, 

t he tractability of its cubic symmetry to theoretical treatment is 

outweighed by the complication of two types of cation-anion interaction . 

Despite the absence of systematic behaviour for the temperature 

derivatives of the single crystal elastic moduli for the rutile and 

perovskite structures, it is nevertheless of interest to compare the 

t emperature derivatives of the isotropic elastic moduli, KS and ~, for 

oxides and fluorides in all four structures studied. In Figure 5.6, we 

have plotted (dKS/aT)p versus molar volume per ion pair on a log-log 

plot . We can note several features of Figure 5.6. (1) The rocksalt and 

f luorite-structure fluorides follow a monotonically decreasing trend 

with increasing molar volume, which is consistent with the earlier 

discussions involving Mitskevich's theory. The rocksalt oxides scatter 

quite widely about a simi lar trend; however, the errors for SrO and BaO 

are large (50 %) (Bartels and Vetter, 1972; Vetter and Bartels, 1973). 
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(2) Except for the rocksalts and Sn02, the oxides are characterised by 

-1 high values of (3KS/3T)p' = -0.36 to -0 .41 kbar . deg In general, 

val ues of (3KS/3T)p for the fluorides lie between -0.15 and -0.20 kbar. 

-1 
deg . 

Values of (3~/3T)p are plotted versus molar volume per ion pair 

on a log-log diagram in Figure 5.7. (1) We can note a fairly well 

defined trend for the rocksalt fluorides and oxides in which I (3~/3T)pl 

decreases with increasing molar volume. Similar behaviour occurs for 
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the fluorite-structure fluorides. The rutile-structure compounds do not 

exhibi t systematic behaviour . (2) (3~/3T)p appears to be much more 

sensi tive to volume than does (3KS/3T)p; at small molar volumes (e.g., 

LiF and MgO) , I (3~/3T) pi is larger than I (3K
S

/3T) pi, while at larger 

molar volumes the reverse is true. 

It should be pointed out here that the values of (3~/3T)p are the 

average of the values calculated for the Voigt and Reuss bounds. For the 

ruti le- structure compounds, (3KS/3T)p is determined in a similar manner . 

The validity of this approach is supported by the comparison of our 

calculated (3KS/3T)p and (3~/3T)p for MgF 2 with the measured values for 

polycrys talline samples of Bailey et al. (1975) and Rai and Manghnani 

(1976) . 

(3KS/3T)p (3~/3T)p 

-1 (kbar deg ) -1 (kbar deg ) 

0·.160 0.079 This work 

0.154 0.098 Bailey et al. (1975) 

0.160 0 . 092 A 

0.155 0.088 B Rai and Manghnani (1976) 

Thus we can perhaps expect that the values of (3K
S

/3T)p and (3~/3T)p for 

polycrysta lline aggregates should reflect any existing trends for the 

derivatives of the single crystal moduli. 

W can xamin Figure 5.6 and 5.7 in th framework of the fluoride-
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oxide modelling scheme. We concluded earlier for the rocksalt structure 

that the temperature dependence of the elastic moduli for the fluorides 

and oxides was governed by the same relationship in terms of nearest 

neighbour distance only. In this model, the simple concept of effective 

charge seemed sufficient to account for the more coval ent nature of the 

oxides; this was also true for all the structures considered in the 

discussion of K-V systematics and to a lesser extent for ~-V systematics. 

The extreme difference between (aKS/aT)p of the fluorides and oxides for 

the other three structures prompts us to look at scaling laws for (aKS/aT)p' 

analogous to the considerations for K-V systematics. We can examine values 

of (a In KS/aT)p = IlKS (aKS/aT)p' which tend to fall into two groups, one 

f or the fluorite and perovskite-structure compounds, and one for the 

r utile structure compounds. This would seem to indicate that for a 

particular structure the scaling parameter is approximately S2Z Z 
c a 

However, in the absence of any theoretical foundation, it is difficult 

to justify a predictive approach such as that discussed for the bulk 

moduli of fluorides and oxides. 

An alternative approach is to employ isostructural compounds of 

s imilar chemical composition to predict the elasticity of unmeasured 

phases. Such an approach has been used by Chang and Graham (1975) who 

plotted (aKS/ aT)p versus cationic radius for the rutile-structure oxide 

series Si02-Ge02-Ti02-Sn02 . Examination of Figures 5.6 and 5 . 7 in this 

l ight indicates that a reasonable value for (aKS/aT)p of stishovite should 

-1 be -0.38±0.1 kbar. deg This is certainly consistent with the value of 

-1 -0.35 kbar . deg for (aKS/aT)p obtained by Graham (1973) from the 

reduction of shock wave data for stishovite . A similar estimate can be 

The made for (aKS/aT)p for the perovskite-structure polymorph of MgSi0 3 . 

systematics for ( a ~/aT)p for the rutile and perovskite structures are too 

inconclusive to enable predictions to be made for stishovite and MgSi0 3-

perovskite. 
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5.5 (ac/ap) systematics 

The study of the r e lations hip of (ac/ap)T to crystallographic 

parameters has been f urthered by the discussion of Davies (1975) . Davies 

demonstrated for the alkali halides that K' = (aK/ap)T P=O is remarkably , 
constant, and that K~ '/ ~ where~' (a~/ap)T P=O decreases monotonically , 
wi th increasing cationic radius. K' does not vary systematically for the 

oxides and silicates, although a tendency of K~ '/ ~ for a particular 

structure to decrease with increasing cationic radius was noted by Davies. 

In view of the results of central force models (e.g., 0 . L. Anderson and 

L~~ermann, 1970) that account for the behaviour of (ac ' /ap)T and 

(aC44/ap)T for simple cubic lattices, Davies postulated that the trends 

he observed for K~'/~ were probably a simple, though as yet undetermined, 

function of crystal structure . 

We will now consider our new pressure data for the perovskite 

KMgF3 1n the context of the above relationships, together with the values 

of K' and K~ ' /~ for oxides and fluorides in the rutile and perovskite 

structures. In Figure 5.8 we have plotted K' and K~ ' /~ versus a mean 

lattice spacing per ion pair. For K', no systematic trend can be 

discerned except that, in general, K' is larger for the oxides than for 

the fluorides . We can at least conclude that K' should lie between 5 and 

7 for stishovite and the perovskite phase of MgSi0 3. The trend for K~ ' /~ 

for the rutile oxides is approximately linear as described by Davies. 

MgF2 lies fairly close to this trend, in contrast to NiF2 for which ~ ' is 

negative . The low values of ~ ' seem to be characteristic of the rutile 

structure (see Tables 5.5 and 5.6). Extrapolation along the rutile oxide 

trend leads to a value between 2 and 3 for K~ ' /~ for stishovite. In the 

absence of sufficient data to define a trend for the perovskites and in 

view of the fact that K~'/~ appears to decrease with increasing interionic 

distance, we can place a lower limit of 3 on K~ ' /~ for the perovskite-

structure MgSi0 3. 
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It is wise to be cautious 1n the application of the above 

sys tematics to the prediction of the pressure derivatives of the elastic 

moduli for unmeasured high pressure phases. There is as yet no theorotica l 

justification for such relationships and the extrapolated values along 

near- linear trends depend on the method of extrapolation (i .e. linear or 

power law). Within the experimental scatter; either a straight line or 

a curve can satisfactorily fit the data over the range of interionic 

distances. Thus, the estimates of K' and K~ '/ ~ for stishovite and MgSi0 3-

perovskite must be regarded as rather tentative. 

5 . 6 Oebye temperature systematics 

In Chapter 4, we pointed out that an important parameter 

controlling the temperature dependence of the elastic moduli was the 

Oebye t emperature eO ' The elastic moduli data of Table 5.1 may be used 

to calculate the elastic Oebye t emperatures from the following equation, 

which holds for isotropic solids (Oebye, 191 2) : 

where : 

1/3 
e =.b. 9pN 
o k 4nM 

v 
m 

-3 
3v = 

m 
2 1 

--3 + --3 
vs vp 

(5 .1 0) 

(5.11) 

and hand k are Planck ' s and Boltzmann ' s constants, N is Avogadro ' s 

number , and v and v the compressional and shear wave velocities. The 
p s 

values of v and v have been calculated from the single crystal elastic 
p s 

modu li c . . by the Voigt-Reuss-Hi11 averaging scheme; O. L. Anderson (1963) 
1J 

has shown that this method of calculating the elastic eO is equivalent to 

the more rigorous method of averaging the eigenfrequencies over all 

possib le norma l modes and directions of the crystal. Wherever possible, 

the Oebye temp eratures given in Table 5 .1 have been calculated using the 

e lastic constant data near OaK; in the other cases , room temperature 

elas tic data were employed so that the values of 8
0 

will be underestimated. 
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In Table 5.9 we also list the ratios of the Oebye temperatures for the 

corresponding fluorides and oxides. With the exception of the pairs 

containing BaO and Th02 , t he 80 of the fluorides are 65-80% of those for 

their oxide analogues . 

Gmelin (1970) proposed a systematic relationship between the 

Oebye temperature and certain crystallographic parameters: 

8 = A 
o aMl/2 (5 . 12) 

where a = V*1/3 is a mean lattice parameter, A is an empirical constant, 

and M is the mean atomic weight. In Table 5.1 we list the values of 

- 1/2 A = a8 0M for the compounds under discussion. For each of the fluoride 

and oxide isostructural groups, the values of this product are approxi-

mately constant, especially for the rocksalt structure . Some of the 

scatter in this product for the other structures may be attributable to 

the necessity of using room temperature elastic constant data to 

calculate 8
0

, For the corresponding pairs of fluorides and oxides, the 

Oebye temperatures should thus be related by: 

(5 . 13) 

where (AF/AO) % 0.6 . We might expect from this relationship that the 

Oebye temperatures of a particular analogue pair could be very similar, 

depending on the relative mean atomic weights . For LiF-MgO, for instance, 

MP/MF = 1.55 so that (5 . 13) predicts 8~/8~ = 0 . 75 compared to 0.77 in 

Table 5 . 9. Thus for some analogue pairs, the fluoride might not be 

expected to exhibit high temperature elastic behaviour at substantially 

lower temperatures than the oxide. 



Table 5 . 9: Ratios of Melting (Tm) and Oebye (8
0

) Temperatures for 

Oxide-Fluoride Analogue Pairs 

Pair TF/TO F 0 
8

0
/8

0 m m 

LiF-MgO 0 . 36 0 . 77 

NaF-CaO 0.44 0.73 

KF-SrO 0 . 42 0.72 

RbF-BaO 0 . 46 0.76 

KF-BaO 0.49 l.12 

CaF 2 -Th02 0.48 l. 21 

MgF 2-Ti02 0.73 0.79 

MnF 2 - Sn02 0 . 59 0.72 

KMgF3-SrTi03 0 . 56 0 . 79 
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Goldschmidt ' s modelling scheme based on crystal chemical 

considerations is the origin of both the germanate-silicate and fluoride­

oxide analogue concepts . The success of the germanate modelling scheme 

in predicting the high pressure phases of silicates and in examining their 

e lasticity prompted investigation of the fluoride-oxide modelling scheme 

in the context of high temperature elasticity . There were two aspects 

to .our approach. The first involved examination of the temperature 

dependence of the elastic moduli in the framework of equations of state 

to determine whether the fluorides exhibited "high temperature" elastic 

behaviour at lower absolute temperatures than the oxides. This would 

enable evaluation of high temperature derivatives at accessible laboratory 

temperatures, using fluoride models. Our second aim was to determine the 

relationship between the temperature derivatives of the elastic moduli 

for the fluorides and oxides, with a view to predicting the high temper­

ature elastic behaviour of the oxides. 

The scarcity of data and the dubious quality of some of the 

existing data made the above comparisons impossible. We therefore 

developed the capacity to measure the elastic moduli as a function of 

temperature, using the precise pulse superposition technique, for single 

crystal fluorides crystallising in the rocksalt, fluorite, rutile and 

perovskite structures . Our new data are in good agreement with data 

from other investigators at room temperature and are demonstrably 

superior to existing high temperature data. Evaluation of our data in 

the context of high temperature equations of state and systematics 1n 

the elastic moduli and their pressure and temperature derivatives lead 

to the following conclusions. 
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6.2 High temperature elasticity 

Classical lattice dynamic theories predict that the elastic 

moduli should exhibit a l inearly decreasing dependence on temperature 

for temperatures greater than the Oebye temperature, 80 , These theories 

are couched in terms of volume and temperature as the independent 

variables so that the prediction of high temperature linearity applies 

strictly to constant volume rather than constant pressure space. 

Examination of our new high temperature data demonstrates: 

(1) The fluorides do not appear to exhibit "high temperature" 

elastic behaviour at substantially lower absolute temperatures than do 

the oxides . This was illustrated for the fluoride-oxide analogue pairs, 

LiF-MgO and MgF 2-Ti02. This result is not inconsistent with the 

relative magnitude of the Oebye temperatures . 

(2) In the experimental temperature range, the c-T data at 

constant pressure (1 bar) continue to exhibit curvature, rather than the 

predicted linearity. For CaF2, SrF2, BaF2 and MgF 2, the deviation from 

linearity is consistent with the experimental variables being P and T, and 

can be largely eliminated by the correction to constant volume . However, 

for the c ' and c44 modes for LiF and NaF, the curvature is in the 

opposite sense, and correction to constant volume merely accentuates the 

deviation from linearity. This demonstrated concave upward curvature in 

the c-T plot must have important implications for lattice dynamical 

theories . 

6.3 Systematics in elastic moduli and their pressure and temperature 
derivatives 

Our new data were combined with data from the literature in order 

to examine established and postulated elasticity systematics in terms of 

the fluoride-oxide modelling scheme. 



(1) Fluorides are excellent models for the oxides using bulk 

modulus-volume systematics. A uniform relative effective charge of 

74 

S = 0 . 75 of the f l uorides with respect to the oxides for all of the 

structures considered permits the prediction of the bulk modulus of an 

oxide from that of its fluoride analogue . The data for the more Gomplex 

rutile and perovskite structures do not fit the KV = constant systematics 

quite as well as the data for the rocksalt and fluorite structures. 

(2) A systematic trend of ~v*4/3 = constant is evident in a 

shear modulus-volume plot , although there is no theoretical foundation 

for such a trend. An analogous evaluation of the relative effective 

charge leads to values of S which are more structure sensitive, thus 

disallowing the fluoride-oxide predictive approach for shear moduli. 

Consideration of the isostructural trends for the oxides leads to a value 

of ~ of 1.7 Mbar for the perovskite-structure polymorph of MgSi0 3 . 

(3) Several very interesting features emerge from the examination 

of the temperature derivatives of the elastic moduli for the fluorides 

and oxides. (a) The rocksalt fluorides and oxides and the fluorite 

fluorides exhibit trends of decreasing I (8c/8T)pl with increasing molar 

volume; such trends are not in evidence for the rutile-structure compounds. 

(b) The values of (8c/8T)p are very similar for the members of a rocksalt 

fluoride-oxide analogue pair; analogue pairs for the other structures do 

not exhibit such similarity. (c) For all the structures considered, 

(8KS/8T)p is dominated by extrinsic temperature dependence; in some cases 

e.g., the alkali fluorides, KS actually increases very slowly with 

temperature at constant volume . In contrast, for (8~/8T)p' the intrinsic 

component is at least as important as the extrinsic component . The above 

result leads us to speculate that static lattice models which describe 

the effect of volume change on the elastic moduli might provide reasonable 

values for (8KS/8T)p. 
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A simple model incorporating Mitskevich ' s theory with K-V systemat-

ics was employed to explain the observed behaviour for C3c/3T)p for the 

rocksalt fluorides and oxides in terms of nearest-neighbour distance olily . 

The values of C3KS/3T)p and C3~/3T)p were plotted versus mola~ volume for 

all the structures considered. As expected from our mode l, the rocksalt 

fluorides and oxides and fluorite fluorides exhibited systematic trends 

in these plots. In general, and excluding the rocksalt structure, values 

of I C3KS/3T)pl are very much higher for the oxides than for the fluorides 

and appear to be scaled" as S2Z Z e2
. Using an isostructural, isochemical c a 

-1 predictive approach, values of C3K
S

/3T)p = O.38±O.1 kbar . deg were 

estimated for both stishovite and the perovskite-phase of MgSi0 3 . 

6 .4 Final conclusions on the fluoride-oxide modelling scheme 

The fluoride-oxide modelling scheme centred on the structural 

correspondences between fluoride-oxide analogue pairs with similar ionic 

radii . The "weakened model" concept suggested that the difference in 

physical properties could be attributed to the fact that the valence 

charges of the fluorides were half those for the oxides . This model was 

shown to give a good representation of the bulk moduli of the fluorides 

relative to those of the oxides, although an effective charge was invoked 

to account for the partial covalency of the oxides. The shear moduli of 

fluorides and oxides also appear to be related in an analogous manner . 

The similarity in the temperature derivatives of the elastic 

moduli for fluoride-oxide analogue pairs in the rocksalt structure can 

be explained in terms of a simple model where the interionic distance is 

the only parameter . Here again, the simple concept of an effective 

charge is sufficient to account for the more covalent nature of the 

oxides. However, for the fluorite, rutile and perovskite structures, 

such similarities in the values of C3c/3T)p for a fluoride-oxide analogue 

pair do not appear. It must be assumed for these structures that the 
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higher degree of covalency for the oxides plays a much more important 

role in det ermining (ac/aT)p. In the absence of a theoretical basis for 

these differences in (ac/aT)p for the fluorides and oxides, it is wi~or 

to examine isostructural, isochemical relationships for predicting the 

elasticity of unmeasured phases. 

As a predictive tool for the high temperature elasticity of the 

oxides, the fluoride-oxide analogue scheme is limited. Only for the 

rocksalt structure ' can we estimate values of (ac/aT)p for the oxides from 

those of the fluorides. In addition, we have shown that the fluorides do 

not exhibit high temperature elastic behaviour at significantly lower 

absolute t emperatures than their oxide analogues . However, in the 

absence of good single crystals of oxides and silicates, measurement of 

fluoride structural analogues does provide information on the relationship 

of elasticity to crystallographic parameters for a particular structure . 

The study of simple ionic compounds in which the forces are fairly well 

understood is a particularly useful one in increasing our understanding 

of the behaviour of solids as a function of temperature and pressure. 

The value of our results for the temperature dependence of the elastic 

moduli lies in the fact that we have measured structural analogues of 

important mantle phases. 

The limited success of the fluoride-oxide modelling scheme prompts 

suggestions for the direction of future research: (1) The study of 

analogue compounds isostructural and isochemical with high pressure 

phases, to avoid difficulties raised in the fluoride-oxide modelling 

scheme by the difference in bonding type. (2) Development of the 

theoretical basis for systematics in the pressure and temperature 

derivatives of the elastic moduli. In particular, the modified rigid 

ion models of Striefler and Barsch (1973, 1974, 1975) might be extended 

to provide theoretical estimates of (ac/aT)p. (3) Development of 
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experimental techniques to measure the elasticity of high pressure phases 

of analogue compounds in situ after synthesis as a function of pressure 

and temperature. A further possibility is the extension of the temperature 

range of measurement of the elastic moduli at constant pressure by the 

use of improved bonding techniques. 
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APPENDIX A 

CALCULATION OF CRYSTAL MISORIENTATION EFFECTS 

The relationship between the misoriented axes and the crystallo-

graphic axes is illustrated in Figure A.l, where, following Waterman 

(1959), {y.} are the pure mode axes and {x.} are the misoriented axes. 
1 1 

The polar misorientation angle 8 together with the angle ~ are given in 

Table A. l for the propagation directions of interest for each crystal. 

Waterman has derived expressions for the fractional change in 

velocity, (~v/v), arising from the misorientation, in terms of the 

angles 8 and~. We have used these expressions directly in calculating 

the relative change in the elastic moduli, c, for crystals with cubic 

and tetragonal symmetry. 

The effect of crystal misorientation on the temperature derivatives 
. 

of the elastic moduli, c, can be calculated as follows: 

~c c-co 
---- = 

c c 

a 2 a --(p(v + ~v) ) - -­aT aT 
a 2 
aT(P(v + ~v) ) 

2 (pv ) 

2 Neglecting terms of order (~v) , equation (A.l) becomes 

a 2 2 
~c 

aT [pv + 2pv~v - pv ] 
= a 2 c aT (p (v + ~v) ) 

2pv2 ~(~v) a 2 
aT v 

2(e
v

) 
aT 

(pv ) 
= + a 2 

a 2 aT (p (v + ~v) ) 
n(p + ~v) ) 

. 
2c a 
-- aT 
c 

(A . 1) 

(A.2) 

Waterman ' s equations for (~v/v) can then be differentiated with respect 

to T to evaluate ~T (~~) in (A.2) . 
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Figure A.I: Relationship between the misoriented axes and the 

crystallographic axes for crystals of cubic and tetragonal symmetry . 



TAB LE A.1: Misorientation ang1es t for each of the seven crystals studied 

Compound Direction e <P 

LiF [001 ] 0 . 30 45 0 

[1l0] 0.3 0 0 

NaF [001] 0 . 30 45 0 

[1l 0] 0.3 0 60 0 

CaF 2 [001] 1. SO 45 0 

[ 1l0] 1. SO 0 

SrF2 [001] 1. 30 45 0 

[ 1l0] 0.5 0 0 

BaF 2 [llO] 3 . 50 70 0 

[ Ill] 0 . 30 45 0 

MgF2 [100] 1. 00 56 0 

[ 1l0] 0 . 70 90 0 

[001] 0 . 70 45 0 

45 0 to [001] 0 . 30 

and [010] 

KMgF3 [110] 0.5 0 33 0 

t e and <p are defined in Figure A.1 



APPENDIX B 

CALIBRATION OF THERMOCOUPLES 

The melting point of gold and the boiling point of water were 

used as calibration points for the platinum-platinum 10% rhodium 

thermocouples. The initial and final calibration of thermocouple 1 

79 

were made against the gold melting point; thermocouple 2 was calibrated 

with thermocouple 1 as a reference. Thermocouple 2 was used for the 

measurements for SrF2 and BaF2 and thermocouple 1 for the remainder of the 

crystals. 

The calibration at the melting point of gold involved placement 

of two adjacent thermocouples in a furnace: one, the uncalibrated 

thermocouple and one, a thermocouple with a gold wire completing the 

junction. As the assembly was heated slowly through the gold melting 

point, evidence of melting was provided by the levelling out of the 

"gold" tnermocouple temperature (see Figures B.l and B. 2). This tempera­

ture was taken to be 1064.4°C (Weast, 1972) and the corresponding 

temperature as measured by the unknown thermocouple was noted. Thermo­

couple 1 was estimated to be correct to within 2°C. Subsequent calibration 

indicated that thermocouples 1 and 2 agreed almost exactly with each other. 

Figures B.l and B.2 illustrate that thermocouple 1 was not contaminated 

during the experimental runs. 

Both thermocouples were calibrated against the boiling point of 

distilled water and were found to be correct to within 1°C. The baro­

metric pressure was taken into account in estimating the corrected 

boiling point of water according to the tabulations in Weast (1972) . 



1070 

u 
0 

(J) 
L.. 

::> 1050 -0 
L.. 

(J) 

Q. 
E 
(J) .-

1030 

o unknown 

• thermocouple 

with Au wire 

1062-5 00 

o 

- - - - - - - - - - - - - - - - - - 00 
00 ••••• 

0 .· 
0 . 

o 

o 

o • 

5 

o • 

0· 
0· • 

Au melting 

10 

Time minutes 

15 

Figure B.l: Initial calibration of thermocouple 1 against the melting 

point of gOld . 
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APPENDIX C 

RAW DATA 

The primary data, the measured pul se repetition frequencies, 

are listed as a function of temperature for each compound. The corres­

ponding elastic moduli are also given for all compounds except KMgF3. 

The data appear in the following order : 

LiF 

NaF 

80 

For LiF, NaF, CaF 2 and SrF 2, the data are presented (in order) 

for the modes cll, c44 (v2), c', c44 (v4) and c"; for BaF 2 and KMg F3' the 

data are listed for the modes c', C44 (V4) and c". The data for MgF2 

appear in the order of the modes given in Table 3.2 . 
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TEMPlRAT UR E F R E Q UE ~ I C Y 

( DEG REES ~ ) (K H Z) 

29",;" 322.58 
2'1 ... .:- 322·58 
29 ... J 322.57 
3 .. O . .. 320·70 
3~0·b 320·67 
37 .. . 6 3190\7 
37 .. ·6 3190\7 
"220(, 317. f) 3 
.. b 2' I 31 ... 3 3 

I 

RAW UATA FOR LITHIUM FLUORIDE 

C ..... HDDE IS S [IIOJ POL' (OOIJ 

.299 9 INCHES , DENSITY(298) 2.6'113 

HODUL US,C TEMPERATURE 

( M8 A R) (DEGREES K) 

. 637931 '182·8 

. 637931 525.0 

. 63791 I 52 ... 9 

.62956 0 579.7 

.629 .. 58 616.6 

.622 836 629.2 

.622797 629.8 
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GH/CC 
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(KH Z ) 

3 I ... 37 
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307012 
307.10 
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HODULUS,C 

(HbAR) 

.601732 
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.58127 0 
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~A"" lJATA fOt-( CALCiUM flUORIOE 

C C~~ • MODE 1 S S l 1 1(; J POL· [001 J 

LE NGTH (298) .29~ 8 INCHES , OENS1TY(298) 30\83U GH/CC 

TEHPERATUt-(E fRE~UENCY HOOULU:',C TEMPERATURE fREQUENCY MOO ULUS,C 

( DEGREES K) (KHZ) (MB A R ) (DEGREES Ie ) (K HZ) (Mt;AR) 

2'15.S 2 I 7.75 .33 8507 '189. 'I 210' '12 .3 1'172 I 

3'1(,.(, 216. 1'1 .333205 '192·8 210.28 .31'1 2 B '1 

3 '11' (. 216012 .3331'1'1 50S.5 209.80 0.112763 

3'11' 1 210012 .333128 51'1.5 209.'1'1 .31 1 b 0 1:1 

3';2'0 216. u 8 .33299 8 526.2 208 .'1 8 .310168 

3'12.3 216. t 7 .332973 5'13·9 201:1.30 .3 UI:I020 

3S0.(l 2 15.78 .332 0'10 555.5 207.1:1'; .3 UoS 6U 

350'1 215.78 0332C32 559.9 207.61:- dUoO 11 

3';8.S 215.7 !l 0332035 500·0 207. '1'1 .3 05302 

3'19.0 215.78 .332('2'1 570.0 207.35 .305 UU ~ 

3S9.ij 2 I 5. 'Ie .33078'1 572·3 207.20 • .30';S';9 

3 59 .9 215.3 7 .330686 573.9 207013 • .30'1339 

359.9 2 15.3 'I .33060 9 58U·1 206.9C .3 03625 

30'1·6 2 15.18 .330076 589.3 206.51 ,3 02';2U 

368·1 2 15. r, 5 .329652 593.1- 206.36 0301'127 

37'1' 1 2 I '1.8 I .328881 600·6 206 .06 03UIOU6 

31:11J'L! 2 I '1.6 I .32821 I 1003.5 205.95 .3uO b5b 

382. I 21'1· 53 .327966 61U.0 205.69 . 299857 

31:16.8 21'1.3'1 .327359 61'1·0 205.52 . 2'19J'I o 

392.'1 21'1015 .326715 10 I 9.5 205.32 . 291:17U2 

39'1.9 21'1·05 .32638'1 62107 205.22 .2 9t!';02 

3910.3 21'1·("0 .32622 1 623.9 205013 .2 '1812'; 

'1 05 . 6 213.63 .3250'11 628.10 20'1·93 .29752'1 

'105.9 2 I 3.62 . 325') 16 1029.6 20'1·90 . 297'100 

'108.5 213.58 .32'1867 631 .8 20'1·82 .2 9717'; 

'107.5 213.56 .32'1806 633.6 20'1·75 .296965 

'I07.S 2 I 3.55 .32'1791 63'1.5 204.72 .2968'19 

'112.5 213037 .32'1 I 9 I 63'1.5 204.70 . 296791 

'I I 2' S 213037 .32'1 191 63'1.8 20'1 ·69 . 2'16760 

'11'1·'1 213.36 .32'1162 635·0 20'1·68 .296 752 

'113·6 2130)3 .32'11)62 635.2 20'1'08 .2'16 728 

'1'10·3 2 I 2.32 .3207 95 635.5 20'1·67 . 2'16 7 0'; 

~'iO'S 212031 .320763 635.6 20'1·66 . 296607 

'1'12.6 212.2 9 .320695 635.7 20'1·65 .2 9 66.38 

'I~9.9 2 I I .96 .319659 636.0 20'1·6'1 . :2 9 66 I 'I 

'150.l./ 2 I I .95 .319631- 636·2 20'1·63 . 29 6583 

'17'1.7 211·00 .316570 636·3 20'1 '03 . 2 9657S 

'175.0 2 10.99 .316537 63701 20'1·60 • .l965U'I 

'177.5 210. 9 '1 .316391 637.9 20'1·57 . 296';U'I 

'11:11·8 210. 7 3 .315707 639.6 20'1 · 50 .29618'1 

j 
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RAW DATA fOR STRONTI UM fLUORIDE 

C C I I , HODE IS P (00 I J 

LENGTH (298 ) .3 G19 INCrlES , DENSITY(298) '1.2820 GMtCC 

TEMPERATURE fREQUE NCY MODULUS,C TEhPERATURE fRE QUENCY MODULUS,C 

(DEG~EES I( ) (K HZ) (MIlAR) (DI:.GR[ES I( ) (KH Z ) (H8AR) 

29"'2 352.0 0 1.2'18'11 6 5"0·3 3'13.86 1.lb573) 

29"·2 352.'J 6 I .2" 8 .. 5 I 559.6 3 .. 3.16 1018 0390 

309.7 351.60 1.2 .... 85 .. 560·" 3 .. 301 .. 1.1 80230 

32307 35 101 5 1.2"1397 5 8 1.0 3"2·38 I. 17'1'15'" 

3'19.8 350.32 1.235026 6 0 1.6 3'1 1.6 I 1.168530 

3~3·3 350022 1.23'12 I 7 602.1 3'11.60 101 68'1 18 

369.'1 3'19.68 \.230131 635.8 3'10.33 I. 1587 .. 'I 

378. I 3'+9.'10 \.227988 629.3 3'+0.56 1.100525 

3'>'8·5 3,+8.7 .. 1.22290 6 621.5 3 .. 0.87 \.102857 

'119·1 3 .. 8.05 1.217680 633.5 3"0.'12 1.159365 

"2307 3'+7.87 1.216359 633.8 3"0 · '11 10159321 

"35 • .,. 3"7''' 9 1.213"0 8 6"6.3 339. 9 2 101:.553 '1 

'136''1 3'+7.'17 1.21J258 653·2 339'05 1.153'190 

'159·6 3 .. 6.69 1.2073'13 659.0 339.'1'1 101 5 183'1 

"60.2 3'16.67 1.207190 b61·0 339037 10I51l88 

'18 1.8 3'15.92 1.20 I '109 602.2 339.31 loI509LJ7 

5 00 ·7 3'15.26 1019638 0 666.8 339. 13 I. 1'19'1 b 9 

519. 8 3'1'1.5 8 1.19 I 200 609.7 339.01 1.1'180 05 

53907 3'13.8 8 1.185887 

j 
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RAW DATA fD~ STRONTiUM fLU ORIDE 

( (C\\-(12)/2 , MODE IS S ( \ \ 0 J POL, ( 1- \ 0) 

LENGTH (298) .3068 IN(HES , DENSITY(298) '1.2820 GM/CC 

TEMPERATURE fREQUENCY MODULUS,C TEMPERATURE fREQUENCY MODULUS,C 

(OEGREES K) (KHZ) (MBAR) (DEGREES K) (KHZ) (HBAR) 

293·5 \96.30 .'100 836 5'13·9 \92·8\ .38'1 9 85 

293.6 \96.30 .'100835 5'1"·7 \92.80 .38 .. 938 

293.6 \96.30 .'100835 55'!.7 \92.65 .3 b'l2'11 

309.6 \96010 .3999 2 9 555.3 \92.1>'1 ,38'1 181> 

31007 196.0 9 .39981>1 56S·1 192.'19 .31:13500 

322.0 \95. 9 '1 ,399179 1>0 1.9 \9 1.91 .31:10853 

322.1> 195. 93 .399\'15 601.8 19 1.9\ .38086'1 

3310J \95.82 .398622 585.8 192015 .381963 

3'18.9 195.59 .397585 581>.2 192015 .3819'10 

361·6 195.'12 .39682'1 602.1 191.91 .3808'11 

362.0 195. 'II .396781 603.7 \ 91·88 .380706 

388·0 1'15.01> ,395183 610.7 191·76 . 380189 

'110.6 \9'1.75 .393769 612.7 191073 .31100'10 

'128.5 19'1.50 .392657 626.2 191.50 .378968 

'1'13 .'1 19'1.28 .39\676 632.9 1 9 1.39 .378 .. 82 

'1'1'1.3 19'1.27 .3916 29 637·9 191.31 .378101 

'1'15·0 \9'1.27 .39159'1 639·8 191.28 .377962 

'16'1·0 19'1.(\0 .3903 80 6"2·'1 191.2'1 .377765 

'169 ... \93.92 .39001 9 651. I 191012 037721'1 

'185.3 193. 68 .38 89'15 655.2 191 .06 .376931 

'11:16.9 1 9 3.67 .38886 2 656.8 191.03 .3 76795 

'197·7 193.50 .JB810 6 659.7 190,99 .376 59 .. 

500.1 \93.'16 .3879'17 66 1.3 190. 96 .376'1'17 

529·0 193.1)'1 .38603\ 66207 1 9 0.9'1 .376352 

531·6 \93. no .385859 663·9 1 9 0. 9 1 .376230 



RAW DATA fO~ STRONTIUM flUORIDE 

C C'I'I , MODE IS S ( I 10 J POL . (00 I J 

lENGTH 12981 .3068 INCHES , DENSITYI2 9 81 '1.2820 GMtCC 

TE. MPERATURE fREQUE NCY MODUl US.C TEMPERATURE fREQUENCY MODUlUS.C 

(DEGREES K 1 1 KHZ 1 (MBARI (DEGREES K 1 (KHZ) (MBARI 

295.2 1f5025 .319'162 511.0 169.7B .298731 

318.9 17'1.6 6 .317179 512 t7 169.75 .298580 

330.0 17'1.38 .316117 53'1' I 169017 .296'1'12 

3'1'1.0 17'1.(13 .31'1789 535.3 11.9015 .291.338 

353.7 173.78 .313855 552.0 11.8.71 .29'11.88 

370.'1 173037 .312292 553.9 11.8.61. .29'1509 

381..7 172. 95 .3101.90 580·.6 167.95 .2918'18 

'10'1.7 172.50 .308981 580.7 167.9'1 .29183 0 

'105.'1 172.'19 .308933 590.'1 167.67 .290805 

'121' 1 172010 .307'1'16 592.1 167.6'1 .290671 

'121. 'I 172.0 9 .307'117 I. 10.3 167. IS .28885'1 

'12 '10 3 172.02 .307152 6 I 1 • 'I 11.7013 .28871.8 

'132.8 171.80 .306321 1.23.9 166.78 .287'179 

'132.8 171.80 .306321 629.8 166.62 .281.880 

'IIl9.5 17 I .39 .30'1769 633.7 11.1.·52 .281.'187 

'1'19.6 171038 .30'1733 61l3.7 161..23 .285'111. 

Il50·0 171037 .30'170'1 6'47 oJ 11.601 Il .28501.8 

'11.)·2 171.(13 .303'132 655.1 165.93 .28'1308 

'11.3·) 171.03 .303'113 1.51..1. 165.89 .28'1 I 'II 

'185.) 170.'16 .30121.7 659.9 11.5.81 .283829 

'1!16.'I 170. '13 ,)011 72 61.'1.3 165.68 .28331.3 

'18707 170.'10 .3010 '1 I 



TEMPERATURE 

(DE GR EES 1\ ) 

293· 8 
2 9 3.8 
293. 8 
307.0 
3 I 7 • 8 
33~.5 
33'1.7 
3~2.8 
3 '16 oJ 
359.1 
315·3 
37'507 
31:18.6 
'113·5 
'113.6 
~23·3 
'1'17.5 
~'52·7 
~68.'I 
'186.9 

( 

LE NGT H ( 298) 

FRE QU EH( Y 

( KH Z ) 

335.('3 
335. ') '1 
335.(' 3 
33~.55 
33'101 6 
333.53 
333.51 
333.21 
333.C6 
332.56 
331. 97 
331·96 
331. '17 
330·'19 
330.'19 
330010 
329.20 
328.9 9 
328031 
327.58 

RA~ DATA FO R STRONTi UM FLUORIOE 

«(II.(12.2C'I'I)/2 , MODE IS P CliO] 

.3068 INCHES I DE NSITY(2 9 8) '1.2820 

MO DULUS,( TEMPERATURE 

(MBAR) (OEGREES " ) 
1.167598 503·1 
1.167633 505.2 
1.167598 532.0 
1.163980 5'18.9 
1.161072 565.'1 
1.156'12 9 571.6 
1.156287 587.3 
I. 15'1025 603 oJ 
1.152915 629.9 
1.1'19252 6'10.9 
1.1'1'1889 6'1".2 
1.1'1'177 8 651·9 
1.1'11125 657 .. 
1.133982 66 0 ·'1 
I. I 339 I I 665.0 
1.13111 6 669·2 
I. 12'1'139 671·6 
1.122933 672.6 
1.1\793 5 673.6 
I. I 12572 

GM/CC 

FREQUEN(Y 

("HZ) 

326. 9 2 
326.83 
325.72 
325.03 
32'1.37 
32'1.05 
323.'1'1 
322070 
321·57 
321 .. 0 
320.97 
320.62 
32 0 .'10 
320.26 
32 0 .06 
319.87 
319.76 
319072 
319,67 

MDDULUS,( 

(MBAR) 

1010773'1 
10107111 
1.0989'16 
1.093916 
1.088993 
1.086718 
I, 08221 I 
1,07bb22 
1.068520 
1.0650b'l 
I.Ob'l066 
I.Ob1571 
1.059882 
1.058 8 83 
I. OS 7 'I II 
1.055985 
1.0552'15 
1.0~'I881 
1.05'158'1 
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( 

LE N('TH (298) 

TlMPlRATUIlE fRE QUE NCY 

I U EG R E(~ K) p ' HZ) 

29 A. 7 1'I'I·r.6 
298.7 1 .... ·(17 
309.7 1'I3.A5 
) 2 I oj 1 .. ).60 
)22 oj 1"3.59 
)29.5 1'1),"10 
)'1 I • 1 1'13.22 
) .. 7· I 1'I)·~9 
)57·9 1'12. 88 
)67'~ 1'12.108 
37 I • I 1'12.59 
31l0·3 1'12. '12 
'100·3 1'12 "" 0 
"11'l- 1'11.7 A 
.. 1 I .7 1'11.76 
"20·3 1'11· 59 
'13). I 1'11.33 
'1)6 ... 1'11.2 5 
'I ~ 6. I 1'10.1)<; 
.. 6 1.3 1"0.7 .. 
"80 · 5 1'10.)) 
'195·2 1'1(\.01 
50 1.2 139. A9 
5 1107 I) 9.67 

RAW DATA fOR 8ARIUM FLUORIDE 

C'I'I • MODE IS S (IIUJ POL. (O OIJ 

oJ 131 INCHES • DENSITY(2'id) ".8870 

MODULUS.C TEMPE fUTUR£ 

(HBAR) (UEGf<EES K) 

.2510585 53'1 .2 

.251059'1 5"1'1 

.2~5780 5~'I.9 

.25'1 8)0 5105.7 

.25'1J80 580.9 

. 25"271 59'1.) 

.253)76 1000.3 

.252875 602·) 

.252 ,17 ) 1007.2 

.251332 6 I I .3 

.250995 6 I 6 . 7 

.250327 6 II! 07 

.2'187'18 623·3 

.2'17 B98 628.3 

.2'178 .. 1 />3 ... 7 

.2 .. 7197 636.3 

.2'16188 6"0·9 

.2 .. 59Z'I 6'1Z." 

.2 .... )97 6 ..... 6 

.2 .. 3993 6'19.) 

.2'12 .. )8 651.9 
• 2"IZ67 6<;).6 
.2"0790 65 ) .9 
.2)9957 65S.1 

GMtCC 

FREQUENCY 

(K HZ) 

139. 18 
139.02 
138.72 
138. ~O 
I) 8. I 7 
1)7.86 
1)7073 
I) 7.69 
13 7.58 
137 ... 9 
1370310 
137032 
137022 
I) 7·1 I 
136.96 
136.93 
1)6.83 
1)6079 
1)6.7 .. 
136.6'1 
I) 6.58 
I) 6.5 .. 
13/) . 5) 
136." 0 

MODULU5.( 

(MI:lAk) 

0238166 
.Zj7~ 7J 
.Z3b'l'l1 
.2356 20 
.23'1379 
.lJ3Z53 
,zJl.772 
.232632 
.2J221CI 
.2.>1869 
.231'127 
.23121>9 
.230892 
.230'1&7 
.2299'16 
.229825 
.2l9'1~ 7 
.229312 
o2Z9137 
0228751 
.Z2853 2 
.228386 
.2Z83~9 
. 228266 



TEMPERATU RE 

(OEGr<E£S K) 

296.3 
296·3 
3 U9.2 
320.S 
) 31·9 
346.1 
355.5 
)62·9 
) 7 5 07 
)97.() 
) 9 7. 1 
'123. 1 
42).0 
4) 6. 1 
4 '10 01 
'I6C·5 
460·9 

C 

L E ~ I G T H I 2 9 8 ) 

fREQ UE NCY 

I I( HZ) 

273·60 
27)060 
273016 
272.77 
272')5 
271.8'1 
271.5) 
271.26 
270.81 
27C.06 
270.r6 
269 .. 3 
2/)9. 14 
268.67 
268.53 
267.79 
267079 

RAW DATA fOK BARIUM fLUORIOE 

ICj I+CI2+2C~4)/2 • HOOl IS P (110) 

.313 1 INCHES. OENsITY(298) 

MOOU LUs.C 

( MBAR) 

.92551'1 

.925514 

.922295 

.919'1'17 

.916430 

.912689 

.91038 8 

.908 4 30 

.905192 

.899747 

.899712 

. 893(,'15 

.893080 

.889716 

. 888669 

.8 8336 4 

.8 83322 

TEMPERATUflE 

(OlGREEs I() 

477.5 
'178.0 
'19).2 
539.'1 
539.8 
556.6 
576.2 
593.2 
601. 'I 
609.9 
620.3 
632.8 
640.0 
642.5 
65 1.9 
65)'1 

'1.8870 GM/CC 

fREQUENC' 

I KHZ) 

267 .. 9 
267 .. 7 
266.60 
264.89 
264.88 
264.24 
263.5) 
262.85 
262.5) 
2 62.21 
26 1.81 
261.31 
261.05 
260.94 
260.58 
260.S) 

MOOULUs.C 

I MB A R ) 

.878 966 

.878856 

.87479 8 

.862 509 

.862'13'1 

.8 57901 

.8S2786 

.6'16 00'1 

.6'157 U'l 

.8'1)'129 

.8'10561 

.6)7 065 

.63521'1 

.b)'I417 

.831931 

.83158 0 
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RAW DATA fO t< MAG NESIUM fLUORIDE 

C C66 • MODE IS S CIOOJ POL. COlO) 

LENGTH ( 298 ) .2727 INCHES , DENSITY(298) 3t1770 GMtCC 

TEHPE.RATURE fREQUENCY MODULUS,C TEMPERATURE fREQUENCY MODULUS,C 

(OEGREES K) ( I( HZ) (HBAP. ) (DEGREES K) (K HZ) (MBo\R) 

297.0 396.2" .957318 .... 8.0 387089 .91518 0 
297·0 . 396.2~ .95 7318 .... 8.0 387.88 .915156 
29702 396.2" .957315 .. 51.0 387.69 .91 '121" 
3 12 02 395.'15 .953259 '161 • I 387013 .911399 
318. I 395012 .951559 '179.0 386.07 .9001 .... 
32507 39'1.72 .9'19522 500.2 38'1.8'1 .900058 
339.3 393. 9 6 .9&;5669 52&;.1 383 ... 6 .893251 
351 ' 3 393.28 .9"2231 533.0 382.91 .89055 .. 
365·3 392.60 .938768 5'18.0 382.06 .886352 
380·5 39 1.62 .933886 55'1.8 381·67 .88 .... 62 
392.8 391. C3 .930892 569.0 380.9 .. .8808!!b 
&;I&;·U 389.83 .92'1 895 580.2 38 0tl9 .877203 
&;1&;·0 389.83 .92&; 895 597.6 37901 8 .872302 
'130''1 388.92 .9202 89 61'1.2 378t17 .867382 
'135.3 388.56 .918559 629.9 377.26 .8b3 015 

• 



C 

LENGTH (298) 

TE.HPERATURE FREQUE NCY 

(DEGREES I( ) (K HZ) 

295.) 3C~·98 
295· ) )04.99 
3uo.~ 304 . 81 
3 0 9.7 30'1.75 
3 22 ·1 304.5~ 
329.3 31)4.42 
339 d. 30~·24 

RA~ DATA FOK MAGNESiUM FL UO RIDE 

C~4 • MODE IS S (IOOJ P OL . [OOIJ 

.2727 INCHES • DENSITY(2 9 8) )01770 

MODUL US.C TEMPERATURE 

(M8 A R ) (OE.GREES I( ) 

.507130 3~5.3 

.5071~9 35).0 

.500~02 361·0 

.506151 300.4 

.505203 369.0 

.50~755 ) 7 1.0 

.50~OI5 3 7 1.7 

GHiCC 

FREQUE NCY 

(I( HZ) 

30~'1~ 
30· .. 0 I 
303.86 
303.76 
303.71 
303.67 
303.67 

MODULU5.C 

(MtlAK) 

·50)576 
.5b3 008 
.5b2~ OU 
.5bI9b~ 
.50177~ 
.501027 
.56158~ 



• 

TEHPE.RAT UR E 

(DEGREES 1<) 

298·0 
298'0 
308.2 
312 t7 
3 I ~ .0 
32b.~ 
333.1. 

( 

LE NGT H (29B) 

fREQ uEN CY 

(KHZ ) 

bS3.92 
bS3.93 
653t2S 
oS2.93 
OS2.82 
oS 1. 9 3 
oSI.'Io 

~ A~ DATA fOR MAGNESIUM fLU ORIDE 

«(II+(12+2Cbbl/2 • MODE IS P CliO] 

.2 ~ So IN(HES • OENSITY(29B) 

MOOULUS.( 

P1BAR 1 

2.11S377 
2.1IS'I'I2 
2.110780 
2.108S08 
2.107783 
2.101600 
2.0983'13 

TEMPERAT URE 

(DEGREES ~) 

33S.0 
3'49.0 
3SS.1 
357.9 
373.S 
373.S 

J.17BO GM/C( 

FREQUEN(Y 

(KHZ) 

oSI·32 
oS O.3b 
0'19.93 
b~9.72 
/o'l8.S7 
0'l8.S7 

MOOULUS,( 

(Mb A R ) 

2.097~ 08 
2.090793 
2.087t129 
2.08b~21 
2.078'197 
2.078529 



u.J 

o a: 
o J ...J 
... J: 

u u "­l: 

'" 
o 

0 CD 

...J 
o a.. o 

J 
III 

V
l 

III 
Z

 
III 

w
 

o o I: 

N
 

"-N
 

U
 I u 

w
 o 

V
' 

w
 

r u Z
 :r '" Z W
 

...J 

u >-

o 
"
,.,N

"
-I.:J

\J
);)a

o
\J

'H
 ...... N

T
U

l
('\,f\.ll./\ 

_
_

 :
J
"
"
'
N
(
l
t
D
I
'
"
"
l
O
'
-
-
N
,
.
.
.
,
.
.
.
n
N
,
.
.
.
.
~
 

~
J
)
T
I
'
"
"
l
-
O
r
o
~
J
)
J
)
T
I
'
"
"
l
~
-
~
,
.
.
.
,
.
 

~
,
.
,
,
.
,
I
'
"
"
l
,
.
,
,
.
,
N
N
N
N
N
N
N
N
-
­

J
)
~
J
)
J
)
J
)
~
~
~
~
J
)
~
J
)
~
~
~
J
)
 

N
N
N
~
N
N
~
N
N
N
N
N
N
N
N
N
 

................ 

U
 

~
N
~
~
7
N
O
O
,
.
.
.
.
D
~
~
,
.
,
-
~
I
'
"
"
l
~
 

Z
 

~
,
.
.
.
.
~
~
~
~
\
J
)
~
~
7
7
7
~
I
'
"
"
l
,
.
,
N
 

w
 

" 
'" 

J .... 
III 

« 
W

 
::r 

w
 

w
 

:r 
a.. 

'" 
I: 

.... 
u.J 

a 

u >­u z W
 

N
 

:J
 

:r 

w
 

" ... 

................ 
-o

..()..()..(J..()-o
..()..()..()..()..()..()..o

..o
..()..() 

N
N

N
N

N
N

N
N

N
"
'N

N
N

N
N

N
 

N
N

N
N

N
N

N
N

N
N

N
N

N
N

N
N

 

_
U

lO
N

T
_

':),..,..o
_

O
"
'I'"

"
lT

Y
,...,

,.... 
,....a

>
O

_
I'""lT

..()..()a
)O

'-O
"-O

_
N

I'""l:r 
7

" rl/'lll"
l "

''''' iJ
H

/l\J
"
lJ

)\I'I..()..()..()..()..() 

r
o
~
I
'
"
"
l
N
,
,
(
)
O
-
J
)
o
o
,
.
.
.
.
n
N
o
o
o
:
r
N
'
"
 

~
O
N
N
 -

0
 -,..... -O

N
 ,:)1

.Ilr-.:r..()­
_

_
_

_
 -
-

-c.. c.."'0 0
0

'-
<C

O
O

,.....,.... 
T

:r
:r

T
:T

7
T

:T
:T

T
T

r
"
I"

"
''''''I'"

'')r
''') 

\l'llI"IU
'I""J

) \J)J)"""""'lI"I J)\J)"""""" 
N

N
N

N
N

N
N

N
N

N
N

N
N

N
N

N
 

................ 

:r:r 
O
-
~
 
-1

"
,1

1
'"

"
)7

 L
/h

.n
,....r--....()..()U

"\iJ"I 
..() ..() -0,... ,.....,.... r--,.,......",...."" 

r 
,.....,......,.....,.... 

..()..()..o
-o

-o
..()..()..()...()

..()..()...()...()...()..()..() 

I
"
.tN

"
-
N

"
"
'N

N
N

N
N

N
N

N
N

N
N

 
N

N
N

,..."
N

N
N

N
N

N
N

N
N

N
N

N
 

w
 

•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
 

J".:T
l'""'lOO

...()O
,....N

<
r:T

C
D

O
l.lln

o
o

,..... 
3

--O
'-N

"-I .... :rr..()..()'1
J
o

,--N
...,:rJ

l 
N

N
",,,,,,,,,,,,,,,,,,,,,,"':rT

:r:T
7

 

-



TEMPERATURE 

(DEGREES K) 

2~'I.8 
2~5·0 
29'1.8 
3 0 6.'1 
30'1.5 
32007 
322.1. 
331·0 
337·2 

~ 

RAW DATA fOR MAGNESIUM FLUORIDE 

C • C'I'I ,MODE IS 5 CliO) POL. (001) 

LE NGT H ( 2'18) • 2'156 INCHES , DENSITY(2~81 • 3 .. 780 

fREQUENcY MODULUS,C TEMPERATURE 

(KHZ) ( MBARI (DEGREES K I 

338.83 .567993 3'1'1.7 
338. 8 3 .567991 353.3 
338.83 .567993 35b.'I 
338.6'1 .56723'1 367.6 
338.58 .51>7011 370.6 
338037 • 561.227 377 .. 
338.33 .51.1.01.0 383.3 
338018 .565'185 38'1.0 
338.06 .56502'1 )'13.1. 

GMtCC 

fREQUENcY 

(KHZ) 

337.'12 
337.75 
337.68 
337.'16 
337.'10 
337.26 
337 .. 3 
337.01 
336.'12 

MODULUS,C 

(MaAR) 

·5b .... 7~ 
.51.3852 
.5b35~ 0 
.51.2757 
.5b2530 
.51.2022 
.51.153'1 
.51.1083 
.51.07"2 



RAil; LJATA FOR MAGNESIUM FLUORIDE 

C 03 , HODE IS P (001) 

LE NGT H (298) .Z7'1~ INCHES , DENSITY(Z'I8) 3d 780 GMtCC 

TEHPERATU RE FREQ UENcY HODULUS,C TEHPERATURE FREQUENCY MODULUS,C 

(DEGREES K ) (KHZ) (HB A R ) (DEGREES KI (KHZ) (HBAR) 

2'1'1.6 566.2'1 2.053108 51'1.3 556.62 1.'180155 

305.2 565.8'1 2.050052 515.6 556.53 1.'17'1'157 

3 I 3.3 565.53 2.0~732'1 527.'1 556.00 1.'175'183 

32103 565.22 2.0~5033 52'1.8 555.87 1.'17'458t! 

333.3 56'1.70 2.0'4105'1 538.'4 555.32 1.97U531 

3'13.9 56'1.28 2.037858 5'11. I 555018 1.'109'4'10 

3~5.'1 56'101'1 2.037221 562.7 55'1017 1.901877 

352.6 563.87 2.03'176'1 562.7 55'1018 1.901'1'47 

365.3 563.32 2.1)30636 57101 553072 I. '1586 I 2 

365.6 563.31 2.030523 592.'1 552.82 I. '151785 

380·6 562.67 2.1)256'11 59'1.0 552.'12 1.'1'18885 

38 I. I 56Z.6'1 2.025'18'1 602.3 552.26 1.'1'176'16 

39 I' 'I 562.21 2.0221'15 617.3 55 1.5 I 1.9~2168 

~05.8 56 1.5'1 2.01718'1 62~.1 551016 1.93'15'13 

'1\l6.'1 56 1.5 I 2.016'159 625.'1 55 101 0 1.93'1061 

'11'1.0 560·'13 2.01251'1 625.8 551.08 1.'1389~8 

~20.0 560.89 2.1)12215 636.'1 550.53 1.93'18'17 

'135.6 560.21 2.007120 636.8 550.50 1.93'1629 

'136·1 56001 8 2.0068'17 639.9 550.32 1.'133370 

~36.'I 56001 7 2.006785 6'40.0 550032 1.'13337'1 

'1'12. I 55'1.93 2.00500 1 652.0 5'49.85 1.929777 

~55.5 55'1.33 2.000'19 1 652.8 5'19.79 1.929'1 I I 

'156.9 559.26 1.999966 653.3 5'19078 1.929296 

'476.5 558.36 1.993205 655.5 5'49.68 1.928518 

~77.8 558.2'1 1.'1'1268'4 655.9 5'49.66 1.928'405 

'189.9 557.60 1.987520 657.8 5'19.55 1.927597 

'H2·0 557.'1'1 1.986700 66'1.0 5'19.21 1.925130 

506.8 556.78 1.98 I '12 'I 665·'1 5'1'101 2 1.'12'1'163 

509.8 556.63 1.980305 668.7 5'1'1·00 1.92353'1 

• 



RH. OAT" FO R H"GNESI UH FLUORIDE 

( (~~ I HODE IS S (00 I J RA ND OM POL. 

LE NGTH ( 298 ) .2 79" INCHES , DENSITY(298) )'178U GM/CC 

TEHPlRAT UR E FRE QUENCY MODUL US,( TEHPERATURE FREQUENCY HODULUS,( 

(OEGflEES I( ) (I( HZ) (M8AR) (DEGREE.S K) (K HZ) (H BAR) 

30 I .7 297.56 .566 931 .. 72.3 29 ... 17 .5532~9 
3UO.5 297.57 .566 8 9" .. 8 .. 01 293.91 .55223 5 
296.1> 297.6" . 567171> 500.5 293.5'1 .5507&7 
2'16.6 297.6" . 567171. 500.9 293.53 .5507 .. 7 
309.0 297 ..... .5663 .... 516.9 293.21 .5'19'133 
3 I I • I> 297037 . 5661 05 5 17.2 293019 .5 .. 935b 
317.0 297.27 .5651.83 531.8 292.85 .5'1110'19 
317.2 297.2 7 .565683 5'19.2 292 ... 7 .5~65"3 
325.8 297010 .565000 55'1.5 292.37 .5'161 06 
335.) 296.92 .56"295 570.9 291.99 .5 .... 62 .. 
33603 296.91 .56'123" 576.9 291.8 .. .5 .... 035 
3 .. 7.3 296.70 .563389 580.2 291.76 .5 .. 3701 
358 oj 296.'19 .51.2565 592." 291 ... 9 .5 .. 2652 
358.3 296. 4 9 .5625 .. 5 596.0 291. "0 .5 .. 2299 
371 . .. 296.23 .561502 599.2 291 .33 .5 .. 200" 
383.9 295.99 .51.0520 609.6 291·06 .5'10983 
"00·3 2'15.65 .559198 616. 'I 290.90 .5"0335 
"UO·5 295.65 .55 9 11.0 620.7 290.81 .53996 0 
'I 15.3 295.35 .55797 8 632.2 290.56 .53899 1 
"15.8 295.33 .55791 (/ 635.0 290 ... 9 .538699 
43"'Ll 29 ... 96 .556'12 1 6"0.) 290.36 .538207 
.. 3 ..... 29 ... 96 .556 .. 00 6"3.0 290.28 . 537915 
.... 8.8 29 ... 67 . 5552"1 1."'1.8 290.25 .537776 
"50.5 29 ... 63 .555101 6'18.2 290017 .537 .. 62 
'11>7.5 29'1.26 .5 53610 65 ... I 290.02 .536875 
"1>7.3 29".27 .55366R 656.8 289.95 .5366 02 



... o C>:: 
o ::> 
-' 
... V

I 
... z '" <0[ X

 

x o ... 0<
 

.... 0<
 

o 

".. 

" ,., N
 • u • :r 
• N

 • • ... ,., U
 I u 

u .... C>:: 
o 
V

I 
+

 -:r 
:r 
u N

 +
 

N
 

u +
 

u 
u u 

,., n o o 
... o z <0[ 

,., o o u o 
.... V

I 
... ... 0:: 

'" ... o V
I 

... o 
o x 

u u " x " a ~ 
.... W

 
0

-
N

 

V
I 

Z
 

... o 

V
I 

... :r 
u N

 
III 
~
 

N
 

C
Il 
~
 

N
 

x ... '" z ... -' 

u V
I 

::> 
C>:: 

-
'
 

<0[ 
::> 

C
Il 

o 
x: 

o x ~
 

N
m
~
~
-
~
~
~
~
~
m
O
~
~
~
N
 _

_
 

~
~
~
~
~
-
~
~
N
~
N
~
7
~
~
u
~
N
 

~
D
~
~
~
~
~
O
O
~
O
-
~
O
~
O
~
~
~
 

~
~
~
N
~
N
~
-
-
~
~
~
N
O
~
M
N
_
 

-
-
-
-
O
D
~
~
~
O
O

O
O
O
O
~
O
O
~
~
~
~
 

~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
 

· ................ . 
------------------

U
 

O
N
~
~
-
O
N
~
N
~
~
-
N
N
O
O
~
M
~
 

Z
 

~
N
O
~
~
~
~
~
~
~
N
~
~
~
~
N
-
O
 

... 
N

 
::> 

:r 
o 

'" 
... '" ... ... C>:: 

'"
 

::> 
.... 

V
I 

<0[ 
... 

C>:: 
... 

... 
C>:: 

Q
.. 

'"
 

x: 
.... 

... 
0 

.... u V
I 

::> 
Q

: 
-' .. 
::> 

C
Il 

o 
r 

a x 

~
 

u Z
 

... 
N

 

::> 
x 

o 
'" 

... C>:: 
... ... C>:: 

lo< 
::> 
.... 

III 
.. ... 
a: ... 
... 

C>:: 
Q

.. 
'" 

X
 

... 
... 

0 

· ................ . 
~
~
~
~
r
7
~
N
N
N
N
-
-
-
O
O
O
O
 

N
N

N
N

N
N

N
N

N
N

N
N

N
N

N
N

N
N

 
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
 

~
~
N
~
~
~
-
m
m
o
o
~
~
O
~
~
O
M
r
 

m
O
-
-
M
r
~
~
O
O
~
O
-
N
N
7
~
~
~
 

~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
 

~
~
M
m
~
~
o
o
~
m
~
-
~
~
M
~
O
~
­

~
~
O
O
O
O
O
-
N
-
M
T
m
N
~
7
~
7
-
0
 

-
-
~
~
m
-
~
~
~
N
~
N
N
O
M
7
-
M
 

-
-
r
o
~
~
~
O
~
T
-
~
7
0
m
7
M
O
~
 

~
~
~
~
~
~
~
~
~
~
7
7
7
~
n
M
M
N
 

~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
 

· ................ . 
------------------

m
m
~
N
~
~
N
-
~
-
~
N
~
~
M
-
7
~
 

u
~
.
~
,
.
,
~
~
N
~
,
.
,
Q
 ... ~

:
r
~
w
,
.
,
.
 

· ................ . 
T
~
M
M
M
N
N
N
-
-
-
O
~
~
m
m
m
~
 

M
M
M
M
M
M
M
M
M
M
M
~
N
N
N
N
N
N
 

~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
 

m
~
~
~
~
~
~
~
~
o
~
~
~
-
~
-
-
~
 

. ................ . 
~
~
~
~
~
~
~
O
N
~
o
a
~
_
~
o
~
~
 

~
~
~
~
-
N
~
~
~
~
~
~
-
N
~
T
~
~
 

~
N
~
~
~
~
~
~
~
~
~
7
~
~
7
~
7
~
 

-



TEHPERATURE 

(DEG~EES K I 

29507 
295.!> 
31 1 • 'l 
317.7 
3)8. I. 
338.'l 
3'l8.'l 

I 

RAW DATA FO ~ MAGNESIUM FLUORIDE 

C lCII·CI2.2C~'I·SQRT((CII·C331 • • 2.'l.((CI3·C'l'lI •• 21))/'l 

MODE IS S ('l5 DEGREES TO (001) AND (100) ) 

LENGTH ( 298 I .2752 INCHES , DENSITY(2981 30/770 GM/CC 

FRE QUENCY MODULUS,C TEMPE~ATURE FREQUENCY 

(KHZI (MBARI (DEGREES K I ( I< H Z I 

291.25 .52b72B 353·1 289.87 
29102 'l .52 I. 71 1 357.'l 2B907b 
290.88 .525298 31.0.7 2B9 . b7 
290.72 .52'lbb5 31.1..7 2B9.'l9 
290.22 .522755 372·1 289.35 
290.22 .522756 37'l.0 289.31 
2139.99 .52181.7 

MODULUS.C 

(MBARI 

.521~07 

.520985 

.520bb U 

.519 9 58 

.519~~ 0 

.5192'19 
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kAW DATA FOR POTASSIUM MAGNESIUM FLUO~IDE 

( ((II-(IZ)/2 I MO DE IS S (110) POL. (1-10) 

LE tl G TH (Z98) " 9) 7 IN(HE.5 I DE NSITY(Z9t!) . 3 . 151 GM/(C 

TEMPERATURE FREQUENCY TEMPERATURE FREQUEN(Y 

(DEGREF:S ~ ) (K HZ) (DEc,REES K ) (KHZ) 

29~.0 )9) . 66 ~2).) )8101) 
29~.U )9).65 ~Z5.9 )80.88 
)0).) )92.R2 ~)~.7 )80.01 
) 12.5 391.90 ~)9.0 )79.66 
320.~ )91010 '1~8.6 )78.72 
) 2) 01 )90.87 '151.8 )78.~~ 

3)2. I )89 .97 '160.8 )77.55 
3'1)·7 )88.82 'I60.t! )77.5) 
)5'1.6 )87.78 '175.0 376.16 
)56.7 )87.5) ~78.0 )75.82 
)68.'1 )86.~2 '180.5 )75.60 
37)." )85.9'1 '191.6 ) 7'1. '19 
385.7 )~~.81 '195.'1 ) 7 'I. 11 
)86. 9 )8'1./,) '19t!.7 )7).81 
) 90. 1 )8'1.)) 5 II .6 )72.52 
'101·5 )83.2'1 5 I 8.8 ) 71 .7tl 
IIU5./, )82.8) 5)9.7 369. 8) 
~ 19,) 381.53 5~).O 369.'10 
112 2 .5 )81017 



RAW DA TA 

( 

LE NG TH (298) 

TEHPE RAT Ufi E 

( DEGRE ES I() 

29~.3 
29~.3 
302.2 
319. C· 
326.~ 
331> ·1. 
3~5.b 
357.9 
3 I. 1 • ~ 
370.9 
373.'1 
371.. 1 
381.2 
398.~ 
~Ou.9 
~ 1 1 .9 
'125.3 
'129.8 
'1350/, 
~~O.O 
'1'10. 5 
~'13.~ 
~50 .'1 
~56 . 6 
'156.'1 
~5'1.8 
~60.2 

FOR PDTASS I UH M AG ~E5IUM FLU ORIDE 

C~'i , HODE IS S l 1 10] P OL . l 0 0 I J 

• 19,) 7 I NCMES , DENS I TY(2 9 8) . 3.151 

F ft EQUE NCY TEMPERA TURE 

( I( HZ) (DE GR EES I( ) 

'1ll'l . 95 '11>7 . 8 
'1 0 '1.97 '168 .3 
'10'1.81 '178.2 
'10'1.33 '181. 0 
'10 ~. I I. ~8'1.9 
'1 03.78 '19'1.2 
'103.53 '198.3 
~ 03 . 2 7 ~99.5 

~03ol5 513.5 
~C2.92 51.3 .7 
~ 02 . 8'1 521 .1 
~02.78 53 1 • 1 
'102.62 531 .2 
~02. 19 53.3.G 
'1e2.12 !o'l3.5 
~ I) 1.7 9 !o 51 .2 
'101. '19 552.9 
'101033 555.(, 
'101. IS 560. 1 
'10 1. 12 !o6 j..3 
'1 0 1·11 51.5 . 6 
'I'JO . '16 571. 'I 
'1 0 0. 8 '1 57 8 . 2 
'1 0 0.71 !o80 .7 
'1C10'6'1 5 89 . 2 
'10 0.1>0 597 .'1 
'1 0 0.5 8 

GH/CC 

FREQUE~CY 

(I( H l ) 

'100.39 
'100037 
'100.0'1 
'100.02 
399.92 
39'1.58 
399. 5'1 
399.'1'1 
399.05 
399012 
39 8 .A2 
398.6.3 
39 8 .63 
398.58 
398.21> 
398.09 
398.03 
.397 .9 9 
.397.87 
397077 
397.72 
397.52 
397 .33 
397.21. 
3'17. 01 
396.79 



• 

kA~ DATA fOR POTASSIUM MAGNESIUM fLUoKloE 

C 

LE NGTH (298) 

TEMPERATU RE 

(DEGREES 1<.) 

298.(> 
308.6 
312.6 
318. 9 
)2703 
33 2 .6 
3~3.C 
350.) 
350.7 
352.9 
362.7 
372.3 
372.7 
382.0 
391 • ~ 
~07.6 
~28.5 
1128.'1 
'135.3 

(CII+CI2+2C~~)/2 , MODE IS P CIIOJ 

01937 I NC HES , oENSITY(298) 3. 151 

fRE QUENCY TEMPERATURE 

( ~ HZ) (oEC.REES K) 

680.66 'I'I~.8 

679.8~ '1'18 . 0 
679.60 'I5't.O 
679. 1'1 '173.0 
678.6~ '178.6 
678.22 '197.7 
677.55 500. I 
b76.98 516 oJ 
677.00 52 1.6 
676.78 53'1.'1 
676.25 539.7 
675.59 555.'1 
675.60 55801 
67'1.98 563.0 
67'1.UO 593.6 
672.92 601. 'I 
671.53 603.1 
671. 't't 620.5 
670.95 62'1.8 

GMICC 

fREQUENCY 

(KHZ) 

670017 
670.00 
669.59 
66C.05 
667.7'1 
666.37 
666.28 
665.25 
665.01 
66'1016 
663.78 
662.82 
662.55 
662.~1 
660019 
659.58 
659.37 
658 oil 
657.8'1 
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Flu o rides are co nsidered as models fo r th e phys ical pro perti es of oxides o n the basis of Goldschmidt 's crysta l chem­
ical arguments. Th e well-es tablished bulk m odulus (K) - volume (V) relationship KV = constant is shown to hold for 
flu o rides a n~ oxides belo n5ing to .th e fo ur .isos truc tural series. The bulk m oduli of equivolum e ox ides and flu o rides are 
scaled as 4S , where S = Z /2ZF IS the ratio of the effective umt charges and IS approximately 77% for all of the crys­
tal struc tures . The flu orid es have distinctly lo wer melting and De bye temperat ure~ which o ffers the poss ibility of using 
these compo unds as models fo r the high-tempera ture elas tic behavio ur of the ir o x ide ana logues. 

Introduct ion 

The concept of flu oride and oxide analogue com-
lunds was first in trodu ced by Goldschmid t (1 927) 

( 1 the basi of a number of crystal chemical considera­
tons : (a) the similarity in ionic radii of02 - and F- ; 
( I) the applicability of the rigid ion model to compounds 
I lIl taining the 0 2- and F- ions, which have relatively 
1 w polarizabilities resulting in their ionic radii being 

most independent of coordination number; and (c) 
e co rrespondence of the crys tal structures of oxide 
ld fluoride compounds in which the cations are also 
comparable ionic radii . Notable examples of this 

I odelling concept are LiF- MgO (rocksalt structure) 
( IF2 - Th02 (fluorite stru cture), MgF

2
- Ti0

2 
(rutile 

s ructure), and BeF2- Si02 (a-quartz and coesite stru c­
t res). 

Goldschmidt ( 1927) also suggested that because of 
their lower ionic charge fluorides should be " weakened" 
n odels of their oxide analogues and thus be characterized 
by lower melting temperature. lower hardness and lower 
p fractive index . Subsequent investigations by Roy et a!. 
(1953, 1954) and Thil o and Lehmann ( 1949) , have dem­
onstra ted close similarities in the phase diagrams of bi­
na ry flu oride and ox ide sys tems at atmospheric pressure 
Wi th the flu oride sys tems exhibiting much lower solidus 
and liquidus temperatures . Recently , Jackson and 
Lie bermann ( 1974) have shown that the fusion curves 
of rocksalt flu orides and ox ide at high pressure may be 
correia ted in a simi lar manner. 

The purpose of this paper is to examine the elas ti c 
and therm al properties of flu oride and oxide compounds 
crys tallizing in the rocksa lt , flu orite, rutile, and perovs­
kite structures in the framewo rk of systematics pro­
posed by previous inves tiga tors. We also compare the 
melting and Oebye tempera tu res of the model pairs to 
evaluate the possibility of using flu oride data to predict 
the high-tempera ture elas ticity of their oxide analogues. 

2. Data and discussion 

The central fea ture of the entire modelling scheme 
is the similarity of the ionic radii of 0 2- and F - for 
vari ous coordinati on numbers listed below (after Shan­
non and Prewitt , 1970) . 

Coordina tio n number Io nic rad ii (Al 

II 1.35 1.285 
III 1.36 1.30 
IV 1.38 1.31 
VI 1.40 1.33 

Simple fluoride and oxide compounds'whose cations 
have comparable ionic radii and ionic charge ra tios of 
1/2 exhibit the same cryst al structure. In addition , a 
number of binary compounds which obey this model-
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TABLE I 
Crystal structures of some fluorides and oxides 

Crystal structure Fluoride Oxide 

Olivine Na2 Bef<4 Ca2Si04 
Phenacite Li2 BeF4 Zn2 i04 
Pyroxene LiBeF 3 ~lgSi03 

Diopside Li aBe2 F 6 Ca~l gSi2 0 6 

Perov~kite KM nF3 BaTi0 3 
Spinel Li2 iF4 Mg2 Sn04 
Stron tium plumbate a2 iF4 Ca2 Sn04 

ling formula and whose crystal structures are of interest 
in geophysica l discussions of the earth's interior are 
listed in Table I. Of particular interest is the close cor­
respondence of the ionic radii of Be2+ and Si4 + (0.27.&. 
and 0.26 ,respectively, for 4-fold coordina ti on (Shan· 
non and Prewitt , 1970» which permits the fluoride ­
oxide model system to be extended to fluoroberyllate 
and si licates. One disadvantage is that trivalent cations 
have no place in this scheme, so that it is difficult to 
model the corundum and garnet structures. 

In Table II we list all the fluorides and ox ides of the 
rocksalt , fluorite, rutil e and perovskite st ru ctu res for 
which elas tic cons tant data are avai lable . Table II also 
contains coordination numbers, ionic radii, densities 
(p) , molecular weigh ts (101) , molar volumes (V), and the 
isotropic elastic bulk (K) and shear (11) moduli, all de­
termined at room temperature and atmospheric pres­
sure. 

2.1. Elastic properties systematics 

Several previous studies have demonstrated that the 
relationship KV = cons tant holds for isos tructura l se ri es 
of halides, oxides, sulfides, selenides, and tellurides 
(O.L. Anderson and Nafe, 1965 ; D.L. Anderson, 1967 ; 
O.L. Ande rson and Soga, 1967; D.L. Anderson and O.L. 
Anderson, 1970; and O.L. Anderson, 1972). This be­
havi our is consisten t with a simple Born-Mie interatomic 
potential with power law repulsion leading to KV4/3 = 
constant , which is indistinguishable from th e empirical 
resul t. Foll owing O.L. Anderson and afe ( 1965), we 
present in Fig. 1 th e data of Table II as a log-log pl o t 
of bulk modulus versu s molar volume per ion pair (V* = 
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Fig. I . Log-log plot of bulk modulus (K ) versus molar \ lume 
per ion pair (W/ p) tor ox ides and fluorides in the rock ,J, 

fluorite and rutile structures. (To avoid confusion , the r 'roy· 
skite structure i ~ excluded.) The K V* = co nstant lines t "ox· 
ides and flu orides in the three structures arc indicated b dashed 
lines of gradient - I. The solid line of gradient - 4 repre,ents 
the constant mean atomic weight relat ionship KV *4 = LOnl tant 
for M = 20 2 1. 

2M/p = i v, wh ere M and V are the mean atomic weight 
and volume, respec tively). 

Three imporlant trends emerge from thi data 
(I) The relationship KV * = constant holds for fluo· 

rides and oxides crys tallizing in the rocksal t, flu orite, 
ru til e and perovskite structures. 

(2) From the va lues of l/I = KV */ZcZae2 in Table II 
we obse rve tha t the isostructural lines are sca led as ZeZa 
for the fluoride compounds and also for th e oxide com· 

Pounds where Z and Z are the valence charges of the , c a 
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C~ ion and anion. The constan cy of the values (within 
I(;b) for each set of chemica l compounds in different 
cr stal structures implies th at the effec tive charges in 
tl ' Born·Mie intera tomic poten ti al are relatively insen. 
Sive to coordination number and to the details of the 
3 lmic packing (see also D.L. Anderson and O.L. An. 

rson, 1970). 
(3) The fac t that the iJ; ·values for the fluoride and 

t, ide compounds within each isostru ctural group are 
I t the same may be attributable to differences in the 
e ec tive charge. If S = ZO /2ZF is defined as the ratio 
t the effec tive uni t charges of the oxides wi th re pect 
t the flu orides (foll owing O.L. Anderson , 1972), then 
t ' KV * = constant lines for th e flu orides and oxides 
( a given stru cture are sca led as 4S2. The values of S 

ermined by comparing the KV* lines for each struc· 
t al group in Fig. I are 0.80 for the rocksalt, 0.78 for 
t flu orite, 0.74 for the rutile and 0.74 for the perovs-
k e structures. Thus the effective unit charge of an 
( tde is ap prox imately 77% of that of its fluoride anal­
( e for all the structures considered. 

It is interes ting to compare our values of S with th ose 
c rived from the more rigorous lattice dynamica l ca l-
c la ti ons. Using a shell model , Axe (1965) and Axe and 
P tt it (1966) derived values of S = 0.73 for the flu orite 
S uctu re (CaF2 and Th0 2) . Katiyar and Krishnan (1969) 
e lp loyed a rigid ion model and con ' Iuded tha t S = 

r 77 for the rutil e structure (MgF2 and Ti02). Recen t 
(I te rminations of the effec tive charges for rutile flu o­
r Ie (Striefler and Barsch, 1973) and rutile oxide 
( I.E. Strie fl er and G.R. Barsch, private communica ti on, 
I )74) from a least-squares fit over all the available elas-
tl and optical data lead to values of S in the range 
057-0.74. 

Since the relative effective charges of th e flu orides 
31 d oxides do not appear to depend on coordination 
n, mber or crystal field, it should thu s be possi ble to 
plcdict the bulk modulu s of an oxide from the bulk 
modu lus of a fluorid e of the ame crystal structure. In 
part icul ar the bulk moduli of the co rresponding flu o­
otle - oxide pairs in the Goldschmidt modelling scheme 
(for which the molar volumes are comparable) are re­
lated by (KO /KF) = 4S2. A imilar idea was suggested 
by HaussUhl ( 1968) in considering MgF2- Ti02 and 
LiF-MgO as analogue pairs . 

Another aspect of bulk modulus systematics is given 
by O.L. Anderson and Nafe ( 1965) (see also O.L. An­
derson and Soga , 1967) wh o propo ed tha t da ta for 
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oxides and silicates of common mean atomic weight 
!ll = 20- 2 1 would be charac teriLed by the rela tionship 
KV*4 = constant. In Fig. I, the bulk moduli of com­
pounds with IV! = :20- :21 (Si0

2
, MgF2, MgO, aF) are 

indeed scaled as the inverse fourth power of the volume; 
thi s is an important result since Lhi group of compounds 
contains both oxides and fluorides of different crystal 
structures. For other values of !ll, the K - V*-4 scaling 
is not as eviden t. However, for the rocksal t structu re 
pairs MgO- aF eM = 20- 21), CaO- KF eM = 28-29), 
and SrO- RbF (M = 52) this relationship holds very 
well as indicated in Table II I; the members of each pair 
have comparable M since they are composed of adjacent 
elements in the Period ic Table which are very close in 
atomic weight. This alterna tive modelling scheme, on 
the basis of common M rather than ionic radii, is im­
plicit in the approach of Son and Bartels (1972) who 
chose their pairs on the basis of the same closed shell 
ion core configu ra tion. 

2.2. High-temperature elasticity 

In presenting the concept of fluorides as "weakened" 
models of ox ides, Goldschmidt (1927) ci ted the mel ting 
points of the phenacites Li2BeF

4 
(470°C) and Zn

2
Si0

4 
(151 O°C) to illustrate the greater temperature sensitivi ty 
of the physical properties of the fluorides. We list in 
Tab le II the mel ting tempera tu res a t atmospheric pres-
ure for th e compounds under consideration in this 

paper. The ratios of the melting points of the fluorides 
to those of their oxide ana logues T~/T~ are given in 
Tab le IV ; with the exception of MgFr Ti02, this ratio 
is less than 0.6 for all of ~e analogue pairs. 

In discussing the temperature dependence of the 
elastic properties, the Debye temperature eD is a sig­
nifi cant parameter since Leibfried and Ludwig (1961) 
have shown that for T > eo the bulk modulus should 
decrease linea rly with increasing temperature. The elas­
tic moduli data of Table II may be used to calcula te the 
ela tic Debye temperatures from the fo ll owing equa tion, 
which holds for isotropic olids (Debye, 19 12): 

=~ (9PN) I /~ eD k 4-rrM m 



TABL E II 
0 

Summary of elas tic and therm al proper ties of flu orides and oxides ~ 

- --
Structure Compound CN Ionic rad ii 1.2 (A) lcla Molar M p Elas tic moduli (Mbar) .;;a Tm e D 

Ab 
volum e (g) (g/~m 3) _ 

cation(s) anio n (cm3) K li s t K ) (oK) 
s 

Rocksa lt LiF 6 - 6 0.74 1.33 9.83 25 .94 2.639 3 0.696 3 0.4903 0.267 11 20 31 734 3q 57 
NaF 1.02 1.3 3 14 .98 41. 99 2.804 3 0.4 82 3 0.3 133 0.28 1 1269 32 49 135 56 
KF 1.38 1.33 23 .00 58 .10 2.526 q 0.323 q 0. 164q 0.289 113031 327 q 

50 
RbF 1.4 9 1.33 27 . 18 104.4 7 3.84 34 5 0.280 5 0. 127 5 0.297 104 833 22 15 4 8 
MgO 0.72 1.40 4 11.25 40.3 1 3.583 6 1.628 6 1.3 1 16 0.178 3 I 25 32 955 36 96 
CaO 1.00 1.40 4 16.76 56 .08 3.346 7 1.1 47 0.8 14 7 0. 186 2887 32 670* 9 1 
SrO 1.1 3 1.40 4 20.69 103.62 5.009 7 0.88 7 0.59 17 0. 177 2693 32 457 37 90 
BaO 1.36 1.40 4 25 .59 153 .34 5.992 8 0.6 I 8 0.355 8 0. 152 229 132 29 1* 75 

Fluor ite CaF2 8- 4 1.1 2 1.3 1 2 24 .55 78.08 3. 18 19 0.84 19 0.4 26 9 0 .268 169 132 5 1438 67 
SrF2 1.25 1.3 1 2 29.37 125 .62 4 .277 10 0.699 10 0.346 10 0.267 1673 31 380 10 66 
PbF2 1. 29 1.3 1 2 3 1.4 7 245 . I 9 7.79 1 t 0.6 1 I II 0.230 11 0.250 109731 22 111 55 
BaF2 1.42 I. 3 I 2 35 .89 175 .34 4.886 9 0.5849 0.255 9 0.272 1593 31 282 39 

62 
U02 1.00 1.38 8 24.62 270 .03 10 .97 12 2. 13 12 

0.874 12 O. I 70 3 I 5 132 394 * 95 
Th02 1.04 1.38 8 26 .38 13 264 .04 10.0 1 J.93

1Q 
0.972 IQ 

0. 165 3493 32 4 24 * 103 

Rutil e MgF2 6 - 3 0.72 1.30 2 19.6 1 62.3 1 3.178 15 1.0 15 15 0.546 15 0.258 1536 32 62 1* 67 
CO F2 0.735 1.30 2 2 1.1 I 96 .93 4 .592 16 0.835 16 0.392 16 0.229 14 75 31 4 28 * 59 
MnF2 0.82 1.30 2 23 .67 92.93 3.926 15 0.883 15 0.30 15 0.27 I I 129 31 393 * 55 
Si02 0.4 0 1.36 8 14.0 1 60.08 4 .287 17 3.46 17 1. 29 17 0. 157 930 * 88 
Ge02 0.54 1.36 8 16.64 104 .59 6.286 18 2.589 18 

1.509 18 0. 140 774 * 102 
Ti02 0.605 1.36 8 18.80 79 .90 4 .25 13 2. 155 19 1.124 19 0. 132 2 103 32 782 * 94 
Sn02 0.69 1.36 8 21.55 150 .69 6.992 20 2.03 20 0.98 20 0. 14 2 1903 32 545* 94 

Perovskite KM gF3 12- 6 - 6 1.60 0.72 1.33 1.5 38.23 120.4 I 3. 1521 0.753 21 0.47 121 0.299 548 * 67 
KM nF3 1.60 0.82 1.33 1.5 44. 16 15 1.04 3.4 222 0 .649 23 0.325 23 0.298 418 * 60 r-' 
RbMn F3 1.73 0.82 1.33 1.5 45 .73 197 .4 0 4 .3 17

2Q 
0.675 2 Q 0.34 I 2 Q 0.32 1 386 23 64 tTl 

CdTi0 3 1.3 I 0.605 1.40 6 32.9025 208.30 6.33 I 2.00 26 0.98 26 O. I 7 I 589* 90 ?> 
CdSn03 1.3 1 0.69 1.4 0 6 36 .65 27 279 .09 7.6 I 5 1.8926 0.87 26 0. 180 489 * 90 '-

0 
CaSn0 3 1.3 5 0.69 1.40 6 36 .4 728 206 .77 5.673 I. I 526 0 .8526 0. 109 555 * 87 Z 

SrTi03 1.4 0 6 35 .87 183 .5 2 5. 11 629 1.744 30 I. I 730 69 1* 
tTl 

1.40 0.605 0. 162 102 Vl 

> 
Z 
0 
;z:l 

a ';;= KV*ll l e2
. V*= 2Mlp=2V (1 

~ A = ae D.Jtl; aa = Vl /3 = mean lattice parameter. C 
tTl 

e D calculated from room temperature va]ues of the elast ic co n s ta nt~ . '" tTl 
;z:l 
:s: 
> 
Z 

J. Shannon and Prewitt (J 969) 
21 . Reshchikova ( 196 9) 2. Shannon and Prewitt (L 970) .." 

3. Miller and Smith (1964) 22. Beckm an and Knox (I 96 I) ;z:l 

23. A1eksandrov et a!. (I966) 0 
4 . Marshall and Miller (L 967) .." 

"1A !lA _ I _ L. __ _ _ ....... ... f .... ,. ... ' tTl 
;z:l 



1. Shannon and Prewitt (1969) 
2. Shannon and Prewitt (I970) 
3. Miller and Smith (1964) 
4 . Marshall and Miller (I967) 
5. C1eavelin et al. (I 972) 
6. Spetz ler (1969) 
7. So n and Bartels (1972) 
8. Vette r and Bartels (1973) 
9. Wong and Schuele (1968) 

10. Gerlich (1964b) 
11 . Wasilik and Wheat (1965) 
12. Wachtman et al. (1965) 
13. Robie e t al. (1966) 
14. Macedo et al. (1964) 
15 . Hausstihl (I968) 
16 . Hart and Stevenson (1970) 
17. Mizutani e t al. (1972) 
18. Wang and Simmons (1973) 
19. Manghnani et al. ( 1972) 
20. Liebermann (197 3) 

TABLE III 

KV ·
4 

systemat ics for rocksalt flu orides and ox ides 

Compound 1.1 KV · 4 

LiF 13.0 0.06 
MgO 20 .2 0.26 
NaF 21.0 0.24 

aO 28 .0 0.90 
KF 29 . 1 0.90 
SrO 5 1. 8 1.6 1 
RbF 52.2 1.53 
BaO 76.7 2.62 

21. Reshchikova (1969 ) 
22 . Beckm an and Kn ox (I 961 ) 
23 . Aleksa ndrov et al. (1966) 
24 . Melcher and Bolef (1969) 
25. Ro th (1957) 
26. Liebermann (1974) 
27 . Smith ( 1960) 
28 . Coughanour e t al. ( 1955) 
29 . Swanso n et al. (1954) 
30. Bell and Rupprecht (1 963) 
31. Wicks and Block (1963) 
32. Robie and Waldbaum (J 968) 
33. Weast ( 1972) 
34 . Briscoe and Squire ( 195 7) 
35 . Lewis e t al. ( 1967) 

36 . 0D calculated from elas ti c constants of Anderson and Andrea tch (1966) 
37. Johnston et al. (1970) 
38 . Huffman and Norwood (1960) 
39 . Gerlich (1964a) 

TABLE IV 

Ratios of melting (T m) and Debye (OD) temperatures for oxide­
flu oride analogue pa irs 

Pai r T:;.(T~ of /oO 
D D 

Li F- MgO 0.36 0.77 
NaF- Ca O 0.44 0.73 
KF- SrO 0.42 0.72 
RbF- BaO 0.46 0.76 
KF- BaO 0.49 I . I 2 
CaF2 - Th02 0.48 1.2 1 
MgF2 - Ti02 0.73 0.79 
MnF2 - Sn02 0.59 0.72 
KM gF3 - SrTi03 0.79 

~ 
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and h and k are Planck's and Bolt7mann 's cons tants, 
N is Avogadro's number, and up and Us th e comp res­
sional and shea r wave velocitites. The va lues of up and 
Us have been ca lcu lated from the single crys tal elas tic 
modul i Cij by the Voigt-Reuss-Hill averaging scheme; 
O.L nde rson ( 1963) has shown th at this me th od of 
calcula ti ng the elas tic 8 D is equivalen t to the more rig­
orous me th od of averaging the eigenfrequencies over 
all possible norm al modes an d di rec tions of the crys tal. 
Wherever possible, the Debye tempera tures give n in 
Table II have been calculated using the elas tic constant 
data near Oa K; in the other cases, room temperature 
elas tic data were empl oyed so tha t the valu es of 8 D 

will be un de res timated. In Table III we also li st the 
rati os of the Debye te mpera tures for the corre pon ding 
flu orides and oxides. With the exception of the pairs 
containing BaO and Th0 2 , the 8 D of the flu ori des are 
65- 80% of th ose for their oxide ana logues. 

Gmelin (1 970) proposed a sys tematic relati onship 
be tween the Debye tempera ture and ce rtain crys tall o­
graphic parameters: 

8 = _A_ 
D aA71/2 

where a = V * 1/ 3 is a mean latt ice parameter, A is an 
empirical cons tan t, and M is the mean atomic we igl1 t. 
In Table II we list the values of A = aODM 1/ 2 for the 
compounds under di scussion. For each of the flu oride 
and oxide isos tructural groups, the values of this product 
are approx ima tely constan t, especiall y fo r the rocksalt 
structure . Some of the sca tter in thi s product fo r the 
other structures may be att ributable to the necessity 
of using room tempera tu re elastic constant data to cal­
cul ate 0D' For the corresponding pairs of nu orides and 
oxides, th e Debye temperatures should thus be related 
by : 

° :;/8g = (A F /A O)(jijO /MF) 1/2 

so th at 0D for th e oxide may be predicted from 8 D fo r 
it s flu oride an al ogue. 

The scaling of th e thermal properties of the flu oride 
and oxide anal ogues offers several di stinct advan tages 
in studying flu oride models: 

(a) It is experimentally possible to measure the elas­
tic properties of flu oride compounds to much grea ter 
frac tions of their melting temperatures_ 

(b) Their lower Debye temperatures imply th at th e 
flu orides should exhibit the linea r K vs Thigl1-tempera­
ture behaviour at lower absolute temperatures. 

LEA JONES AND R.c' LIEBERMAN 

(c) Th eir lower melting temperatures fac ilit ate th 
fabrica tion of hot-pressed polyc rys talline aggregate 
the binalY flu orides with crys tal stru ctures of interc 
to geophysics; in lieu of single crys tals of these com 
pounds, these aggrega te spec imens may be used for y,_ 
temperature elas ticity measurements by ultrasonic 
niques. 

3. Summary 

Goldschmid t's (1 927) crys tal chemical modelli n 
scheme has been empl oyed to examine the relati on J 

of elas tic and thermal properties of flu oride and ox 
compounds with the rocksalt , flu orite, rutil e and p' vs­
kite structures. The bulk moduli are inversely prop( 
ti onal to volume fo r the flu orides and oxides of ea 
crys tal structure. The approximate constancy of tl 
relative effec tive charge as a scaling fac tor fo r the l 
moduli of nu orides and oxides of a particular stru l Ie 
offers the possibility that the elasti city of oxide c( 
pounds with other crys tal stru ctures could be pred d 
from the data for the co rrespondin g flu oride. In at li­
ti on, the lower elas tic moduli of the flu orides may 1-

abl e us to measure th e second-o rder pressure de r iv~ v 3 

which are difficult to obtain fo r the ox ides even w I 

the most sophisti ca ted ult rasonic technique. 
The lower melting and Debye temperatllfes of tl 

flu orides and flu oroberyll ates support our interest 
utilizing the e compounds as models fo r the higl1- tc '1-

perature elas ticity of their oxide and silica te analog Ie . 
An ultrasonic program is currentl y underway in ou r 
laboratory to measure th e elastic properti es of Li F to 

higl1 temperatures; these data will permit a detailed 
compari son with the MgO data of Spet71er (1969), as 
well as evaluation of the higl1 er order term in vari ous 
finit e strain equations of state (e.g. Th omsen, 1972 ; 
Davies, 1973). 

By model studies of thi s type, we are endeavouring 
to es timate the higl1-temperature properti es of oxides 
and silica tes, just as o thers (see Ringwood (1970) for a 
comprehensive review) have employed ge rmana tes as 
higl1 -pressure models for the phy ical and crys tal chem­
ical properties of their sili cate an alogues. 
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