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The frequency-temperature dependences of alternating current conductivity ouc(v, T) for concentration series
of single crystals of nonstoichiometric superionic conductor Ba;_yxLaxFa2ix (0.05 < x < 0.5) with the fluorite
structure (sp.gr. Fm3m) were investigated. The electrophysical measurements carried out in the frequency range
107! —10" Hz and temperature range 210—409K. From the analysis of the curves ou.(v, T) we obtained the
concentration dependences of conductivity ou.(X), average frequency of charge carrier jumps vy (X), enthalpies of
activation of conductivity AH; (X) and hopping frequency AHj(X). The mobility pmop(X) and concentration Npyey(X)
of charge carriers (mobile interstitial ions F__,) are calculated within the framework of crystallophysical model.
The dependences Guc(X), Nmob(X) and tmep (X) are symbatic. It was found that contributions of the mobility timob (X)
and concentration Nmeb(X) of charge carriers to the concentration dependence of the ,room“ conductivity ogc(X)
of the Ba;_yLaxF,,x superionic conductor were almost identical, when the composition changes from x = 0.05 to

x =0.5.
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1. Introduction

This study continues our publications [1-4] related to the
investigation of microscopic parameters of charge carriers
responsible for superionic conductivity in nonstoichiometric
fluorides. ~ Nonstoichiometric phase (heterovalent solid
solution) Baj_yLayF,.x is a model system for fluoride
superionic conductors. High-conducting and thermostable
Baj_xLaxF,y crystals became the most important materials
for the study of the heterovalent isomorphism effect on the
ionic transport in inorganic fluorides [5-13]. Studies of ionic
transport in Ba;_yLayF,,x superionic conductor crystals are
summarized in [1].

Introduction of LaF; impurity component into BaF,
fluorite matrix (type CaF,, space group Fm3m) results
in formation of nonstoichiometric phase Ba;_yLayF;ix
(0 < x <£0.52) with limit concentration of 52 4+ 2mol.%
LaF; in the condensed BaF,—LaF; system [14] at an eu-
tectic temperature of 1663 £ 5 K. Heterovalent substitutions
of Ba’* cations by La*" induce high concentration of
»crystallochemical“ point defects in the fluorite structure of
this solid solution. With crystal cooling, the concentration
of ,,crystallochemical“ defects is maintained.

A single-crystal form is most suitable for investiga-
tion of fundamental properties of superionic conductors.
Baj_xLaxF,x solid solution single-crystals are grown from
melt by the directional solidification techniques [15]. At low
concentration of LaF; (X < 0.01), nnn-[next near neighbor]
dipoles primarily occur in the crystals and consist of
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Lap, defect and interstitial ion F{ located in the second
coordination sphere of the cation [16-18]. Here, the defects
are denoted in the Kroger—Wink system [19].

With growing concentration of LaF; in the solid solution,
point defects are condensed into structural clusters contain-
ing several rare-earth cations. [RsF37] type octahedral clus-
ters [20] or [Bag(R¢F37)F32] = [BagRsFg9] octahedral-cubic
clusters [21,22] formed on their basis are offered as the
most probable model of structural clusters in Ba;_xRyF».«
solid solutions (R — rare earth elements). The existence
of [BagRgFgo] clusters is confirmed by the investigation
of nonstoichiometric phases Ba;_xRxFix by the electron
paramagnetic resonance [23,24] and elastic neutron scatte-
ring [25] methods as well as by the X-ray diffraction analysis
of ordered phases BasR3F;; (R=Yb,Y) [26] where the
lattice cell contains three such clusters.

Ba;_xLayF,,x solid solution is a perfect example of
the effect exercised on the ion-conducting properties of
fluoride crystals by the heterovalent isomorphism that
transforms the anion sublattice into a superionic state.
Concentration dependence of the direct current conductivity
04c(X) for Baj_xLaxF.x solid solution (on single-crystals)
was studied in [9,10,13]. These studies found the growth
of conductivity of fluorite solid solution with increasing
concentration of LaF;. Electronic conductivity of BaF, and
solid solutions on its basis is low, therefore, compared with
ionic conductivity, it may be neglected [9,27]. Therefore,
Ba;_yLayF,.x solid solution may be treated as promising
fluorine-conducting solid electrolyte, gas sensor for HF
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recording [28] and fluorine-ionic current sources on its basis
were offered [8,29,30].

We have earlier studied in detail the temperature de-
pendences of ionic conductivity oy4c(T) of Baj_xLaxFaix
(0.05 < x < 0.5) crystals in the range of 324—1073K [9].
Therefore, Ba;_xLayFy,x crystals were chosen as a model
system for measurement of the frequency dependences
of the alternating current conductivity oac(v) and for
calculation of microscopic parameters of superionic con-
ductivity (hopping frequency v, and distance dp, charge
carrier mobility ume, and concentration Nyep). In [1],
we used this approach to study fluorine ion mobility in
Bag golLag 31F2.31 crystal whose composition corresponds to
the peak (1757 £ 10K [10]) on melting curves and has
congruent melting.

The objective of this study was to investigate frequency-
temperature dependences of the alternating current con-
ductivity 0,c(v, T) of Baj_yxLaxF2.x superionic conduc-
tor single-crystals in a wide composition variation range
(0.05 <x <0.5) and to find concentration dependences
Umob(X) and Nyeb(X) of charge carriers.

2. Frequency-temperature dependences
of conductivity of Ba,_,LasF,
(0.05 < x < 0.5) superionic conductor

Crystal growing procedure for Baj_yLaxF,.y solid so-
lution is described in detail in [15]. Single-crystals with
x =0.05, 0.15, 0.25, 0.325 and 0.5 were produced from
melt by the vertical Bridgman directional solidification in
fluorinating atmosphere provided by polytetrafluorethylene
pyrolysis products. The fluorinating atmosphere is necessary
to suppress pyrohydrolysis reaction that is typical for
fluorides. Cubic macrosymmetry and Ba;_yLayF, x crystal
affiliation with the fluorite structural type (CaF, type,
space group Fm3m) was confirmed by the radiographic
technique. X-ray diffraction investigations were carried
out using HZG-4 (CuK, emission, Si internal standard)
diffractometer. No impurity phases were detected on the
X-ray images.

Chemical composition (X) of crystals was determined by
the concentration dependence of the lattice cell parameter
a = f(x) for fluorite phase Ba;_xLaxF,.x [14] and corre-
sponded to the initial charge composition with accuracy
Ax = +0.01 (=1 mol.% LaF3). Oxygen impurity content in
the crystals was 0.01—0.02 mass.%.

Samples for electrophysical studies were prepared in the
form of a cube 5mm on side, with all faces polished. They
were of high quality (Zeiss KL1500 optical microscope) and
contained no microinclusions. Sample orientation in crystal-
lographic axis was not conducted, because Baj_yLaxFa.y
crystals have cubic crystal system and isotropic conductivity
behavior. Leitsilber silver paste was applied to the effective
surfaces of samples as electrodes.

Conductivity 0,c(v) was measured by the alternating
current method (Solartron 1260 impedancemeter, frequency
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Figure 1. Frequency dependences of conductivity 1g gac(v), Igv
for Ba;_yLaxFaix crystals at X equal to 0.05 (curve 1), 0.15 (2),
0.25 (3), 0325 (4), 050 (5). The temperature is equal to
292+ 1K.

range 107! —10° Hz, voltage 30 mV). Electrophysical mea-
surements were conducted with cooling in the temperature
range from 409 to 210K in vacuum ~ 1073 Pa. Conducto-
metric measurement error was max. 2%. The experimental
setup is described in [2].

Figure 1 shows frequency dependences o, (v) for
Ba;_xLayxFy.x single-crystals with X = 0.05—0.5 at room
temperature. In the low frequency range, curves o, (V)
have a frequency-independent conductivity that corresponds
to the direct current conductivity og.. With increasing
frequency, conductivity increases exponentially c,.(v) o< v",
where 0 < n < 1. With temperature growth, section g,(v)
corresponding to oy, moves towards high frequencies,
however, the low frequency range shows polarization
processes of charge accumulation on phase boundaries of
electrochemical system Ag—Ba;_xLayF,.x (not shown
in Figure 1).

Frequency dependences of conductivity for superionic
Ba;_xLayF,.x are explained by the charge carrier hopping
migration mechanism [31]:

O-ac(v) = O-dc[l + (U/Vh)n]’ (1)

where vy, is the mean charge carrier hopping frequency
that characterizes charge carrier distribution by frequencies
(energies). Ton carriers participate in electrical conductivity
when v < v, and in dielectric relaxation when v > vy.
When v = vy, the following equation is satisfied

Oac (Vh) = 204c. (2)

Values of o4, and v, at room temperature calculated by
mathematical processing of o,.(v) by equations (1) and (2)
are listed in Table 1.

Figure 2 shows temperature dependences of ionic con-
ductivity o4.(T) for given Baj_xLaxF,.x single-crystals.
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Table 1. Direct current conductivity o4, mean hopping frequency vi, charge carrier mobility pmo» and hopping distance dy in
Baj_xLaxF»,x superionic conductor at room temperature (experiment)
Crystal T,K 04, Slcm Vh, Hz Umob, CM>/ (sV) Oh, nm

Bay.9sLao.05F2.05 290.7 4.0-107" 6.8 - 10! 1.8-107" 2.0
Bag ssLag.1sF2.15 2927 2.2-107° 2.6 - 102 3.2.10° 1 13
Bag 75Lag 25F2.25 292.1 5.0-107° 4.7-10° 43.107" 12
Bag.675La0.325F2.325 2920 1.6-1078 1.1-10° 1.0-10"1 12
Bag sLag sF2s 2926 6.2-107% 5.6-10° 2.5-1071° 0.8

Table 2. Parameters in equations (3) and (4) for the ionic conductivity and charge carrier hopping frequency in Ba;_xLaxF2.x superionic

conductor
Crystal 09, 10° SK/cm H,,eV, +0.01 vo, 10 Hz Hp, eV, 40.03
BaolgsLa0.05 F2405 116 0.75 23 0.67
Bao_gsLao_lst_ls 1.6 0.66 1.8 0.63
Ba0,75La0,25F2‘25 20 0.64 32 0.63
Bao‘675La0‘325F2,325 19 0.61 19 0.59
Ba0_5La0A5F2A5 2.8 0.59 2.6 0.56

Table 3. Direct current conductivity g4, concentration Nmo, and mobility pme, of charge carriers in Ba;_xLaxF,1x superionic conductor

(calculation)
Crostal Ode, Slcm Umob, CM>/ (sV) Nimob, CM >
rysta
293K 400K 293K 400K
Bag.osLag.0sF2.05 5.0-1071° 1.0-10°° 2.2-1071 45.10°% 1.4-10%
Bag.ssLao.15F2.15 2.4-107° 2.0-107° 3.5-10°1 2.9.107% 4.3.10%
Bag.7sLag.25F2.25 5.8-107° 3.9.107° 5.0-10°1 3.3-107% 7.3-10%
Bag.675Lao 325 F2.325 1.8-1078 8.8-107° 1.2-1071° 5.8-107% 9.5.10%
Bag sLagsFa s 6.8-107% 2.6-1073 2.8-1071° 1.1-1077 1.5-10*

Curves 04.(T) satisfy the Frenkel—Arrhenius equation:
04c = (00/T) exp[—Hy /KT], (3)

where oy is the pre-exponential conductivity factor, H, is
the ion transport activation enthalpy. Enthalpy H, and
ionic conductivity o4, are listed in Tables 2 and 3. At
400K, ionic conductivity of BagsLag sF, s crystal is equal
t0 04e = 2.6 - 107> S/cm and is ~ 10° times greater than the
intrinsic conductivity of BaF, crystal (4 - 10713 S/cm [32]).

Mean charge carrier hopping frequency vy, is of activation
type and its temperature dependences for Ba;_xLaxFaix
crystals correspond to the Arrhenius type equation (Fi-
gure 3):

vp = v exp[—Hn/KT], 4)
where vy is the pre-exponential factor of hopping frequency
and Hy is the anion carrier hopping activation enthalpy.

Charge hopping frequency vp(X) and enthalpy Hy are listed
in Tables 1 and 2.
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3. Concentration dependences of
microscopic parameters of charge
carriers in Ba,_,La,F,,, superionic
conductor (0.05 < x < 0.5)

In Ba;_yLayF,,x superionic conductor with a fluorite
structure, hopping conductivity mechanism is implemented
and anion carriers participate in charge transport in ther-
mal activation conditions [33].  Ionic conductivity of
Ba;_yLayF,,x crystals is determined by the product of
concentration and mobility of charge carriers

0de = ONmobimob = (ANotto/ T ) exp[—(Hr + Hy)/KT], (5)

where q is the charge, np and yo are pre-exponential
factors of concentration and mobility, respectively, Hy is the
anion carrier formation enthalpy, other designations were
explained earlier.

Coincidence of conductivity activation and carrier hop-
ping frequency enthalpies is observed within the experi-
mental accuracy: H, =~ Hp (Table 2). This fact shows



56

N.I. Sorokin

g 64, T, SK/ecm

8k 3
1
9 l l l 2| 4 l 5 l
2.0 2.5 3.0 3.5 4.0 4.5 5.0

103/7, K}

Figure 2. Temperature dependences of ionic conductiv-
ity lg(oaT), 10°/T for Ba;_xLaxF2x crystals at x equal
to 0.05 (curve 1), 0.15 (2), 0.25 (3), 0.325 (4), 0.50 (5).
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Figure 3. Temperature dependences of charge carrier hopping

frequency 1gvn, 10° /T for Baj_yLaxF,,x crystals at X equal
to 0.05 (curve 1), 0.15 (2), 0.25 (3), 0.325 (4), 0.50 (35).

that charge carrier concentration does not depend on the
temperature (Hf=0) and is defined by the structural
mechanism of heterovalent substitutions of Ba?t by La3*.
Heterovalent substitutions of Ba?* by La** result in charge
heterogeneity of cation sublattice and spatial heterogeneity
of anion sublattice (appearance of additional fluorine ions
in interstitial positions). The structurally disordered state
of the anionic sublattice is of crystallochemical type and is
retained at low temperatures.

When Ba?* are substituted by La’*, interstitial fluorine
ions are formed in Ba;_yLayF,y fluorite crystals owing to
two factors: first, due to compensation of impurity cation
overcharge

Ba;, — Lap, + Fi, (6)

and, second, due to the formation of fluorine vacancies to
overcome short cation—fluorine bonds (formation of anti-
Frenkel defects):

Ff — V¢ +F. (7)

The presence of F/ ions in interstitial positions 48i
space group Fm3m and vacancies V§ in main posi-
tions 8c of fluorite structure BaggolagsiF231 was de-
tected by neutron- [34,35] and X-ray diffraction [36]
methods. This fact indicates that cation-anion clusters
[BagLagFeo]=[Bag(R¢F37)F32] [21,22] with rare-earth clus-
ters [LagF37] as cores [20] are formed in the solid solution
structure.  For Baj_yLaxF,.x crystals, cluster scheme
of heterovalent substitutions (block isomorphism) takes
place [37]:

[BaiaFea]p,, r, — [BasLacFeoBa,ry + Fmobr  (8)

where F/ , are interstitial fluorine ions in positions 4b
space group Fm3m outside the cluster. In a microscopic
model [1], ionic transport in the concentrated Ba;_xLayxF2x
(0.05 < x <0.5) solid solution is associated with delo-
calized movement of mobile interstitial ions F/ , (charge
carriers) located outside structural clusters [BagLagFeo].
Considering (8), concentration of mobile fluorine ions
F/ ., is equal to
Nmob = ZX/6a3’ (9)

where the number of formula units in the fluorite lattice
cell Z =4, x is the mole fraction of LaF; in solid solution,
a is the lattice cell parameter. Lattice constants a(x) are
taken from [14]. For Ba;_xLasF,,x crystals, charge carrier
concentration calculated by equation (9) is given in Table 3
and is 0.4—3.3% of the total number of anions.

Concentrations Npop, in the given Baj_yLayFpix crys-
tals are 107—10%times higher than the concentration
of anti-Frenkel defects in the BaF, fluorite matrix
(Nmob = 9.4 - 1012 cm~3 [38] at 400 K), which proves high
structural disorder of the anion subsystem of Ba;_yLayF,«
crystals.

Taking the resulting values of o4, and Npep, charge carrier
mobility tme, may be assessed:

HMmob = O-dc/qnmob- (10)

Values of pmop, at 293 and 400K calculated by equa-
tion (10) are listed in Table 3. It can be seen that
charge carrier mobility at 400 K tmep = 1.1 - 10~7 cm?/(sV)
in BagsLagsFys superionic crystal is much higher
than the interstitial ion mobility F, , in BaF,
(ting = 1.1- 1072 crystal [38], 1.0 - 10~8 cm?/(sV) [39]) and
higher than or comparable with the fluorine vacancy mobi-
lity Vi (ttyae = 2.2 - 1078 [38], 1.4 - 10~7 cm?/(sV) [40]).

Charge carrier quantity pme, is given by the Nernst-
Einstein relation and defined by charge carrier hopping
frequency vy and distance dy

Hmob = Qunda /6KT. (11)
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Figure 4. Concentration dependences a) of ionic conductivity du.(X), b) concentration Nmeb(X) and ¢) mobility times(X) of charge carriers

for Ba;_xLayF2.x crystals (0.05 < x < 0.50) at 293 K.

Knowing the charge mobility tme, and frequency vy, the
hopping distance d, may be assessed:

dh = [6KT tmob/ Qv 2, (12)

Values of dy calculated using equations (12) are listed in
Table 1 and are equal to 0.8—2 nm.

Figure 4 shows the calculated concentration depen-
dences of ionic conductivity (293K), concentration and
mobility of charge carriers for Ba;_yLaxF,.x crystals at
0.05 < x <0.50. Tt is shown that dependences oyc(X),
Nmob(X) and pmon(X) are simbasic. ~When the crystal
composition is changed from x = 0.05 to 0.5 (by 10times),
Odes Mmob and Npep are 136 times, 12.7times and 10.7 times
higher, respectively.

Thus, contributions of mobility tme,(X) and concentration
Nmob (X) of charge carriers to the concentration dependence
of ,room* conductivity og.(X) of Ba;_xLaxF,,x superionic
conductor crystals are almost the same.
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4. Conclusion

Study of the superionic conductivity at the microscopic
level is an important challenge for fluoride materials
ionics. The study investigates frequency-temperature de-
pendences of alternating current conductivity o,c(v, T)
of Ba;_yLayF,.x superionic conductor single-crystals at
0.05 < x <0.5, concentration dependences of microscopic
characteristics of ionic transport and discusses the con-
tribution of mobility charge carrier mobility umoeb(X) and
concentration Nme»(X) to concentration behavior of ionic
conductivity oge(X).

Heterovalent Ba;_yLayF,.x solid solution with the flu-
orite structure is a model system for nonstoichiometric
fluoride superionic materials. In Ba;_ylLayF, x superionic
conductor, interstitial ions F; , are charge carriers. These
ions are formed by heterovalent substitutions of [BajsFg4]
matric fragments by [BagLagFeo] structural clusters. Fre-
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quency dependences of dynamic conductivity o,.(v) were
used to calculate charge carrier hopping frequencies vy (X)
and direct current conductivity ogc(v) in Baj_yxLaxFaix
single-crystals with composition variation from x = 0.05
to 0.5. Crystal-physical model was used to calculate con-
centration dependences of charge carrier mobility tmob(X),
concentration Nmep, (X) and hopping length dy(X). It has been
found that the contribution to ,,room* conductivity o4.(X) of
Ba;_yxLaxF,.x crystals (0.05 < x < 0.50) is approximately
equally attributed to an increase in charge carrier concentra-
tion and mobility.
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