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The charge carriers mobility in single crystal and nanoceramics
of ionic conductor Sr;_,Y,F,.x (x = 0.3)
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The heterovalent solid solution Sri_xYxFa1x with fluorite structure (sp.gr.
Comparison of their electrical properties shows that nanoceramics

in single-crystal and nanoceramic forms.

have a higher ionic conductivity than single crystals the same composition.

Fm3m) can be synthesized

In the single-crystal state of

the solid solution, the migration mechanism dominates interstitial ions F in the bulk of the sample, in the
nanoceramic state ther is the vacancy migration mechanism V¢ along the grain boundaries of the sample. Using
electrophysical and structural data, we calculated mobility ume, and concentration Nme, of ionic charge carriers
in a single crystal (a = 0.5722nm) and ceramics (a = 0.57442nm) of composition Sro7Y¢.3F23. The defect
mobility F/ (ttmer = 4.5-107%cm?/(V -s) at 500K) in a single crystal is less than the mobility of vacancies
VF in nanoceramics by 140times. The concentration charge carriers is Nymob = 1.1 - 10*' and 6.9-10*' cm™3
(2.2 and 14.2% of the total number of anions) for single crystal and nanoceramics, respectively.
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1. Introduction

SrF, with fluorite structure — space group (sp.gr.)
Fm3m is the initial matrix for the synthesis of large
amount of heterovalent solid solutions or nonstoichiometric
phases Sri_xRxFy (m—2x (M= 3, 4), having unipolar an-
ionic conductivity, in condensed SrF,—RF3 (R = La—Lu, Y,
Sc, Bi, In) and SrF,—RF4 (R=Th,U) systems [1-8].
They include Sri_xYxFaix (X solid solution — mole
fraction YF3). Injection of YF3 in SrF, matrix results
in formation of Sr;_xYxF,.x fluorite solid solution with
variable number of atoms in the lattice cell and limit concen-
tration 41 mol.% YF3 (X = 0.41) in StF,—YF; [9,10] system
at an eutectic temperature of 1118°C. With temperature
reduction, the fluorite phase homogeneity region becomes
very narrow achieving 25mol.% YF3 at 900°C.

Ionic  conductivity 04.(T) of nonstoichiometric
Sri_xYxFayx fluorites was initially investigated on
polycrystalline samples (microceramics) [6] and single-
crystals [1-4]. Investigations of single-crystals from the
family of isostructural ionic conductors Sri_xRyFaix
(R — rare earth elements) [1-4] have detected that solid
solution with R=Y has low o4. Thus, o4 at 500 K
for SrggYoF2, crystal is ~ 4 - 103 times lower than that
of Sr(),gLa()szz,z [2]

Sr1_xYxF2x solid solution illustrates nontypical influence
of the heterovalent isomorphism on the ion conductive
properties of fluorite nonstoichiometric fluorides. Compared
with Pb;_xYxF2,x solid solution [11-14] being the nearest
structural equivalnet of Sri_xYxF24x, even higher concen-
trations of YF3; impurity component in SrF, matrix do not
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bring the anionic sublattice into the superionic state. The
value of 4. (X) of concentrated Sr;_xYxF2x solid solutions
with X = 0.2 remains at the electrical conductivity level of
low-doped matrix SrF,:Y3* (x = 0.001-0.01) [2,4,15,16].

In [6], maximum at x =0.15 was observed on
the concentration dependence of conductivity ogc(X) of
Sri_xYxFaix (0 <x <0.3) polycrystals. However, no
electrical conductivity maximum was found on og4.(x) for
Sr1—xYxFaix (0.05 < x <0.2) single-crystals [4], and a
small growth of o4, was observed in the studied range of
compositions.

The conductometric investigations of Sr;_yxYxFa2ix solid
solution were further continued in the concentration re-
gion 0 < x <0.5 using nanoceramic samples produced
by mechanochemical synthesis and sol-gel method [17,18].
In [18], thorough measurements of frequency vs. elec-
trical conductivity dependences o,.(v) were carried out
for Srg7Yo3F23 nanoceramics. This experimental data
allow to calculate the mobility of charge carriers in
a nanoceramic sample using the Almond—West forma-
lism [19]. Previously in [20], this method was used to
determine and compare mobility ume, and concentration
Nmob Of charge carriers in the single-crystal and nanoce-
ramics of fluorite isovalent Pb;_xSnkF, (x =0.2) solid
solution.

The objective of this study is to perform compara-
tive analysis of microscopic properties of the ion trans-
port in the single-crystal and nanoceramics of heterova-
lent Sr;j_yxYxF2ix solid solution with the fluorite struc-
ture.
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2. Summary of synthesis methods
and ionic conductivity measurements
in Sr;_,Y«F,,, single-crystals
and nanoceramics

Nonstoichiometric Sr;_yxYxF,1x fluorite may be synthe-
sized in different process forms: as microceramics (solid-
phase method), single-crystals (directional solidification
from melt) and nanoceramics (mechanochemical and sol-gel
methods). Sri_xYxF2ix (0 < x < 0.3) microceramics [6]
was prepared by solid-state reaction of SrF, and YF3; com-
ponents placed in sealed gold tubes at 1000°C during 15h
in N, atmosphere. The solid solution lattice constant varies
from 0.5800 (x = 0) to 0.5700 £+ 0.0005nm (x = 0.3).

Sr1_xYxFa1x (0.05 < x < 0.2) single-crystals [1-4] were
grown from melt using the Bridgman directional solidifica-
tion method. To suppress the pyrohydrolysis reaction typical
for fluorides, experiments were carried out in fluorinating
atmosphere (CF4 or PTFE pyrolysis products). Crystal
growth is complicated by a large difference between melting
points of SrF, (1464 + 5°C) and YF5 (1152 + 10°C).

Sri_xYxFo1x  nanopowders were prepared by
mechanochemical synthesis with a grinding rate of 600 rpm
during 10h (average grain size By =7—16nm [17]

and 10-36nm [18], atmosphere is not specified)
and sol-gel method (By =10—45nm [17]). Non-
equilibrium  Sr;_xYxFoix fluorite powders contaned

up to 50mol% YF3, which is higher than the upper
homogeneity region boundary (41mol% YF3) of the
equilibrium solid solution in SrF>—YF; system [9,10]. The
solid solution lattice constant varies from 0.58040 (x = 0)
to 0.57442nm (x = 0.3). For electrophysical investigations,
ceramic pellets 8mm in diameter and 0.5—1mm in
thickness were pressed from nanofluoride powders.

Figure 1 shows concentration dependences of the lattice
cell constant for equilibrium and non-equilibrium composi-
tions of Sry_xYxF2.x solid solutions. With x = 0.3, devia-
tion of the lattice constant of non-equilibrium composition
from that of the equilibrium compositions is +0.0022 nm.

Concentration dependences of conductivity og4.(X) at
500K for single-crystals, nanoceramics and microceramics
of Sr;_xYxFsix solid solution are shown in Figure 2.
It can be seen that the nanoceramic form of the ionic
conductor has the maximum conductivity. For this form,
growth of conductivity o4, by a factor of ~ 2-10° (with
respect to SrF») is observed when concentration YFj is
increasing up to 30mol.%. oy of Srp7Yo.3F23 nanoce-
ramics at 500K is equal to 7.1-107°S/ecm. 04c(X) of
single-crystals are much lower. When YF; X > 0.1 is
high, curve o04.(X) attains its saturation. Microceramics
within 0 <X <0.15 shows intermediate electrophysical
properties between single-crystals and nanoceramics. With
0.15 < x <£0.3, electrical conductivity of microceramics
becomes lower than that of single-crystals due to high
resistance of grain boundaries.
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Figure 1. Concentration dependence of lattice cell constant a(x)
of heterovalent Sri_xYxF2ix solid solution: / — equilibrium
state, solid-phase synthesis [21]; 2 — non-equilibrium state, solid-
phase synthesis [6]; 3 — non-equilibrium state, mechanochemical
synthesis [18].
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Figure 2. Concentration dependence of ionic conductivity

04c(X) at 500K for heterovalent Srj_xYxFaix (0 < x < 0.3) solid
solution: / — nanoceramics [18], 2 — single-crystals [4], 3 —
single-crystals [1], 4 — single-crystals [2], 5 — polycrystals [6].

For comparison, the table shows ionic conductivity of
Sr1_xYxF21x samples synthesized in different process forms.
Ionic conductivity at 500K oy = 1.4- 107> S/ecm [18]
of SrggYooF>, nanoceramics exceeds the electrical con-
ductivity of a single-crystal with the same composition
(4.0-1078S/ecm [2], 4.8-1073S/cm [4]) by a factor
of 300—350. Extrapolated ionic conductivity of Srg 7Yo.3F2.3
single-crystal required for further calculations is equal
to 8- 1078 S/em.
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The Frenkel—Arrhenius equation parameters o4c T = 0y exp(—H4/ksT) for ionic conductivity of Sr;_xYxF2+x solid solution in nanoce-

ramic and single-crystalline form

Composition X of Form of Multiplier oy, Enthalpy .
Sri_xYxF21x solid solution material 10° SK/cm Hs, eV Literature
0 0.12 0.88
0.1 2.0 0.81
Nanoceramics [18]
0.2 20 0.74
0.3 20 0.67
0" 98 1317 2]
0.05 37 1.06
(4]
0.08 5.5 1.05
0.095 Single-crystals 7.2 1.05 1]
0.1 74 1.06
0.12 8.0 1.06 [4]
0.15 12 1.10
0.2 5.7 1.03 [4]
35 1.016 2]
Note * The crytal contained 0.2mol.% LaFs.
3. Calculation of charge carrier mobility as [24]
in Sry,Y,.3F,; single-crystal .
[St14F64]r1a764 — [ST8 Y6F60]Sr1ar64 + Finobs (1)

within a crystal-physical model

Heterovalent substitutions of Sr>* by R** result in
occurrence of fluorine ions F| in interstitial positions and
fluorine vacancies V}? in Sr;_yRyFaix (R = La-Lu,Y) solid
solution structures to overcome short interionic distances
F~—F~. Strong Coulomb interactions between large
concentrations of ,crystal-chemical“ anion and cation point
defects induce non-mobile defect associates (structural clus-
ters) [22-24]. In Sr;_xRxF2ix single-crystals, hopping ion
transport mechanism takes place which is associated with
migration of mobile interstitial fluorine ions F{ over struc-
tural positions of anion sublattice [2-4,6,8].

According to X-ray diffraction examinations [25,26],
underpopulation of main fluorine positions 8c sp. gr. Fm3m
(vacancies Vg) and population of interstitial posi-
tions 48i (interstitial ions Fj (48i)) are observed near in-
terstitial position 4b in Sri_xYxFoyx fluorite crystal with
x=0.1. Point defects VQ (in eight cube corners)
and F{ (48i) (in twelve cubooctahedron corners) form struc-
tural clusters [SrgY¢Fg9]. Cluster [SrsY¢Feo| also contains
interstitial F{ (4b) in position 4b in the center of this cluster.

Cluster [SrgYsFeo]>>~ is charged with respect to the
structural fragment of [Sri4Fs4]6~ fluorite lattice. Heterova-
lent substitution pattern in Sri_yxYxFaix crystals is written
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where F] . is the interstitial fluorine ion in position 4b
outside the cluster. As a result, two interstitial defects
F{ (4b) fall on one [SrgYeFgo| cluster: one of them is in
the cluster center and the other is outside the cluster.

Per one [SrgYeFgo| cluster, the number of interstitial
ions in positions 4b is 6times as low as their number
in positions 48i. Therefore, population of interstitial posi-
tion 4b near position 48i usually was not clarified in the
X-ray diffraction analysis: e.g., in structural investigations
of Sri_xYxFaix [25,26] and Ca;_xYxFaix [27] crystaks
at X =0.1. Interstitial fluorines F/ , not included in
the clusters and located near the clusters are charge
carriers [24]. In thermal activation conditions, they are
involved in the hopping ion transition mechanism in
Sri_xYxF24x fluorite crystals. Concentration of ,crystal-
chemical” charge carriers Ny, is a temperature-independent
variable determined by the structural mechanism of substi-
tution of Sr** by Y>*.

Theoretical calculations [28,29] show that in anion-
excessive M_yRyF2.x (M = Ca,Sr,Ba) crystals with flu-
orite structure, mobile fluorine ion hops in noncollinear
interstitial mechanism are most probable. fluorine ion F[
in interstitial position 4b sp.gr. Fm3m displaces the nearest
anion located in main position 8c into neighboring vacant
interstitial position 4b (two fluorine ions are involved in the
ion transport elementary event).
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Ionic conductivity of Sri_xYxF24x crystals is determined
by the product of concentration Ny, and mobility tmen of
charge carriers

Odc = QNmob Ymob = (qnmob ,UO/T) eXp[—Hh/kT], (2)

where q is the elementary charge, uo is the pre-exponential
mobility factor, Hy is the activation enthalpy of anionic
charge carrier hops.

For Ba;_xYxF>.x solid solution, ion transport is simpli-
fied due to the large volume of the lattice cell [3]. For
Sr1_xYxF2.x and Ca;_xYxF»x solid solutions, ion transport
is hindered, because defects F/ , are closely related to
the clusters resulting in high potential barriers (Hp = 1eV)
for their migration. As a result, despite the structurally
disordered state of the anion sublattice, conductivity of
Sri1_xYxFaix crystals is low.

In accordance with the heterovalent substitution pat-
tern (1), one charge carrier F , falls per one [SrsYsFeo)
cluster, therefore their concentration in Srp7Y.3F2 3 single-
crystal is equal to

Mmob = Zx/ya® = 1.1-10* em ™3, (3)

where lattice constant a = 0.5722nm [21], number of
formula units in the lattice cell Z = 4, composition X = 0.3
and number of rare-earth ions in cluster y =6. Con-
centration Ny, is 2.2% of the total number of anions
in Sro7Yo3F23 crystal and is 1.4- 10° times as high as
the concentration of anti-Frenkel defects in SrF, fluorite
matrix (Npob = 7.6 - 10 em™3 at 500K [16]). This fact
is the direct evidence of string structural disorder in anion
subsystem of Sr;_xYxFa;x crystals.
Mobility of charge carriers at 500K is

Hmob = Ode/YNmob = 4.5 - 10710 sz/(V ) S)- (4)

Umob for Srg7Yos3F23 solid solution single-crystal is
lower than the mobility of interstitial fluorine ions F/
(i =9.3-10%cm?/(V-s) [15]) and fluorine vacan-
cies V¢ (uy = 1.1-1077cm?/(V -s) [15]) in SrF, fluorite
matrix single-crystal. Comparison of charge carrier mobility
in SI'()_7Y0.3F2.3 and Ba0.69La0_31F2_31 single—crystals [30]
shows that it is 1.1-10* times lower in the first solid
solution.

4. Calculation of charge carrier mobility
in Sry.;Y,.3;F,3; nanoceramics
within the Almond—West model

In Srp7Yo3F23 nanoceramics (average grain size
By = 13nm) [18], the ion transport hopping mecha-
nism dominates and is associated with migration of
vacancies Vg over grain boundaries of the ceramic
sample. Electrical conductivity activation enthalpy
(Hh=10.67¢V [18]) in the nanoceramics is much
lower than in the single-crystal (extrapolated value

Hnh ~ 1eV [2,4]). Hyh=0.67 for Sry7Yo3F> nanoceramics
coincides well with H, =0.70eV [15] for migration of
fluorine vacancies in SrF, crystal.

Charge carrier hop rate v, may be determined depending
on the dynamic conductivity [19]:

Oac(V) = ogc[1 + (v/vn)"]. (5)

Ion carriers participate in electrical conductivity when
v < v and in dielectric relaxation when v > vy. Charge
carrier mobility umo» i1s defined by the Nernst—Einstein
relation and depends on temperature T, frequency vy and
length d of hops.

Umob = Qund?/6kgT. (6)

Charge carrier hop length in the fluorite structure for
conductivity-vacancy mechanism is equal to

d=a/2, (7)

where a is the lattice cell constant.

From equations (2), (6) and (7), mobility ume and
concentration Npe, of charge carriers may be calculated.
Within such approach, we have earlier determined micro-
scopic characteristics of ion transport in Baggolag31F2 31,
Pb(),gSC().le.l, Pb0.68Cd(),32F2 and Pbo.gsn().ze [20,30732]
fluorine superionics which are isostructural to Srg 7Y 3F23
crystal.

From the analysis of experimental data o, (v) for
Sr97Y03F23 solid solution nanoceramics [18], we ob-
tain v, ~ 2-107Hz at 500K. Then, taking into account
d=0.28721nm [18], tmer at 500K and Ny, are equal
to 6.4-10"%cm?/(V -s) and 6.9 - 10*! cm ™3, respectively.
Concentration of nyo, carriers for the nanoceramics
is 14.2% of the total number of anions of Srg7Y(3F23
solid solution. Comparison of ion-conductive properties of
Sro.7Y0.3F2.3 ion conductor single-crystal and nanoceramics
shows that mobility of anion charge carriers in the single-
crystal form is ~ 140 times as low as in the nanoceramic
form.

5. Conclusion

High anionic conductivity of Sr;_xYxF21x solid solution
nanoceramics is associated with the presence of mobile
fluorine vacancies Vp at the nanoscale grain boundaries
(Hh = 0.67 V). Ionic conductivity of Srj_xYyxF,.x single-
crystals is low, despite the structural disorder of the solid
solution with isomorphous substitutions of Sr’* by Y3*.
Ion transport in Sri_xYxFaix single-crystals is defined
by hopping movements of interstitial ions F] , in the
fluorite structure with high potential barriers (Hp ~ 1eV).
Microscopic parameters of charge carriers in single-crystal
(Umob = 4.5-1071%cm?/(V-5), Npop = 1.1-10*1 cm—3)
and nanoceramic (Umob = 6.4 - 1078 cm?/(V - 5),
Nmob = 6.9 - 1021 cm™3)  forms of Sr;_xYxFa.x ionic
conductor with X = 0.3 were calculated. Mobility of charge
carriers in the single-crystal is ~ 140 times as low as in the
nanoceramics.
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