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In this paper we present new results of specific-heat experiments on superionic mixtures of cubic
lead fIuoride and some rare-earth fluorides. The results depend very strongly on the rare-earth
ion; for samples doped with LaF, we observe a peak in the specific heat as a function of T, which
is located at an approximately fixed position. This peak, which is due to the superionic transition,
increases in width with increasing concentrations of LaF3. If we add YbF&, however, the position
of the peak varies. It appears that in samples doped with a few mol% YbF3 there are two peaks
in the "specific-heat spectrum": one very similar to the peak observed in pure PbF2 and a second
peak situated at significantly lower temperatures. The results are discussed in view of the experi-
mental data on the clustering properties of the diferent solid solutions. In addition, we treat some
of the specific-heat data with theoretical models, which have been proposed by Vlieg, den Hartog,
and %innink. This analysis suggests that due to the introduction of La impurities the formation
of Frenkel pairs is more diScult. The introduction of Yb impurities, however, leads to additional
Frenkel-pair formation, because Fbi „Yb„F2+, clusters, consisting of more than one Yb-F inter-
stitial pair, trap extra interstitial F ions. Because the energy of these extra trapped interstitial
F ions is lower than the energy of free anion interstitials, this leads to an enhancement of the for-
mation of Frenkel pairs.

I. INTRODUCTION

Solid solutions of divalent-metal ion fluorides and
rare-earth fluorides have been investigated extensively
with a large number of difFerent experimental and
theoretical techniques, ' ' An interesting property of
these materials is that large concentrations of rare-earth
ions can be accommodated in the lattice without appre-
ciable efFects on the long-range order. Despite the
scientific attention given to these materials, a detailed
description of the structure is lacking,

It appears that the structure of the solid solutions
„R„F2+„(where A is a divalent-metal ion, i.e., Ca,

Sr, Ba, or Pb, and R is a trivalent rare-earth ion La, Ce,
. . . ) sensitively depends upon the relative sizes of the
ions involved. This has been concluded from detailed
spectroscopic, dielectric, and other experiments carried
out by various groups. ' ' It appears that the CaF, -

based solid solutions all yhow an appreciable tendency to
form clusters with two or more trivalent ions. On the
other hand, in BaFz based materials we have found in re-
cent investigations * that preferential clustering of
R + ions is unimportant. From a comparison of dielec-
tric experiments carried out on solid solutions
Sr, „R„F and Pb, R F „,' ' ' we 6nd that
these two difFerent types of solid solutions behave simi-
larly, i.e., clustering is important for doping with small
sized 8 + ions, whereas preferential clustering does not
occur for the systems containing large trivalent ions
such as La, Ce, etc. In the present paper we examine
different sohd solutions of the type Pb& „A„F2+„(with
& =La or Yb) by means of differential scanning
calorimetry (DSC). We have chosen these systems be-

cause of the relatively low phase transition temperature
and because the trivalent ions are expected to behave
quite difFerently as a result of the difFerence of the ionic
radii.

Indeed the two different series of solid solutions
behave quite differently in our DSC study. It appears
that the superionic phase transition which occurs in pure
PbF2, at about 720 K is quite sensitive to the presence of
trivalent impurities. The solid solutions containing LaF3
show a maximum value of C„at about 720 K, i.e., ap-
proximately the same temperature as for pure PbF2.
The width of the C, peak increases gradually with in-
creasing concentrations of LaF3. In contrast with this
behavior we find for the series of solid solutions
Pb& „Yb Fz+„ that the maximum of C, shifts to lower
temperatures with increasing values of x. On the other
hand, the results suggest that in the solid solutions
Pb, „Yb„F2+„there are two difFerent phase transitions:
(a) one that is observed in pure PbF2 and (b) another one
associated with the presence of YbF3 in the PbF2 lattice;
this transition is located at about 690 K.

The DSC results have been interpreted in two ways.
The first one is rather simple and takes into account the
formation of Frenkel pairs consisting of an F vacancy
and an F interstitial. The activation energy associated
with this process can be calculated from the low-
temperature tail of the DSC peak. Our results indicate
that for the system Pb& La F2+ this activation energy
decreases with increasing values of x. For the system
Pbl, Yb F2+„, however, the activation energy increases
with x as long as x is less than approximately 0.01 (l
mol%). For larger values of x the activation energy de-
creases with increasing x. These observations are in line
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with the results of Raman experiments on similar solid
solutions Sr, „La„F2+„and Sr, Yb Fz+„obtained in
our laboratory. The width of the Raman peak (T2s ) in-

creases with T; this increase appears to be partly related
with the production of defects. In Sr, „La„Fz+„we
have observed that the activation energy associated with
the increasing width decreases with increasing La con-
centrations. For relatively low concentrations the width
of the Raman peak in Sr& „Yb,Fz+„ increases in accor-
dance with an activation energy, which increases rapidly
with x. If the concentration is increased to several
mo1%, this activation energy decreases with increasing
values of x.

Another interpretation of the DSC results can be
found in terms of thermodynamics; we have applied
several models studied by Vlieg, den Hartog, and %in-
oink to explain the DSC results obtained for the doped
PbF2 samples. It appears that the DSC curves obtained
for doped samples can be explained in terms of the ther-
modynamic models developed by Vlieg, den Hartog, and
Winnink. In the calculations of the present paper we
take into account the presence of interstitials associated
with the trivalent dopants; we allow for variations of the
interactions between nearest and next-nearest neighbors
and we take into account the difference in energy of an
F ion located at a lattice position and an interstitial
site. This energy difkrence is found to be dependent on
the presence of trivalent impurities. For La impurities
the energy difFerence increases with increasing values of
x If YbF3 is added to PbF2 the difference in energy is
smaller. On the other hand, our calcu1ations show that
the increase of C„with T in the low-temperature tail of
the C„peak is more rapid for moderately doped solid
solutions Pb) „Yb„F2+ than for pure PbF2.

The increase of the energy difference between an F
ion occupying a normal lattice position and an F ion
occupying an interstitial position, observed for La-doped
PbFz will be discussed. The opposite effect, which has
been observed for Yb-doped PbFz, is assumed to be asso-
ciated with the fact that clusters consisting of two or
more Yb ions can trap more than the corresponding
number of interstitial iluoride ious. This favors the for-
mation of extra interstitial F ions and F vacancies.

II. EXPERIMENTAL PROCEDURES

The crystals used for this investigation have been
grown with a modi6ed Bridgman setup employing a
high-frequency furnace. The growth process proceeds
under a purified He atmosphere of 0.9 bar. Some details
of our setup have been given elsewhere. "* The con-
centrations of the dopants given in this paper are the
nominal concentrations.

The DSC experiments reported in this paper have
been carried out with a Perkin-Elmer DSC7 in connec-
tion with a Perkin Ehner 7500 data station. The sam-
ples were placed in a small platinum container in order
to prevent chemical reactions between the sample and
the instrument. During the experiment the instrument is
Aushed with puri5ed Ar gas.

In order to obtain information about the e8ects of

heat treatment on the superionic phase transition we
have carried out several experiments on samples which
had been quenched from high temperatures. The results
of these experiments have been compared with those ob-
tained from as-grown materials.

For interpretation purposes we have transformed the
results of our specific heat experiments [C (T)} to the

C„(T) values by means of the formula

In (1) and (2) V is the molar volume of the crystal. k„ is

equal to the inverse of the bulk modulus 8,
8 =—,'(Cii+2Ciq), (3)

where C„and C,z are the elastic constants. According
to Catlow et al. ' C,2 is approximately temperature
independent; C», however, is temperature dependent,
especially in the vicinity of the superionic phase transi-
tion. Below rc the decrease of C» as a function of ris
due to anharmonicity; in the vicinity of Tc the decrease
of C» is enhanced by the anion disorder, which is asso-
ciated with the presence of large numbers of anion va-
cancies and interstitials. For the elastic constants the
following values have been reported:

Ci)(300 K)=9.3X10' N/m

C„(800 K)=4.0X10' N/m

Cii ——4.4X 10' N/m

The molar volume at 300 K is calculated to be
31.62X10 m . Rushworth et al. (see Catlow et al. )

have found an increase of the lattice parameter of 3% if
the temperature is increased from 300 K to 1160 K.
The corresponding volume increase is approximately
9%. From the experimental data of Rushworth et al.
we calculate (in a linear approximation, a = A, T) the
value A, =l.43X10 K . We can now write (8 is the
gas constant)

TVu 8
P U

VA, T «ii+2Ciz) . (4)

In Fig. 1 we have plotted the value of C —C, as a
function of T, and it appears that this correction can be
quite significant, especially in the vicinity of the su-
perionic phase-transition temperature and higher. If we
want to compare the experimental results with theoreti-
cal data obtained with model calculations, it is necessary
to take the correction term (4) into account. Although
C —C„as given in Fig. 1 does not behave linearly with
T, it appears that, within the temperature range where
the superionic phase transition occurs, the correction
can be approximated by a linear function of T.

where a is the expansion coeflicient and k& is the iso-
thermal compressibility

T

V
T p' Qp
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FIG. 1. The correction {C~—C, )/R as a function of T.

III. KXPKRIMKNTAI. RESULTS

In this investigation we have studied the specific heat
of two types of solid solutions: (a) Pb, „La„F2+„and
(b) Pb, „Yb,Fz+„. It appears that as a function of the
concentration of the trivalent rare-earth ions these two
solid solutions behave differently. In Fig. 2 we show the
results obtained for several solid solutions of the type
Pb, „La„Fz+„. From Fig. 2 it is clear that for this
series of solid solutions the phase transition occurs at
one fixed temperature. The peak in the C„curves de-
creases with increasing value of x; in addition we ob-
serve that the width of the peak increases with increas-
ing values of X.

The behavior of the solid solutions Pb, „Yb„Fz+„ is
more coinplex than the one described above. A survey
of our results has been presented in Fig. 3. In the con-

Y
(orb. Iaita)

FIG. 2. Survey of the specific-heat results of the solid solu-
tions Pb, „La„F2+ .

KLJ
T(K)

FIG. 3. Survey of the specific-heat results of the solid solu-
tions Pb& Yb„F2+„.

centration range 0 &x & 0.016 we observe a very strong
broadening of the C„peak. If x is increased further, the
specific heat at about 720 K (the position of the C„peak
for pure PbFz) decreases, while the specific heat at about
690 K increases. For x=0.035 the C, peak is relatively
narrow. With increasing values of x the peak at approx-
imately 690 K remains the most pronounced one up to
x=0.172. For concentrations higher than 7 mo1% an
additional peak in the specific-heat curve is observed at
approximately 750 K.

We have also carried out DSC experiments on
quenched materials. For pure PbFz we have not ob-
served variations as compared to the as-grown crystals.
A similar observation has been made for the samples
doped with LaF3. For YbF3 doped materials, how'ever,
we found that the speci6c-heat peak broadens as com-
pared to the as-grown (slowly cooled) materials. An ex-
ample of our results has been presented in Fig. 4.

In Tables I and II we have presented a survey of our
results on La- and Yb-doped samples, respectively.
Table I shows that indeed the DSC peak is located at a
fixed position for Pb

& „La„F2+ with 0 &x & 0.116.
The height of the peak decreases with increasing values
of x. Also the width of the peak increases with x. From
the area under the peak as a function of x we conclude
that the total heat capacitance associated with the su-
perionic phase transition decreases with increasing
values of x. In Table I we have also included the calcu-
lated activation energy, which can be associated with the
formation of the defects which govern the phase transi-
tion. This activation energy, which will be discussed
later, is in agreement with the experimental values of the
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FIG. 4. Results of DSC measurements of PbF& doped ~ith 4
mol% YbF3. Curve 1 is obtained for an "as-grown" sample.
Curve 2 is obtained after quenching from 600'C to room tem-

perature.

IV. DISCUSSION

The behavior of the specific heat of pure SrC12 and

PbFz can be described quite well in terms of some of the
models discussed by Vlieg, den Hartog, and Winnink.
These models take into account the interaction between
nearest-neighbor lattice ions and the interaction between
interstitial fIuoride ions and the neighboring lattice
tluorides [the quasichemical (Q) and the mixed quasi-
chemical Bragg-Williams (QBW-2) model of Ref. 23].
The parameters were obtained by means of least-
squares-fitting procedures. We have employed essential-
ly the same procedures as Vlieg, den Hartog, and Win-
nink in order to interpret our experimental results in
terms of the theoretical models, which are available.

A much easier method to analyze the DSC results has
been indicated by Nolting. The Frenkel energy EF can
be deduced from the formula

Frenkel-pair formation energy obtained from ionic con-
ductivity experiments. The defect formation energy
decreases from approximately 1.1 eV for pure PbF2 to
about 0.8 eV for heavily doped Pb, „La„F2+„.

From the survey given in Table II we see that the Yb-
doped samples behave di8'erently from that described
above (Pb, „La,F2+„). Relatively small concentrations
of YbF3 give rise to a drastic increase of the width of the
DSC peak. A maximum width is obtained for the sam-
ple with 0.89 mo1% YbF3, For higher concentrations
the width of the DSC peak decreases drastically. The
increased width of the DSC curve in moderately doped
materials is probably due to the presence of two peaks„
one located at approximately 720 K and another
one at about 690 K. Also, for the solid solutions
Pb& „Yb F2+„ the area under the DSC peak is smaller
than for pure PbFz. The decrease of the total heat capa-
city associated with the phase transition is smaller than
for the corresponding series of solid solutions
Pb, „La„Fz+„. An interesting feature of the results

presented in Table II is that the defect formation energy
increases with x for moderately doped materials. For
heavily doped crystals the defect formation energy de-
creases with x.

ln(C~ T ) =const &&

The values of Ez have been given in Tables I and II.
For pure PbF2 samples the values obtained with this
method are in agreement with the literature. Unfor-
tunately, the method employing Eq. (5) is not reliable in
the vicinity of Tc. We, therefore, prefer to use the mod-
els used by Vlieg, den Hartog, and Winnink.

It is diScult to compare the above mentioned Frenkel
energy with the ones calculated with the models of Ref.
23, because in the models of Vlieg, den Hartog, and Win-
nink, the Frenkel energy depends upon the concentra-
tions of interstitials and vacancies. According to Vlieg,
den Hartog, and Winnink, the Frenkel energy can be
written as

1
V&ze&2 ~»f&&ii ~

1

where 5 is the energy difference between the lattice
fluoride and the interstitial fluoride caused by the pres-
ence of the cation sublattice; z ~2 is the number of
nearest-neighbor interstitial positions next to a lattice
F ion; e» and e,2 are the interactions between two lat-
tice F ions and the interaction between an interstitial

TABLE I. DSC parameters for solid solutions Pbl „La„F2+„.

Concentration
LaF3 4'mo1%)

0 (pure)
0.14
0.48
1.1
3.4
5.3
9.2

11.6

721
721
720
720
722
721
723
722

%'idth of
DSC peak (K}

68.7
75.1

77.8
80.5
89.2
89.1

86.0
92.5

Area under the
peak (kJ/mol}

4.6
4.7
4.7
4.3
3.8
3.2
2.9
3.3

Frenkel
energy (eV}

1.1

1.3
1.1

1.0
0.89
0.82
0.79
0.84
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TABLE II. DSC parameters for solid solutions Pb, „Yb„p~+„.

Concentration
YbF3 (mol%)

0 (pure)
0.30
0.89
1.6
2.1

3.5
4.0
5.1

7.1
17

'Reduced accuracy.

721
718
704
707
692
690
694
688
695
691

%'idth of
DSC peak (K)

68.7
81.8

103.3
87.7
78.7
59.0
65.7
60.1

66.7
107.1

Area under the
peak (kJ/mol)

4.0
4.0
3.3
3.6
4.0
3.9
3.9
2.8

Frenkel
energy (eV)

1.1
1.1
1.7
1.5
1.1
1.0
1.2
0.85
0.92
(2.2)'

and a lattice F ion, respectively; g is the ratio of the
numbers of interstitial and lattice positions, which is 0.5
for the fluorite lattice; f, and f2 are the fractions of lat-
tice positions and interstitial positions, which are occu-
pied; q, 2 is a function of f„fz, e», and T and has been
given by Vlieg, den Hartog, and %innink. If the con-
centration of interstitials is low (low T), then the Frenkel
energy for pure PbF2 is

Ep(low T) 5+2zi2e'i2 —ziieii

The parameters 5, e», and e&z are obtained by fitting
procedures. Our results are slightly different from those
obtained by Vlieg, den Hartog, and Winnink employing
the data of Nolting3' (see Table III), but the agreement
is quite reasonable. The variations are probably caused
by the heating rate, which is quite large in our experi-
ments. This also explains why the phase-transition tem-
perature, which is connected for convenience with the
maximum of the specific heat, is slightly higher than re-
ported by Nolting. This leads to only minor
difFerences between the calculated values for the Frenkel
defect formation energy.

We have observed that for the system Pb, „La„Fz+„
the phase-transition temperature does not vary as long
as we choose the concentration of La ions in the interval
0&x &0.10. This is in contrast with the results obtained
by Vlieg, den Hartog, and %innink, which show that
the value of Tc decreases with increasing values of x. In
the calculations carried out by Vlieg, den Hartog, and
%innink, however, the parameters 6, e», and e&2 were
assumed to be constant, also for considerable concentra-
tions. In the calculations of Vlieg, den Hartog, and

%innink only the presence of the additional interstitial
F ions has been taken into account. Obviously, if we
consider the solid solutions Pb, „La„Fz+„ in terms of
the models applied by Vlieg, den Hartog, and Winnink,
it is necessary to vary at least one of the parameters b„
e», or e,2 in order to explain the fixed position of T& in

the concentration range 0&x &0.1. As an example we
have fitted the results obtained for lead fiuoride doped
with 9.2 mol% LaF, . The values of e» and el2 do not
deviate considerably from the values obtained for pure
PbF2, but b, is found to be larger for doped PbF2 than
for pure crystals. This increase suggests that due to the
presence of the trivalent impurities in the cation sublat-
tice the energy necessary to produce an interstitial F
ion is larger. Probably the interaction between the ions
in the anion sublattice is described reasonably well by as-
suming that the interaction between two neighboring lat-
tice fiuoride ions and the interaction between an intersti-
tial and its neighboring lattice F ions does not depend
on the value of x.

Another situation has been found for the samples
doped with YbF3. In agreement with the results of
Vlieg, den Hartog, and Winnink we found that in doped
crystals the superionic phase transition is located at
lower temperatures than for pure samples. It appears,
however, that the value of Tc does not decrease continu-
ously with increasing x. Instead, the experimental re-
sults suggest that in the concentration range
0.005 &x &0.020 there are two specific-heat peaks. One
of these peaks is similar to the one observed for pure
PbFz, the second peak, which is located at lower temper-
atures, is dominant for samples with 3-10 mol% YbF3.

TABLE III. Values of parameters obtained by Stting the theoretical results to the experimental
speci6c-heat curves of PbFz (the parameters have been given in K, see Ref. 23 for the meaning of pa-
rameters).

Quesichemical QBW-2 (see Ref. 23)

Nolting

421
832
1221
3.02
5197

(=0.45 eV)

This work

348
792
1190
6.0

5116
(=0.44 eV)

Nolting

528
1099
1473
2.67
5718

(=0.49 eV)

This work

337
1004
1403
6.2

5537
(=0.48 eV)
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We have fitted the results of the experiments of the sam-
ple with 5.1 mo1% YbF3. In contrast with the results
for Pb, „La~F2+~ we found for the Yb-doped sample a
smaller value of A.

It is assumed that the trivalent Yb ions in PbF2 show
an appreciable tendency towards clustering; this is in
contrast with the behavior of the La ions in PbF&, which
are assumed to be distributed more or less randomly
over the available positions. Solid solutions of the types
Pb& R F2+„are quite similar to the solid solutions
Sr, „R„F2+„(with R as a rare-earth ion) with regard to
clustering of trivalent impurities. In our laboratory we
have carried out several studies showing that in SrF2 the
rare-earth ions of the second part of the series of
lanthanides show preferential clustering, whereas the
first few lanthanides do not show preferential cluster-
ing 15—17

In Fig. 5 and in Table IV we have presented a survey
of the results of the fitting procedures obtained for pure
and two different doped lead fluoride samples. Indeed,
the most obvious variations have been found for the pa-
rameter 6, which describes the difFerence of the interac-
tion between a lattice fluoride and the sublattice of cat-
ions and the anions not included in the quasichemical
model on one hand and the interaction between an inter-
stitial fluoride ion and the sublattice of cations and the
more distant fluoride ions, not included in the quasi-
chemical model. Obviously, the presence of triva1ent La
ions causes the formation of new interstitial F ions to
be more unfavorable. The opposite is the case if Yb im-
purities are added. This is probably due to the fact that
the clusters, which are formed in Yb-doped PbF2, can
trap extra interstitial fluoride ions. More evidence for
the ability of certain clusters to trap additional intersti-
tial F iona has been described in the recent literature. '

From the reasoning given here it is clear that there
are two different types of solid solutions: the ones which
show a strong preference to form clusters of R +-F, di-
poles and the ones which do not show this preferential
clustering. It is expected that solid solutions with pref-
erential clustering show a decrease of Tc if a few mo1%
rare-earth ion impurities are added. Some solid solu-
tions consisting of alkaline-earth and rare-earth Auorides
have been investigated by Catlow et al. Unfortunate-
ly, no systematic information of the specific-heat proper-
ties of these solid solutions is available yet. %e have
found with Raman scattering experiments on various

(Irh. unit

600 700
T(K)

800

sohd solutions (Oostfa er Ql. ) that the w1dth of the T2g
Raman peak increases very rapidly in the vicinity of Tc.
Solid solutions Sr

~ —x Lax Fz+x and &a~ —x Lax Fq+x
which do not show preferential clustering, show an in-
creased linewidth at relatively low temperatures. The
linewidth increases with increasing T; for these solid
solutions the slope of the width versus T curves de-
creases with the concentration of the rare-earth ions. In
the vicinity of Tc the width of the Raman peaks are not
too different. A completely different situation has been
encountered for the system Sr& Yb, F2+, which is a
typical example of a solid solution showing preferential
clustering. ' Here, the width of the Raman peak associ-
ated with Tzg excitations increases very rapidly at rela-

FIG. 5. Comparison of experimental DSC curves and
theoretically calculated ones, employing theoretical models as
described in the text. Curves {a) are associated with pure PbF, ;
curves (b) are obtained for PbF2 doped with 9.2 mol%%uo LaF3',
curves {c) have been obtained for PbF2 doped with 5.1 mol%
YbF3.

TABLE IV. Values {in K) of parameters obtained by fitting the theoretical results to the experi-
mental specific-hest curves of PbF2 {pure)~ P11—0.09zLao. 09zF2+0.092 snd Pb1 —o.o51Ybo.051F2+o.o51

{quasichemical model, see Ref. 23}.

~11

10 c
EF

Pure PbFz

348
792
1190
6.0

5116

Pb1 —o.o92Lao. o92F2+ o.092

402
785
1175
5.0

5092

Pb1 —0.051+bo.051F2+0.051

300
782
1175
4.0

5008
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tively small concentrations (-2 mo1%); the behavior of
these solid solutions is completely di8'erent from those
described above. This can be explained if it is assumed
that for Sr, „Yb„F „, just as for Pb, „Yb„F
there is another phase transition at signifjjcantly lower
temperatures than for pure SrF2.

Our calculations have shown that at Tc approximate-
ly 10% of the fluoride ions have left their lattice posi-
tions, i.e., 20% of the interstitial positions have been oc-
cupied. At this moment the detailed structure of the
solid solutions with a few mo1% YbF3 is not known, but
probably the clusters present in these materials can ac-
commodate large numbers of additional interstitial F
ions, favoring the processes producing vacancies and in-
terstitials. From the observation that the addition of
only 5.1 mol% YbF3 changes completely the Cr peak
indicates that the clusters present in these materials are
probably suflicient to trap approximately 10% of the
fluoride ions, which have left the normal lattice posi-
tions. The Raman results on Sr, „Yb„Fz+„(Ref.8) in-

dicate that in these solid solutions we find a situation

similar to the one for Pb, „Yb„F2+ . Obviously more
experimental work is necessary to con6rm this prelimi-
nary conclusion.

From the discussion given above and the results ob-
tained with formula (5), it can be concluded that one
should be very careful applying this formula. From the
treatment in terms of the quasi-chemical and the Bragg-
Williams approximations we have found that the pro-
duction of Frenkel pairs is more complicated than sug-
gested by Eq. (5). Probably the concentration of Frenkel
pairs varies approximately in accordance with Eq. (5),
but this variation cannot be explained by a simple
Frenkel defect formation energy. This means that in the
temperature region slightly lower than Tc a simple
thermal production of Frenkel pairs cannot be employed
in order to understand the conductivity results either. A
more sophisticated treatment in which both the defect
structure and the hopping dynamics are described simul-

taneously is necessary in order to understand the con-
ductivity data in the vicinity of the superionic phase
transition.
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