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Brillouin scattering studies of LaF3 at high temperatures have yielded the complete set of
acoustic-mode frequencies associated with the elastic constants. These show a linear decrease with
temperature up to about 1150 K, this being associated with lattice expansion. Above 1150 K, the
elastic constants show a marked reduction with the exception of C44, which remains nearly con-
stant. This behavior, which results from a diffuse superionic transition to a disordered state, has
been computationally simulated by energy-minimization techniques. The nature of the dominant
high-temperature disorder has been examined with the use of a supercell approach to permit ap-
propriate defect concentrations and types. The calculations favor anion Frenkel disorder in an es-
timated concentration of 2 mole % at 1400 K.

I. INTRODUCTION

Superionic, or fast-ion, conductors have received con-
siderable attention in the past 15 years owing to their ap-
plications as solid electrolytes in energy-storage devices
and ion-specific electrodes. Computer modeling' and a
number of experimental techniques ' have made notable
contributions to our understanding of the rather complex
defect processes involved particularly in the case of
fluorite-structure compounds.

The current theoretical understanding of fluorites in-

volves the development of significant, but limited anion
Frenkel disorder resulting from a diffuse phase transition
to the superionic state. A crucial feature of the model of
this transition is the presence of a defect interaction term
in the free energy causing a reduction in the effective
Frenkel-defect-formation energy. ' The presence of these
relatively large concentrations of defects causes inter alia
a substantial rise in ionic conductivity, an anomalous in-

crease in specific heat, ' and a significant reduction in

certain elastic constants in the region of a transition tem-
perature T, . ' The latter effect has been computation-
ally simulated in fluorites and permits an estimate of the
defect concentration.

Recently interest in the elastic properties of superion-
ics has been extended to the light-lanthanide trifluorides
(MI'3) with the tysonite crystal structure. " '3 As
demonstrated by ionic conductivity and NMR studies on
LaF3 and CeF3, these compounds differ from the fluorites

in that they are moderately good ionic conductors even at
ambient temperature. ' ' The controversy concerning
the relative mobilities of fluorine ions on the different sub-
lattices' ' was recently clarified by a computer simula-
tion study of LaF3. ' This favors predominant fluorine
motion in planes perpendicular to the c axis. The model
also assumes a substantial fluorine-vacancy concentra-
tion.

The nature Of the predominant type of disorder in

LaF3 has been a subject of controversy. Lattice parame-
ter and dilatation measurements suggest Schottky disor-
der. However, recent computer simulation studies indi-

cate a lower formation energy for anion Frenkel rather
than Schottky defects. ' It should be pointed out that
both results refer to temperatures below 1000 K.

Evidence to support thermally induced disorder at yet
higher temperatures in LaF3 and CeF3 is now emerging.
Although several ionic conductivity studies have been re-
ported, '"' ' ' it is only recently that measurements
have been extended from 1000 to 1500 K. A significant
conductivity increase occurs above 1150 K, followed by a
slight reduction in the rate of increase above 1500 K.
Furthermore, a substantial excess specific-heat increase is
observed above the same temperature. Brillouin
scattering studies have shown significant reductions in
certain acoustic mode frequencies and the associated elas-
tic constants in LaF3 and CeF3 above 1150 K. ' ' As
discussed above, such elastic anomalies are associated
with a diffuse transition to the superionic state in fluor-
ites.
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II. THEORETICAL CONSIDERATIONS

A. Structure and defect energies

Studies of the structure of LaF3 have suggested various
space groups which subsequently have been reduced to
two possibilities. The first proposal has hexagonal sym-
metry with a P63cm space group and is characterized
by four inequivalent fluorine sublattices in the ratio
2:4:6:6 (Fig. I). An alternative structure has trigonal
symmetry with the P3c1 space group' ' and has three
inequivalent fluorine sites in the ratio 2:4:12;as shown in

P3c1 P63cm

F1 : F2 : F3

2' 4:12
Fl : F2: F3: F4

2:4:6:6

3 sublattices

P

12: 4: 2

(F3+F4) F2: Fl

Goldman and Shen

2 sublat tices
a: (p+7)
12

sublattice A sublattice B

FIG. 1. Fluorine sublattice models in LaF3.

In this article we report acoustic mode frequencies re-
lated to the complete set of elastic constants for tempera-
tures approaching 1500 K as measured by the Brillouin
scattering method. Furthermore, we calculate elastic
constants using computer modeling techniques; we inves-
tigate the effects both of lattice expansion and the pres-
ence of anion Frenkel and Schottky disorder. A compar-
ison of these experimental and theoretical results is used
to predict the dominant species of disorder and its con-
centration at high temperatures. In Sec. II we introduce
the model and the simulation method used in the calcula-
tions, Section III describes the experimental procedures.
In Sec. IV we present the experimental and theoretical re-
sults. Discussions and conclusions are provided in Sec.
V.

TABLE I. The atomic parameters of LaF3 in the P3c1 space
o 0

group. Lattice parameter: a=7.185 A, c=7.351 A. X and Y
are expressed in terms of a; Z is expressed in terms of c.

Atom

La
F(1)
F(2)
F(3)

X

0.6602
0.0000
0.3333
0.3659

0.0000
0.0000
0.6667
0.0537

Z

0.2500
0.2500
0.1867
0.0814

Fig. 1, the Goldman-Shen model' simplifies the structure
to one with sublattices A and 8. In both space groups
the structure is heximolecular with six formula units per
unit cell. The difference in atomic coordinates or bond
lengths is small and calculated defect energies are similar.
The P3c1 space group was chosen in this study and the
atomic parameters are given in Table I. Anion Frenkel
and Schottky defect formation energies for defects creat-
ed on the different sublattices are given in Table II, using
the results of Jordan and Catlow. '

B. Computational procedure

Perfect lattice elastic constants were calculated by the
standard procedures available in the THBREL code which
is closely related to the PLUTO program written by
Catlow and Norgett. The variation of the elastic con-
stants with temperature was simulated by allowing the
lattice parameter to vary in accordance with the experi-
mentally determined thermal-expansion coefficient.

For crystals containing defects, supercell calculations
were performed in the determination of lattice energies
and elastic constants. The method entails setting up a su-
percell comprising the defect and its surrounding lattice
and repeating it infinitely in space. We constructed su-
percells containing 2, 3, 4, 6, and 8 basic unit cells of
LaF3. For Frenkel defect supercells an anion Frenkel
pair consisting of an interstitial site of type 3 (defined in
Table II) and a fluorine-ion vacancy of type F3 (defined in
Table I) were chosen. This combination results in the
lowest Frenkel defect formation energy as shown in Table
II. The fluorine-ion vacancy and interstitial were located
in different unit cells to avoid their recombination during
energy minimization. In the case of the Schottky defect
supercell (Table II) fluorine-ion vacancy positions nearest
to a lanthanum ion were chosen; i.e., a bound Schottky
quartet was studied. The concentration of defects in the
'lattice was diluted by increasing the size of the supercell
around a single anion Frenkel pair or Schottky quartet
(see Table VI). Furthermore, these calculations also en-
abled the defect interaction energy to be investigated as a
function of defect separation.

The energy-minimization procedure was applied using
the THBREL code on the lattice containing defects until
equilibrium configurations were achieved. In our compu-
tations, lattice vectors were kept constant (constant
volume), and only atomic coordinates were adjusted for
zero strain. The lattice energies corresponding to
different defect concentrations were calculated and elastic
constants were determined from the derivatives of these
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TABLE II. The anion Frenkel and Schottky defect formation energies in LaF3 [after Jordan and
Catlow (Ref. 21)].

Anion Frenkel model: Calculated formation energies

F Interstitial
site

F -interstitial
formation energy

(eV)
F -vacancy

site

Frenkel-pair-
formation

energy
(eV)

(1) 0.6629 0.8660 0.4600

(2) 0.1276 0.4660 0.4800

(3) 0.2500 0.1443 0.5115

0.22

—0.26

—0.33

F(1)
F(2)
F(3)
F(1)
F(2)
F(3)
F(1)
F(2)
F(3)

3.20
3.49
2.82
2.72
3.01
2.34
2.65
2.94
2.27

Experimental Frenkel formation energy: 1 eV

vacancy site

Schottky model
Calculated

formation energy
(eV)

Calculated
Schottky formation energy

(eV)

F(1)
F(2)
F(3)
La

Experimental Schottky formation energy: 2 eV

2.98
3.27
2.60

46.68

6.78
7.65
5.64
5.64

TABLE III. The parameters for the short-range interionic
potentials and those for the shell model.

Short-range interaction potential parameters
A„(eV) p„(A) C, (eV A )

La'+-La + 53 317.7
1476.86

F -F 1127.70
Short-range potential cutoff

0.2206
0.3252
0.2753

distance: 9.78 A

0
0

15.83

Shell model parameters
I'/~e~ k (eU A )

La3+

F
6.59

—2.38
250.0
101.2

energies with respect to atomic coordinates.
The interatomic potentials used in this study are those

of Jordan and Catlow. ' The lattice energy is the sum of
Coulomb and short-range terms, the latter cast in the
form of a Buckingham potential,

V, (r ) = A",Jexp( r,j /p; J ) —C;~ /r;~
—.

For the Coulomb interactions, the effective charges
were assigned their full normal values and the lattice
summations were achieved by the Ewald procedure. The
short-range terms were handled in real space and had a

0
cutoff distance of 9.78 A. The treatment of ionic polari-
zability was based on the shell model of Dick and
Overhauser and expressed in terms of the respective
shell charges Y and spring constants k for the La + and

F ions. The values of the parameters used for the,
short-range interionic potentials and shell model appear
in Table III.

III. EXPERIMENTAL METHODS

Brillouin spectra were excited using the 514.5-nm line
of an argon-ion laser, operated in a single axial mode.
The light scattered by 90' was analyzed by a triple-pass,
piezoelectrically scanned Fabry-Perot interferometer,
which was electronically stabilized. The signals were
detected by a photomultiplier and phonon counting sys-
tem used in conjunction with a multichannel analyzer.

The frequency shift in Brillouin scattered light is given
by

v cop
(n, +n, 2n, n, cos8—) .

C

The refractive indices n, and n, are defined for the direc-
tions of the incident and scattered light where the scatter-
ing angle is 0. Optical isotropy may be assumed in LaF3
as n; and n, differ by only 0.4%." Since birefringence
effects are so small, Eq. (2) reduces to

b,co& =(2nucoo/c)sin(0/2),

where v is the velocity of the acoustic phonons causing
the light scattering, n =(n; +n, )/2, cop is the frequency of
the incident light, and c is the velocity of light. Table
VII(a) gives the phonon propagation directions together
with the modes used. K is the unit vector parallel to the
phonon propagation direction; u is the phonon polariza-
tion direction with its components uk being in some cases
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complicated experssions involving elastic constants
[Table VII(b)]; y, . are the relevant combinations of elastic
constants; and L, QL, QT, and T refer to the longitudi-
nal, quasilongitudinal, quasitransverse, and pure trans-
verse modes, respectively. In view of the equivalence of
the phonon velocity in the (1,0,0} and (0,1,0) directions,
and that C&g —0 ' the hexagonal approximation to trigo-
nal symmetry is assumed. From Eq. (3), if n /p is con-
sidered slowly varying, as in fluorite structured com-
pounds, then (b,coa) is proportional to the appropriate
elastic constant combination y; .

Three samples of LaF& were oriented using the Laue
x-ray backreflection technique. They were cut into cubes
of approximate edge dimension 3.5 mrn using a wire saw
and polished to a 6-pm finish. In order to minimize con-
tamination of the polished surfaces at high temperatures,
the samples were encapsulated under ultrapure argon gas
in fused silica capsules. A recess, cut ultrasonically in the
base of the capsule and matched to the sample dimen-
sions, ensured that the sample orientation within the cap-
sule was maintained. The sample capsules were mounted
in an optical furnace and accurately aligned with
respect to the incident laser beam.

IV. RESULTS
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The squares of the acoustic mode frequencies (b,co+),
associated with elastic constants or their combinations,
were obtained from light scattering by phonons propaga-
ting along (1,0,0,), (0,1,1)/3/2, and ( —1,&2,1)/2 direc-
tions [Table VII(a)]. Figure 2 gives the temperature vari-
ation of (hco~ ) for the quasilongitudinal yI3 (QL), quasi-
transverse y, 4 (QT}, and pure transverse y» (T) modes in

FIG. 3. The variation with temperature of (hco&) for the
different acoustic modes of LaF& in the ( —1,&2, 1)/2 direction.

the (0,1,1)/3/2 direction. Similar measurements on
modes yI6 (QL), y &7 (QT), and y &s (p, carried out in the
( —1,V2, 1)/2 direction, are presented in Fig. 3. Figure
4(a) reflects (b,co& ), related to C», as a function of tem-
perature and was obtained from the (1,0,0) phonon prop-
agation direction. Scattering from the transverse acous-
tic modes in this direction was too weak to be observed.
Direct measurements of (b,co& ) associated with C33 were
unsuccessful, since excessive scattering of parasitic light
occured for the (0,0,1) phonon propagation direction.
Hence (hcoII) related to C33 was calculated from the
measured modes shown in Figs. 2 and 3, making use of
the relations in Table VII(a). The tetnperature depen-
dence of C33 is shown in Fig. 4(a). In order to relate
these observations to the behavior of the specific-heat
capacity as determined by Lyon et al. , the excess
specific-heat capacity hC~ was calculated from their data

180
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TABLE IV. A comparison of the calculated and experimen-
tal temperature gradients of the various elastic constants below
1100K.

100
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Temperature (K)

FIG. 2. The variation with temperature of the squares of
Brillouin frequency shifts (hen&) for the different acoustic
modes of LaF& in the (0,1,1)/&2 direction.

dC'J /d T (MPa/K)
Experimental

34.4
48.8

5.4
10.4
6.7

Calculated

37.2
34.8
7.6

13.0
7.6
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TABLE V. A comparison of the experimental percentage changes of elastic constants above 1150 K
and those calculated on the basis of the anion Frenkel and Schottky models.

Experimental
1400 K

Frenkel model
2 mol%

Schottky model
2 mol%

(AC„)/C„
(ACg3 ) /C33
(ACI~ ) /C, 3

3.7
4.4

10.2
11.0
0.0

6.9
4.4

10.1
11.1

—3.0

8.4
8.0

11.7
12.0
15.8
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as the difference between the experimental and Debye
values and expressed as a function of temperature in Fig.
4(b).

All directly measured mode frequencies show a com-

mon pattern; a linear decrease of (b,~~) with tempera-
ture up to 1150 K, followed by a marked softening up to
1500 K. The anomalous increase in hC above about
1100 K in Fig. 4(b) coincides with the additional reduc-
tion of (Leos) . The linear changes of C» and C33 have
been extended beyond 1150 K in Fig. 4(a) for comparison
with the theoretical calculations.

The measured (Ecole ) in Figs. 2 and 3 were also used to
calculate (b,co&) corresponding to the individual elastic
constants C», C», C«, and C44 for LaF& which are
shown in Fig. 5. A comparison of the measured (Fig. 4)
and calculated (Fig. 5) values of C» shows a most satis-
factory degree of agreement if we consider the large num-
ber of modes used and the complexity of the relations
shown in Table VII(a). It is again noted, in Fig. 5, that
all (b,cps) change linearly with temperature below 1150
K and those related to C», C», and C«suffer an addi-
tional reduction above this temperature. However, the
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FIG. 4. (a) The temperature dependence of (Ace& ) related to
the directly measured C„ for the (1,0,0) phonon propagation
direction; the calculated temperature dependence of C» deter-
mined from modes shown in Figs. 2 and 3. (b) hC~, the
difference between the experimental and Debye heat capacities
for LaF& as a function of temperature as determined from the
data of Ref. 25.
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FIG. 5. The temperature variation of (Ago~ ) corresponding
to the individual elastic constants C&l, C», C«, and C44.
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FIG. 6. The variation of elastic constants with temperature,
calculated by allowing the lattice to expand with temperature.

FIG. 7. The calculated change of elastic constants of LaF3
with increasing concentration of anion Frenkel disorder.

behavior of (b,cps) related to C~ is significantly different
from the others in that there is a near constancy of
dC44ldT above 1150 K, followed by a small decrease
above 1300 K.

Theoretical calculations of elastic constants for the
perfect lattice based on lattice expansion (see Sec. IIB)
are given in Fig. 6. All elastic constants vary linearly
with temperature up to about 1100 K. A comparison of
experimental and theoretical temperature gradients of
elastic constants is given in Table IV. Although
discrepancies occur in the absolute values of calculated
and experimental elastic constants, the main features are
quite satisfactory.

Computer simulation results based on the anion Frenk-

el and Schottky models (see Sec. II B) are presented in

Figs. 7 and 8, respectively. In Fig. 7 for Frenkel defects
all elastic constants reduce with increasing defect con-
tent, with the exception of C44, which tends to a constant
value. However, in the case of the Schottky model (Fig.
8) all elastic constants decrease with the concentration of
defects.

Table V features precentage deviations of the experi-
mental elastic constants from the extrapolated anhar-
monic values at 1400 K. These results compare favorably
with calculations based on the anion Frenkel model
where the concentration of defects is estimated at 2%. In
particular, the near constancy of C~ is reproduced. The
agreement with the Schottky model is less satisfactory,

TABLE VI. Energies associated with defect supercells in LaF3. Asterisk denotes zero-value result from recombination during en-

ergy minimization.

Frenkel model Schottky model
Supe rcell

size
unit cells

Perfect
lattice

energy (eV)

—293.05
—586.10
—879.15

—1172.20
—1758.30
—2344.40

Defect
concentration

(%)

5.56
2.78
1.85
1.39
0.93
0.47

Defect
interaction
energy (eV)

0Q

0.70
0.49
0.44
0.35

Defect
concentration

(%)

16.60
8.30
5.56
4.17
2.78
2.09

Defect
interaction
energy (eV)

2.92
2.60

Frenke1 pair defect formation energy 2.27 eV
Schottky quartet defect formation energy 5.64 eV
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particularly in the behavior of C~, which is the most
critical case; here a relatively large fractional decrease of
15.8% in hc44/C44 is calculated.

Table VI shows sizes of the various supercells, their

perfect lattice energies, corresponding concentrations of
Frenkel and Schottky disorder, and defect interaction en-
ergies (see also Sec. IIB). It is observed that in both
models defect interaction energies increase with the con-

TABLE VII. (a) Combinations of elastic constants of a hexagonal crystal in the various phonon
propagation and polarization directions. {b) Phonon polarization vector components Qk corresponding
to (a) ~

(a)

(1,0,0)
(0,0, 1)

(0,1,1)/&2
(0,1,1)/&2
(0,1,1)/&2
(
—1,&2,1)/2

(
—1,&2,1}/2

( —1,&2,1)/2

(1,0,0)
(0,0,1)

(O,Q2, Q3)

(0 Q2 Q3)

(1,0,0)
(Q] Q2 Q3)

(Q], Q2, Q3)
6 6 6

(1,0,1)/&2

Mode

L
L

L
T

T
QL
QT
T

ylJ

C33

y13

y]4
y]s
y]6
y]7

y18

y'3 g [C33+C~~+2C«+[(C„—C33) +4(C, '+C44) ]' ']
y, 4= —'[C„+C„+2C„—[(C„—C33)'+4(C„+C', ) ]' 'j
y]s =(C44+ C66)/2
y, 6=

4 [3C„+C„+4C44+[(3C„2C«—C~, ) + 12(C„+C44) ]' ']
y„= ~ [3C„+C))+4C44—[(3C„—2C« —Cgg) + 12(C'p+C44) ]'
y18 {C44+ 3C66 ) /4

(b)

u 2 =(C„+C44)[(2y„—C„—C«)'+(C, )+C«) ]
u'= —(2yi' —Cii C«)—[(2yi' Cii ——C«)'+(Ci'+C«)'] '"
u'=(C~~+ C44)[(2y&4 —C„—C44)'+(C„+C«)']

Cii C«)l—(2yw Cii ——C«)'+«i'+C«)'] '"

u2=[(A4/B )'+1+(A, /B4)']
u', =[~2( A6/B, )( A6/B6+ 2)+1]
Q] =(1—A7/B7 —A8 A9/B8B9)
u, =[(A~0/B9) +1+(A„/B, ) ]
u3 [~2(A, 2/B„)(A, 2/B, 2+ ~)+1]
A ]

= ( C]1+C44+ 2C66 —4y]6)(3C44+ C33 4y, 6) —&2(C» + C44 )

B, =2(C]3+C44)'+ (C]2+C66)(3C44+ C33 4y]6)
A 2

= ( C, ]+C33+2C66 —4y, 6)(3C44+ C33 —4y, 6) —&2( C]3+C44 )

B2 =(1/&2)(3C +C33 4y]6)(C]z+ C66) —(C,3+C )

A3 =(2C]]+C44+ C66 —4y]6)(C]3+C44) —&2(C]2+C66)(C]3+C44)
B3= —(C]1+C33+2C66 —4y]6)(3C44+ C33 —4y]6)+ &2(C]3+C44)
A4 =2(C]3+C44) —2(C]2+ C66)(3C44+ C33 4y]6)
B4 =(1/&2)(3C44+ C33)(C]2+C66) (C]3+C44)
A s

= (2C]] +C44+ C66 —4y]6)(C]3+C44) —&2(C]3+C44)(C]2+ C66)
B,=(C„+C33+2C66 —4y, 6)(3C44+ C33 —4y, 6) —&2(C]3+C44)
A6 =(3C 4+ C33 4y]6)(C]2+ C66) —(C]3+C44)
B6=(2C]1+C44+ C66 —4y]6)(C]3+C44) —&2(C]3+C44)(C]2+ C66)
A 7 ( C» +C44+ 2C« —4y»)(3C44+ C33 4y, 7) —&2( C,3+C44 )

B7 2(C]3+C44) +(C„+C66)(3C44+ C33 4y]7}
A 8

—
( C» +C„+2C66 —4y, 7)(3C44+ C„—4y, 7) —&2( C» + C44 )

B8 =(1/&2)(3C44+ C33 4y]7)(C,2+ C66) —(C]3+C44)
A, =(2C» +C44+ C66 —4y»)(C»+ C ) —&2(C]2+C66)(C]3+C )

B9= —(Cl] +C33+2C66 —4y]7)(3C~+ C33 —4y, 7)+&2(C]3+C44)
A lo =2(C]3+C44) 2(C]2+ C66)(3C44+ C33 4y]7)
B]0=(1/&2)(3C44+C33)(C]2+C66) (C]3+C44)
A, ] =(2C» +C44+ C« —4y»)(C»+ C4 )—&2(C,3+C ){C]a+C66)
B» = (C» +C33+2C66 —4y, 7)(3C44+ C33 —4y, 6}—&2(C]3+C44)
A]2 =(3C~4+ C33 4y]7)(C]2+C66) (C +C )'
B]~=(2C]1+C44+ C66 —4y]7)(C]3+C44) —&2(C]3+C44)(C]p+ C66)
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FIG. 8. The calcolated change of elastic constants of LaF3
with increasing concentration of Schottky disorder.

centration of defects or reduce with an increase in the
separation of defects.

V. DISCUSSION

The temperature variation of elastic constants of LaF3
show two regions of interest which are normally observed
in fluorite and antifluorite structured compounds. '

First a linear change occurs up to about 1100 K. The
temperature gradients of the measured and calculated
elastic constants (Table IV) compare favorably. Since
theoretical calculations are based on the quasiharmonic
approximation, the corresponding linear changes in the
measured elastic constants may be attributed to lattice
expansion. Garber and Granato used a similar argu-
ment to account for such changes in alkali halides.
Secondly, a pronounced reduction of frequencies and
elastic constants occurs above 1150 K (it should be noted
that the linear behavior persists up to the melting point
in alkali halides. ) The anomaly in elastic constants starts
at the temperature where substantial increases in the ex-
cess specific-heat capacity and the ionic conductivity be-
gin. The combination of these phenomena signal the on-
set of a diffuse transition to a disordered superionic state
in analogy with the fluorite structured compounds.

Although anharmonicity is associated with all vibra-
tional modes in solids, it is possible that extreme anhar-
monicity may develop for specific vibrational modes with
increasing temperature, leading to an enhanced level of
displacement of atoms from their normal lattice sites.
Such vibrational modes would give rise to thermally in-
duced lattice defects, and a distinction between the efFects
of point defect formation and anharmonicity is not al-
ways clear cut. We consider, however, that defect gen-

eration is the predominant mechanism responsible for the
superionic transition in LaF3. A comparison of comput-
ed elastic constants and those measured by Brillouin
scattering provides valuable insights into the dominant
mechanisms and species.

The controversy regarding the predominant type of
disorder in LaF3 was referred to in the Introduction. In
our simulation studies, the presence of both anion Frenk-
el and Schottky defects reduced the majority of elastic
constants in LaF3. However, a comparison of the experi-
mental and calculated relative changes in elastic con-
stants, in Table V, favors the Frenkel model. In particu-
lar the anomalous behavior of C44 is reproduced reason-
ably well by this model. This consistency, together with
a reported lower formation energy for Frenkel than for
Schottky disorder, ' suggests a prevalence of the former
defect species in the superionic phase. However, the
presence of limited Schottky disorder cannot be ruled out
on the basis of lattice parameter and dilatation results.

Other important information derived from the present
study is an estimate of the level of disorder in the su-
perionic phase. In Table V we note that most experimen-
tal changes of elastic constants at 1400 K are close to
those calculated for 2% of Frenkel disorder. It might be
argued that concentrations of Schottky disorder other
than 2% would yield values which are more consistent
with the experimental outcome. However, certain elastic
constants, especially C~3 and C«, are already in agree-
ment with experiment at a 2% concentration of Schottky
defects. Hence changing the defect content to force an
agreement with other constants will immediately result in
a mismatch in C» and C«. Furthermore, the behavior
of C44 is at variance with the predictions of the Schottky
model: indeed, a negligibly small concentration of
Schottky disorder will be required to approach the behav-
ior of C44. It is seen, therefore, that the experimental
determination of the complete set of elastic constants as a
function of temperature has assisted greatly in the inter-
pretation of our theoretical calculations to favor the
Frenkel model.

It is further noted from Table IV that the interaction
energy of defects rises with increasing content of defects
in the lattice. Such interaction reduces the formation en-
ergy of defects and is in accord with the model of the
diffuse transition discussed in the Introduction. It is
clear that there are many features of the current work on
LaF3 in common with that on fluorite-structured com-
pounds. In the latter, neutron scattering and computer
simulations studies ' have shown the prominent note
played by clusters, formed by defect interactions,
influencing features associated with the superionic phase.
Studies of this nature in LaF3 will be of great value.
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APPENDIX

We now present Table VII.
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