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A review of the data on computer calculation and stereo-atomic crystals structure analysis
applied to AMOs4 (A=Ba, Ca, Cd, Pb, Sr, Zn, Eu; M=W, Mo) and solid solutions based on these
compounds is presented. Possible migration 3D-paths and migration channels for W or Mo ions in
scheelite- and wolframite-type suitable structures of AMO4 were considered on nano-size level.
The program package TOPOS for the calculation of the ion migration in real crystals was used.
The four factors (structural, partial cationic substitution, temperature, and technological condi-
tions of compound growth technique) as influence methods for change of the possible ion migra-
tion path up to formation of continuous the latter were ascertained. Usefulness of proposed ap-
proach as a tool for investigation of structural point defects was showed.

Keywords: computer calculation program TOPOS, W/Mo migration, migration channel,
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The tungstates or molibdates with suitable scheelite- or wolframite-type structure are
widely known as materials for electronics technique devices. Lately scheelite-type Srq.
»BaxWO, (x=0.1+0.3) obtained by co-precipitation method [1] and PbWO, [2] as good materi-
als for possible application in solid oxide fuel cell electrolytes were proposed. Such circum-
stance requires the detailed investigations of electrical properties and specifically of partial
ionic transport in the mentioned W/Mo compounds.

Most of oxide crystals are characterized by mixed electron-ionic conductivity. In our pa-
pers [3-6] the electrical properties and migration of charge carriers in complex oxide crystals
and some tungstates in connection with structural features of such compounds were investigat-
ed. The ionic conductivity of crystals with scheelite-type structure PbWQO4 and PbMoO, exper-
imentally previous investigated in works [7, 8]. The effect of migration of tungstate complexes

WO i’ at high temperatures for CaWO, crystal was observed experimentally [9]. But the elec-

trical properties of tungstates/molibdates of divalent metal ions have not been studied suffi-
ciently. The mechanism of ionic conductivity and the migration pathways of mobile ions in
these crystals are not ascertained.

The computer calculations as is generally known are important methods for investigations
of electronic, structural, and other physical properties of real crystals. The investigators were
used the different basic concepts and calculation methods for visualization of ionic charge car-
rier migration pathways in oxide compounds. Thus e.g. in paper [10] was applied the computa-
tional simulations of oxide ion mobility by ab initio molecular dynamics methods for fluorite-
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based BigLai0O27. The probable channels for oxide ions at different high temperatures were
analyzed visually using the large array manipulation program. The migration pathways of oxy-
gen vacancies and interstitial oxygen in La;Ti,SiOg lattice by the atomistic computer simula-
tion technique [11] were determined. The cluster model [12] was applied to ionic conductivity
in oxy-nitride compounds. The geometry optimization, ab initio molecular dynamics simula-
tions were performed [13] at four temperatures to the oxide ion migration pathways in bismuth-
rhenium oxide. In the paper [14] the equinuclear density and nuclear density distribution on the
corresponding planes of the PraNiOs-based mixed conductors at different temperatures were
received, what indicates the diffusion pathway of oxide ions in the crystal lattice. These results
were obtained by the combined technique what included maximum-entropy method, pattern
fitting, and Rietveld analysis of neutron powder diffraction data. In the work [15] using the
large-scale atomistic simulations the oxygen transport in SrTiOs; were investigated. For analy-
sis of ion migration and for visualization of ion pathways in different oxides utilized ab initio
techniques (see e. g. the brief reviews in the ref. [16-18]. In the works [17, 18] the procrystal
analysis is presented as a valuable tool for visualization of ion migration pathways in solids.

For analysis of the ionic migration 3D-way in crystal structure the specifically calculation
program TOPOS is used. Such calculation data are enough sensitive to the minimal structural
changes in crystalline matrix. In works (see [16, 19-23]) we inform on probable cationic migra-
tion paths and channels in the scheelite-type and other structures of similar compositions.
These previous data performed with the aid of the program TOPOS [24].

The AMO4 (A=Ba, Ca, Cd, Pb, Sr, Zn, or Eu; M=W, or Mo) crystals and some solid solu-

tion based on these compounds (scheelite-type structure, space group C ih —144/a and wolfram-

ite-type — C ;‘h —P2/c with A=Ba, Ca, Pb Sr, or Eu, and tungstates with A=Cd, or Zn respective-

ly) were obtained by authors (see Tables 1-4). The X-ray diffraction (XRD) data for calcula-
tions were taken from mentioned papers and our works (Tables 1-4). Using the program pack-
age TOPOS the possible W or Mo ion migration maps for the crystals were visualised. The
possible 3D-migration paths of W or Mo ions in the structure (at room temperature and higher)
and variation of probable elementary channel W/Mo migrations with variation of a x and tem-
perature T values were analysed. Consequently in this paper the influence factors (structural,
technological conditions of compounds obtaining, temperature, and partial cationic substitution
in crystalline lattice) on the shape of probable mentioned ion migration ways and elementary
channels in AMO4 were considered. The consideration results of mentioned influence factors
and visualization of conduction pathway lead to the determination of mechanism of ion migra-
tion and allow the prediction of crystal properties and application. Again the continuous path-
way testify to probable considerable ionic conductivity.

Compounds under study were obtained by a different authors and methods (see Tables 1-
4). The theoretical density of the crystals (Table 1, and 2) was computed from the X-ray dif-
fraction data. The XRD analysis was performed on a STOE STADI P powder diffraction sys-
tem. Arrays of experimental intensities and diffraction angles were obtained using diffractome-
ter equipped with a linear position sensitive detector PSD in a modified Guinier geometry
scheme in Bragg-Brentano transmission mode. Condition of the measurements: monochro-
matic CuKa radiation (A = 1.540598 A); bent Johann type [111] Ge- monochromator; «/26-
scan; 20-range 4° <20 < 120°; step 0.480° (20); step scan time 250 s. Other XRD measurement
details were described previously [20, 50].
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Table 1. Crystallographic and physical data for PbWO4 used for the calculations.

Unit cell param. (A) Unit cell Density
Ref. Growth method 3 S volume (A% | (gfem?)
our data Czochralskii 5.4601 12.0425 359.02 8.4216
[25] Czochralskii 5.4560 12.0200 357.81 8.4421
[26] Czochralskii 5.4360 11.9570 353.33 8.5542
[27] mechanical alloying 5.4661 12.0779 360.87 8.3756
[28] conventional sol.-st. react. 5.4597 12.0420 358.95 8.4203
[29] Czochralskii ? 5.4646 12.0479 359.77 8.1715
[30] natural 5.4450 12.0495 357.24 8.4605
[31] complex polymerizatiion 5.4637 12.0654 360.18 8.3916
[32] precipitation method 5.4645 12.0553 359.98 8.3962
[33] polycrystal 5.3851 11.7223 339.94 8.8912
[34] Czochralskii 5.4632 12.0482 359.60 8.4051
Table 2. The data for CaWO4 used for the calculations.
Growth Unit cell param. (A) Unit cell vol. . 3
Ref. method a c (A% Density (g/cm?)
our data Czochralskii 5.2394 11.3663 312.02 6.1294
[35] nanopowder 5.2433 11.3831 312.95 6.1112
[36] co-precipitat. 5.2448 11.3818 313.08 6.1087
[37] Lab. Bell 5.2429 11.3737 312.64 6.1172
[38] Czochralskii 5.2442 11.3759 312.86 6.1130
[39] polycrystal. 5.2425 11.3748 312.62 6.1175
[40] nanopowder 5.2485 11.3846 313.61 6.0983
[41] Czochralskii 5.2360 11.2360 311.33 6.1429
[42] Lab. Bell 5.2430 11.3760 312.72 6.1157
[43] nanopowder 5.2470 11.3834 313.40 6.1024
Table 3. The data for different tungstates and molibdate used for the calculations.
Com- Growth Unit cell param. Unit cell
Ref. A
pound method a(A) b(A) c(A) BC) vol. (A%)
[44] | BawoO, hydr;‘;tlher' 5.614(3) 12.719(3) ] 400.86
solid-st. 5.2261(1
[45] | CaMo0O, react ) 11.4329(3) - 312.26
Our Czochral-
data | CdAWO4 sKii 5'02)46(2 5'85)33(2 50694(2) | 91.492(2) | 149.09
[46] | ZnWO, S(r)(lei;:',[s t 4'69)02(1 5.7169(1) | 4.9268(1) | 90.626(1) | 132.14()




6 V. Shevchuk, I. Kayun
ISSN 2224-087X. Electronics and information technologies. 2022. Issue 19

Table 4. Growth methods of some crystals Au-xMxO4 (0<x<1) used for calculations.

Compound Growth method Ref.
Ba-xPhxWO4 classical sol. st. chem. react. [47]
Sra-xPbyWO4 convent. sol. st. chem. react. [48]
SraxPbxMoO,4 convent. sol. st. chem. react. [49]

(1-x)CaWO4 — XCdWO, co-precipitation [39]
CagxEuxWO, co-precipitation [36]

To the analysis of the possible ion migration was used the Voronoi tessellation [51]. In
this approach the atomic VVoronoi polyhedra are constructed (Fig. 1a, b, and c). The basic con-
cept for description of the voids and channels are the following: elementary void (channel) and
closely related terms of form and radius of void, significant elementary void (channel). The
Voronoi polyhedron (VP) of an atom (geometric image atom) is defined by the value of the
second moment of inertia (G).

(b)

Fig. 1. Calculated VVoronoi polyhedra for W (a), Ca (b), and O (c) atoms and the near environments
in CaWOa.

The elementary void is an area of the crystal unit cell, the center of which is one of the
vertexes of a Voronoi polyhedron. The major (ZA) and minority (ZC) elementary voids with
sequence numbers N (ZAN and ZNC) are considered. An atom can pass through an elementary
channel if the sum of its radius (ri) and the average radius of the atom forming the channel (rJ),
is less than the radius of the channel cross section (rc). In order to the take into account possible
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polarization (deformation) of the ion when they pass through the channel the coefficient of
deformation vyia < 1 was introduced. An ion passes through the channel if:

Yia (r| + ra) = Ie (1)

In the framework of the program TOPQOS the migration pathway is determined as a set of
elementary voids and lines of elementary channels. It can be infinite along a 1D-, 2D-, or 3D-
channel network. The conduction map is formed by the totality of migration pathways. For
fast-ionic conductors endless migration pathways are required. In other crystals even in the
case of a continuous channel network, high probable ion conductivity is not always observed.

The algorithm based on the analysis of the adjacency matrix of the crystal structure (see
for example our previous paper [52]) includes four steps as follows: (i) construction of the VP
for all atoms; (ii) determination of the atomic coordinates of the vertices of the VP and the po-
sitions of elementary voids; (iii) identification of all the independent edges of the VP and all
basic channels; (iv) calculation of the basic characteristics of the voids and channels.

For the calculation we used the following radii of the ions: W& and Mo®* (0.56 and 0,55
A respectively) for coordination number 4, Ba®* (1,56 A), Ca?* (1.26 A), Cd** (1.24 A), Pb**
(1,43 A), Sr** (1,40 A), Zn?* (1,04 A) for coordination number 8, and 0% (1.36 A) [53]. The
value of the parameter G is 0.0830(1) for W (near the value of Mo) and e.g. for the Ca ion G
parameter is 0.084(2) [54]. According to the same source for other ions the value of the G pa-
rameter were used. The calculation procedure was described in our paper [52] in detail. The
basic oxygen polyhedra in PbWQ, sheelite-type structure are presented in Fig. 2, where the
WO, and PbOg elementary polyhedra are shown.

Fig. 2. Basic oxygen polyhedra an area of the crystal unit cell for PoWO4 sheelite-type structure (a) and
for CdWO4 wolframite-type structure (b). For CdWO4 the cleavage plane (010)
is depicted.

Migration of ion A in AMO4 was excluded since the radii of these ions are large (in these
cases the equation (1) is not realized). For the Ca?*, Cd?*, Pb?", or Zn?* ions were observed
only the calculated voids what not connected by channels. Therefore we considered the proba-
ble migration path of W or Mo ions in the same crystals. Calculation for the W ion (see Fig.
3a-d) showed at RT that they can pass through the channels if r; > 0.9(0.56 + 1.36) = 1.728
(A). Note that the shape of the all voids in considerate cases is rather spherical (G < 0.1).
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We have analyzed the scheelite- and wolframite-type crystal structures (Fig. 3a—d) and

constructed the migration pathways using reference X-ray data [55, 56, 57, 46] for CaWO.,
PbWO4, CdWO4 and ZnWOQy, respectively. In CdWO, crystal (Fig. 3c) significant channels

Fig. 3. Probable migration map for W ions in CaWOa4 (a), PbWO4 (b), CdWO:s (c), and ZnWO4 (d) at RT.
Suitable reference with necessary X-ray data see in the text.

do not crosses the cleavage plane (010). For the ZnWO; crystals only probable separate voids
were observed. At higher temperatures as show calculations for this crystal the picture is
enough changeable. In CawO; as in CdWO;, crystals mainly the bunch of elementary channels
are observed. For used X-ray data in case PbWOQ, the continuous pathways what extend in
(001) plane (Fig. 3b) were observed. The similar continuous pathways as testify our calcula-
tion data [19] for BaWOs were observed too.

Hence in case of compact package of ions in crystalline lattice as in ZnWO,4 or CdWO4
(unit-cell volumes are small (see Tabl. 3) and is 132.14 or 149.09 A3 respectively) migration
of W ions is not probable. In case of “friable” lattice (as e.g. for AWO4 with large ionic radii
in A-position such as Ba or Pb) and large unit-cell volumes (see Tables 1-3) the ionic W/Mo
migration is probable (as well the continuous pathways for these ions are probable).

The crystal structure of scheelite as is known is based on the two types of the oxygen pol-
yhedra with central Mo®*/W5* or A?* ions surrounded accordingly by four or eight oxygen O?-
ions respectively. Fig. 4 shows the continuous 3D-net migration channels in unit cell of the
structure of PbWOs. The probable migration way of the W ion from position to position in
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crystalline lattice (Fig. 4, b) is completed via intermediate voids that connected with elemen-
tary channels. During the transfer, the W ion (position ZA10, connected as usual with the near-
by ZA9 elementary void) at the first step exits through the middle of an imaginary border of
the oxygen tetrahedron. Then the W ion moves through the channel to the nearest void (second
step) and up to a neighboring empty W position in the PbWO;, crystal structure. Thus

Fig. 4. Framework of WO i_ -complexes and possible migration 3D-paths of the W ions in PbWO4 with

scheelite-type structure (a), and a fragment of the migration way between two nearest W ion positions (b).
The calculation was performed for X-ray data from [31].

the path of the W ion migration considered here requires the existence of the empty position of
W ions and of interstitial the same ions. Note that in the case of the PbWO, crystal a parallelo-
gram of the elementary channels at the center of the unit cell is observed (see Fig. 4b) as a
characteristic element of the path, by which the migration of the mobile ions is monitored. The
calculated sides of parallelogram are close and usually are 1.755 A and 1.742 A.

The next influence method on shape of the cationic (W or Mo) migration pathway is
technological that is technological conditions of compound growth technique. In this intention
with the aim to the illustration the PbWQO, and CawWO, compounds with scheelite type structure
used for the calculations. These crystals were obtained by different authors and methods (see
Tables 1 and 2).

Fig. 5 (a, b, ¢ and d) shows the 3D-network of migration channels for the W ions within
the confines of one unit cell of the crystal structure PbWO.. For some structural data the con-
tinuous probable migration ways of the W ions were obtained and visualized (see e. g. Fig. 5,
d). In most cases, for the structural data, used in the calculations, after selection of elementary
channels with consideration of appropriate channel radii, the continuous migration paths of the
W ions were not observed (Fig. 5 (a, b, and c). The A cases (b), and (c) (see Fig. 5) are domi-
nated.

The technological conditions of preparation of the AWQ;, crystals (Table 1, and 2) play a
principal role in variation of unit-ell volume and the lengths of the distances between voids
(Fig. 6 a, b) in the investigated compounds. For both cases of the AWO. (A=Ca or Pb) crystals
we observed a weak dependence of the distances between voids on the unit-cell volume. But
large unit-cell volumes (see Table 1, and 2, RT) favor the formation of continuous ways for
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probable W ion migration in the AWO, crystals. With increasing unit-cell parameters suitable
void distances increase/decrease by linear or nonlinear laws (see curves on Fig. 6 a, b).

Fig. 5. Migration maps of W ions in the structure of PbWOs. X-ray data in (a) case were taken from [33];
(b) — own X-ray data; (c) — [25]; (d) — [31]. Drawings (a), (b), and (c) show paths with gaps,
whereas (d) is a continuous path-net.
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Fig. 6. Calculated distances between ZAN voids at RT as a function of the unit-cell volumes for PbWO4
(a) and CaWOu (b) prepared by different methods (see Table 1 and Table 2 respectively).

We have analysed a great many of crystals with scheelite-type structure and constructed
the migration pathways using reference and own X-ray data. For some PbWO, compound, ob-
tained by different experimental methods, crystallographic parameters are presented in the Ta-
ble 5. The interrelation between the oxygen-oxygen and W-O distances in the {WO]* tetrahe-
drons and the amount of channels can be seen on the above showed suitable figures.
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Table 5. Calculated distances and angles in the oxygen coordination polyhedra for PbWO4 crystals.

O-0 distance (nm) O-W distance O-W-0 X-ray data
tetraehdron  octahedron (nm) angle (°) (ref)
0.28782 0.39073 0.1779 112.404 [33]
0.29560 0.32434 108.025
0.30330
0.28558
0.33201
0.28788 0.33223 0.1781 112.763 [28]
0.29660 0.31306 107.851
0.32956
0.39836
0.29207
0.31273 0.28557 0.1780 103.202 [58]
0.27901 0.32471 122.903
0.38800
0.31917
0.30217
0.28242 0.37979 0.1790 120.761 [26]
0.31126 0.31010 104.139
0.32160
0.31466
0.29791
0.32357 0.30569 0.1900 116.777 [31]
0.30333 0.31258 105.947
0.38731
0.29178
0.30731

The data calculated for the ZAN voids and suitable connections are presented in Table 6
and Table 7 for some PbWO, and CaWO, respectively.

According to the approach used here, at RT the cationic conductivity in the structure of
perfect AMO; crystals with scheelite-type structure is probably low. But in some cases possible
continuous path of W ions migration are formed already at RT. Structural disordering what is
always present in real crystal, provide significant opportunities to form continuous migration
paths for the mobile ions and, therefore, a possibility to increase the mobility of these ions. The
investigations performed in this work showed that nano-particles of AMO, with scheelite-type
structure are promising materials for the possible existence of continuous migration paths of
W/Mo ion. The parameters of the crystalline lattice (see Table 1, 2, and 3) and the lengths of
the elementary channels are maximal for nano-powders. The particle size obviously favours the
changes of migration path shape up to formation of the continuous migration pathway.
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Table 6. Positions of voids and channel lengths for W ion path at RT in PbWOa.

Position

Ref ZAN " y z Void bound Channel length (A)

ZAl 0.87586 0.31459 0.76202 ZAl-ZA4 0.774

ZA3-ZA4 0.318

ZA3 0.68489 0.11120 0.66520 ZA3-ZA5 0577

ZA4-ZAl 0.774

ZA4 0.67351 0.15972 0.67883 ZAL-ZA3 0318

ZA5-ZA3 0.577

our ZA5 0.63829 0.17805 0.63473 ZA5-ZAd 0.574
data ZA6 0.96585 0.68436 0.65422 ZAB-ZAT 0.419
ZA7 0.00000 0.75000 0.66330 ZAT7-ZA6 0.420

ZA8-ZA6 0.297

ZA8 0.04775 0.77717 0.67051 ZA8-ZA9 1.721

ZA8-ZA9 1.832

ZA9-ZA8 1.832

ZA9 0.40656 0.91419 0.56001 ZA9-ZA8 1721

ZAl 0.88833 0.31673 0.75716 ZAl1-ZA4 0.974

ZA3-ZA4 0.172

ZA3 0.67871 0.11980 0.66192 ZA3-7A8 1590

ZA4-ZAl 0.974

ZA4 0.67298 0.14663 0.66884 ZAL-ZA3 0172

ZA5-ZA4 0.337

ZA5 0.65228 0.15900 0.64312 ZA5-ZA0 0.912

ZAT-ZA8 1.742

[26] ZAT 0.04524 0.77524 0.67696 ZAT-ZA8 1.755
ZAT-ZA9 0.247

ZA8-ZA3 1.590

ZA8 0.34485 0.66345 0.69036 ZA8-ZAT 1742

ZA8-ZA10 1.251

ZA9-ZA5 0.912

ZA9 0.96631 0.69363 0.66302 ZAO-ZAT 0.247

ZA10 0.50000 0.75000 0.62500 ZA10-ZA8 1.251

ZAl 0.89058 0.31376 0.76319 ZAl-ZA4 0.880

ZA3 0.66678 0.13115 0.66200 ZA3-ZA9 1.600

ZA4 0.66142 0.15593 0.66900 ZA4-ZAl 0.880

ZA5 0.64307 0.16663 0.64698 ZA5-ZA6 0.879

ZAB-ZA5 0.879

ZA6 0.97347 0.70447 0.65512 ZA6-ZA8 0.187

[34] ZAB-ZA6 0.187
ZA8 0.03452 0.77155 0.66553 ZA8-ZA9 1.852

ZAB-ZA9 1.945

ZA9-ZA10 1.202

ZA9-ZA3 1.600

ZA9 0.40691 0.89911 0.56495 ZA9-ZA8 1852

ZA9-ZA8 1.945

ZA10 0.50000 0.75000 0.62500 ZA10-ZA9 1.202
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Table 7. The position voids and the channel lengths for W migration at RT in CaWOa.

Ref ZAN X Po;mon . Void bound I;Z?EQEAI)
ZA5 0.64641 0.16354 0.65034 ZA5-ZA6 0.875
ZA6-ZA5 0.875
[28] ZA6 0.97243 0.70332 0.65507 ZAB-ZA8 0.183
ZA8 0.03569 0.77240 0.66604 ZA8-ZA6 0.183
ZA5 0.64557 0.16596 0.64881 ZA5-ZA6 0.846
ZA6-ZA5 0.846
Ourdata| ZA6 0.97181 0.70117 0.65494 ZA6-ZA8 0.195
ZA8 0.03701 0.77302 0.66658 ZA8-ZA6 0.195
ZA4A-ZA6 1.739
ZA4 0.35633 0.66981 0.69297 ZA4-ZA6 1.521
ZA4-ZA7 1.160
[59] ZA5 0.32902 0.36682 0.66002 ZA5-ZA8 1.228
ZA6 0.0227 0.77359 0.68470 ZA6-ZA4 1.521
ZA6-ZA4 1.739
ZA7 0.50000 0.75000 0.62500 ZA7-ZA4 1.160
ZA8 0.45252 0.28244 0.57716 ZA8-ZA5 1.228

The lengths of the distances between voids and shape of ion pathway are modified not on-

ly by changing the unit-cell parameters (technological factor) and by varying of the crystal
temperature. Calculation at RT for the Mo atom (see Fig. 7a) showed that they can pass
through the elementary channels if ri > 1.72 A and pathways with gaps are formed. At 1273 K
nearly continuous chains of conductivity are formed as shown in Fig 7b.
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Fig. 7. Migration map for Mo ions at RT (a) and 1273 K (b) in CaMoOa. X-ray data were taken from [45].

Fig. 8 (a, b, ¢, and d) shows the temperature dependencies of the distances ZAN-voids in
possible migration channels of W ions. The calculations of the probable migration paths were
performed for PbWO, and CaWO, using X-ray diffraction data from [34] and [38] respective-

ly.
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Fig. 8. Temperature dependencies of selected void distances for PbWOQ4 (a, b, and ¢) and CawOs (d).

The curves on Fig. 8 (a, b, and ¢) show the situation at the particular temperatures of
about 100 and 200 K. At these temperatures, changes slope of the curves (change of the tem-
perature dependence law) are observed. Up to 100 K increases of the channel lengths are not
observed. In the temperature range 100-200 K there is linear increase/decrease of the channel
lengths (links or the same as distances between neighboring voids). The mentioned features of
the temperature dependence of the distance between voids in the PbWO, crystals can be con-
nected to the variation of other physical and structural properties of these crystals at 100 and
200 K as observed in work [34]. The temperature dependence of the channel lengths indicates
changes in the phonon contribution to the thermal properties of the investigated crystal at these
temperatures.

For CaWOy crystal at T < 200 K (Fig. 8 d) the selected distances are independent at tem-
perature variations. In the temperature range 200-1200 K linear dependencies were observed.
At T > 1800 K in the some cases (see curves in Fig. 8 d, bottom) nonlinear dependencies were
observed.

For the Pb-W and W-W ion distances in PbWO, (Fig. 9, calculation for data [34]) non-
linear dependencies were observed and in the temperature range 2-353 K also observed for
some distances between ZAN voids. In the temperature range 100-200 K both curves on Fig. 9
satisfactorily approximated by a linear law. At T < 100 K and T > 200 K the deviation from the
linearity is evident.
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o 1 Fig. 9. Temperature dependencies of the
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¢ depict the linear law.
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p 1 For some structural data of
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- . . . e were constructed (see Fig. 10 a, b

o % 100 150 200 2807 Kaoo and Fig. 11 a, b). The continuous

probable migration path of the W
ion in case Ba tungstate was visualized. The similar calculation data for BaWO, crystal with
scheelite-type structure previously [19] were obtained. In other cases of AMO4 compounds the
continuous migration ways of the W or Mo ions were mainly not observed. The migration of
Ba, Ca, Cd, Pb, or Sr ions was excluded since the radii of these ions are large (are larger of
suitable channel radii).

Fig. 10. Calculated migration pathways of W ions in the Ba-xPbxWOs for x=0 (a) and x=1 (b). X-ray
data were taken from [47].

Fig. 10 and Fig. 11 visually demonstrates that large A?* ion as Ba?* or Pb?* caused the
continuous or near continuous way for W ion migration in the crystals with scheelite-type
structure. The Sr?* ion at substitution of Pb?* ion caused the deviation in structure parameters
of crystals and changing of the shape of migration maps of W®" ions in the Sr(1xPbyWO,
(0<x<1) compounds. Sr tungstate owned by non-continuous migration way of W®* ions. The
probable migration pathways of ions with gaps in these cases are observed.
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(b)

Fig. 11. Calculated migration maps of W ions in Srax)PbyWO4 for x=0 (a) and x=1 (b). X-ray
data were taken from [48].

Some calculated data on channel lengths of migration ways for probable mobile W or Mo
ions in AaxMxOs (0<x<1) compounds are summarised in the Tabl. 8. Composition and disor-
dering (x variation) of crystals modify the shape of migration ways (Fig. 10 and Fig. 11) and
lengths of elementary channels (see Tabl. 8).

The TOPOS program used for calculation of mobile ion pathways in superionics. This
program used also for crystals with the aim to investigation of electrical ionic migration. In
calculation procedure for disordered compounds sometimes the some simplify conditions were
applied as e.g., for anion-mixed compound [60].

Our calculated data shows the influence of cationic substitution in the AuxMxO4 with
scheelite type structure on W or Mo ions probable migration in crystal lattices. (Fig. 12a and b)
shows the dependencies of the lengths of the distances between ZAN voids as a function of the
x values of the replaced ions in A@-xMxOs (0<x<1) compounds.

For the Ba-xPbxO. system (Fig. 12a) the near linear dependencies of calculated distances
between ZAN voids as a increase/decrease function of the x varying between 0 and 1 for prob-
able W ions migration at condition of formation the continuous ions move way in crystal lattice
were observed. Two peculiar points at x=0.5 and x=0.8 are observed. In these cases the curves
of calculated distances are crossed (see Fig. 12 a). For other compounds (e.g. for SrixMoxOs,
see curves on Fig. 12 b) a few increase/decrease function of calculated distances between ZAN
major voids at the x varying between 0 and 1 are observed.

Thus the introduction of the large ion (Ba) in crystal lattice and specifically Ba?*—Pb?*
substitution in of probable mobile W ions the considerable changing of migration way shape
(Fig. 10) and of elementary channel lengths or bonds of neighbouring voids (Fig. 11, and Tabl.
8) are observed. Introduction of Eu®* ions replacing Ca?* ions in the crystal structure of CaWO,
according to the X-ray data [36] caused (see Fig. 13) also considerable changing of elementary
channel lengths as non-linear function of the x [16]. In other substitution when radius of intro-
duced ion is similar to lattice ion (see Fig. 11, and Fig. 12 and Tabl. 8) these changes are small.
In case of the elementary channel ZA5-ZA6 a similar dependence on the Eu content was ob-
tained for the band gap, with a minimum near 1 mol.% Eu. In the case of ZA6—-ZA8 an analo-
gous, but “reverse” dependence (Fig. 13) was observed.
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Table 8. Calculated channel lengths of W or Mo migration ways for Ba@-xPbxWOa (1), Sra-xPbxWO4 (11),
Sra-xPbxMoOs4 (111), and (1-x)CaWO4 — XCdWO4 (1V) (0<x<1).

Com- ZAN: - ZAN: Void distances (A)
poumd X
o) ZA1-ZAs | ZA3-ZAs | ZAs-ZAs | ZAs-ZAs | ZAs-ZAs
0.1 0.752 0.607 0.335 0.603 0.290
0.2 0.743 0.632 0.347 0.828 0.285
0.3 0.725 0.656 0.358 0.652 0.282
0.4 0.707 0.681 0.371 0.676 0.278
| 0.5 0.688 0.706 0.383 0.702 0.273
0.6 0.670 0.731 0.395 0.726 0..270
0.7 0.649 0.752 0.404 0.748 0.269
0.8 0.628 0.775 0.415 0.771 0.267
0.9 0.610 0.797 0.420 0.790 0.270
1.0 0.585 0.819 0.433 0.817 0.268
0.1 0.770 0.575 0.317 0.571 0.294
0.3 0.771 0.575 0.317 0.572 0.295
I 0.5 0.772 0.575 0.317 0.572 0.295
0.7 0.773 0.576 0.317 0.573 0.296
0.9 0.774 0.577 0.318 0.573 0.297
0.1 - - - - 0.596
0.3 - - - - 0.595
1l 0.5 - - - - 0.595
0.7 0.733 0.594 0.332 0.589 -
0.9 0.743 0.594 0.332 0.588 -
0.1 - 0.225 - 0.223 0.238
0.2 - 0.222 - 0.220 0.239
v 0.3 - 0.219 - 0.217 0.239
0.4 - 0.215 - 0.214 0.240
0.5 - 0.213 - 0.211 0.240

It is known the scheelite-type crystal structure is characterised by two types of oxygen
polyhedron with central W8 (Mo®*) ions surrounded by four and eight oxygen polyhedron
ions, respectively. The present calculated data shows increase of possibility formation of the
continuous channels of ionic conductivity (probable mobile W or Mo ions) at introduction of
ions with large radius (as e.g., Ba) to the scheelite-type crystal lattice in oxygen polyhedrons
with central A?* ions surrounded by eight O ions.

Hence possible migration map at RT for the W or Mo ions in AgxMxOs (A=Ba, Ca, Cd,
Pb, or Sr; M=W, or Mo; 0<x<1) compounds with scheelite-type structure using the TOPOS
program package were visualised. The near linear dependencies of distances between ZAN
voids as a increased/decreased function of the x varying between 0 and 1 for probable W or Mo
ions migration were observed.
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Fig. 12. Some distances between ZAN voids at RT as a function of compositions with x varying between
0 and 1 for probable W mobile ions (a curves) and Mo (b curves) in the compounds Ba(-x)PbxWOs (a)
and Sra-x)PbxMoOs (b).

Influence of the cationic substitutions in A.xMxO4 scheelite-type matrix on the shape of
possible migration paths of probably mobile (W or Mo) ions and elementary channel lengths in
mentioned compounds (Fig. 12 and 13) were observed. In case of the large ion (e.g. Ba) in
crystal and specifically Ba?* replaced Pb?* for probable mobile W ions the considerable chang-
ing of migration way shape and of elementary channel lengths were demonstrated. The calcu-
lated data shows increase of possibility formation of the continuous migration ways of proba-
ble mobile W or Mo ions at introduction of Ba?* as ion with large radius.
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Fig. 13. Lengths of the ZA6-ZA8 and ZA5-ZA6 channels (two top curves) and the band gap Eg (curve at
the bottom) as a functions of the content of Eu (X-ray data from [36]).

Thus, the presented calculation results were showed four major influence factors on shape
of probable ionic migration pathway in supposition of W/Mo ion mobility in AMO, with
scheelite-type crystal structure: (1) structural features of compounds (structure type of crystal);
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(I1) technological conditions of compound growth technique; (I11) temperature of investigate
crystals; and (IV) partial cationic substitution in crystalline lattice. In most cases unlinked mi-
gration channels of the W ions in the AMO4 compounds were observed. But for some structur-
al X-ray data continuous 3D-networks of W ion migration may be considered even at RT for
undoped crystals. At increasing of temperature the probability of ion migration (the case of the
W ions) are increased.

In particular cationic migration at RT in undoped tungstate/molibdate with wolframite-
type structure is scarcely probable (calculated continuous cationic pathway is not observed).
The W/Mo ion mobility in the AMO,4 with scheelite-type crystal structure and formation of
continuous migration pathways for the W/Mo ions are enough probable. Note that in these cas-
es O-W distances and lengths of elementary channels (see Tabl. 5, 6, and 7) are approximately
coincident. In case of the probable continuous migration pathways the W ion (mainly along
[001] crystal axis) passes through “intermediate” voids that are near equivalent to regular posi-
tions of the W ions. The proposed probable migration of the W ions requires the existence of
the vacant W position (ZAN voids) of the crystal structure and of the same ion in interstitial
positions.

The cationic substitutions in AMO4 compounds with scheelite-type crystal structure mod-
ify the shape of possible migration pathways of W or Mo ions and elementary channel lengths
of migration paths for mentioned ions. At the large A ions (e.g., Ba or Pb) and specifically Ba?*
replaced Pb?* in scheelite-type crystalline matrix for probable mobile W/Mo ions the consider-
able changing of migration ways and of elementary channel lengths were observed.
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IIJISIXW MITPAIIT MOHIB B KPUCTAJIAX THITY HIEEJITY
B. llleBuyk, I. Kaion

Jlveiecvkutl nayionanvuuil yHigepcumem imeni leana @panka,
Gaxynvmem enekmponiKu ma KOMn 10mepHux mexHoaoziil,
eyn. [Apazomanosa, 50, m. Jlvsie 79005

shevchuk@electronics.lnu.edu.ua

[pencraBieHo oris JaHUX KOMITTOTEPHOTO PO3PAaXyHKY Ta CTEPeO-aTOMHOTO aHaNi3y CTpy-
KTYpH KPHCTaJiB, 3acTocoBaHuX J0 cnoiayk AMOs (A=Ba, Ca, Cd, Pb, Sr, Zn, or Eu; M=W, or
Mo) Ta TBepAMX PO3YMHIB Ha Takiii OCHOBI. Ha HaHO-po3MipHOMY PiBHI PO3IISAAIOTECS HMOBIpHI
3D wirpamiiiHi nUsIXy Ta eIeMeHTapHI KaHamu Mirpaiil mist iionisB W abo Mo B coykax AMO4
31 CTPYKTYpOIO THITY LICENITY Ta BonbppaMiTy. .11 po3paxyHKiB IUIIXiB HOHHOI Mirpamii B pea-
JNBHHUX KpHCTallaX BUKOPHCTaHO KomIiuiekc mnporpam TOPOS. BCTaHOBIEHO YOTHUPH YMHHUKA
(CTpYKTYpHHUIA, 4aCTKOBE CTPYKTypHE 3aMillleHHsI, TEMIIEPAaTypHHUIl Ta TEXHOJIOTIUHI YMOBH i CIIO-
co0M BUPOLIYBAaHHS CHOJYK) SIK METOJH 3MiHH MOJJIMBHX LULIXIB Mirpanii HoHIB ax 10 (opmy-
BaHHS HENEPepBHUX IUIIXiB Mirpamii. [IpogemMoHcTpOBaHa MPHIATHICTD 3alPOIIOHOBAHOTO MiJ-
XOJIy 10 JIOCIIDKEHHS TOYKOBHX CTPYKTYPHHX Ae(eKTiB.

B po6oTi mokazaHo, mo y OUIBIIOCTI PO3TIISIHYTUX BUIAIKIB Bi3yamizamii HMUISXH Mirpamii
MalOTh PO3PHBH, TOOTO OKpeMi He3 €lHaHi JaHKU. [IpoTe I HesSKNX pEeHreHOCTPYKTYPHHX Ja-
HUX (30Kpema, JJsl KPUCTAlliB, BUPOUICHUX SK HAHOCTPYKTYPOBaHI 00’€KTH) CIIOCTEPIratoThCs
HenepepBHi 3D-citku Mirpauii #ioHiB W HaBiTh Ipu KiMHaTHIH Temmepatypi. [Ipu 3pocranHi Te-
MIIepaTypu WMOBIpHICTh HOHHOI Mirpamii 301IbIIy€eThCs (PO3PUBU MiXK €IEMEHTApHHUMHU KaHaa-
MH 3MEHIIYIOTHCSI, BUMAI0K MOOUIbHUX HOHIB W/MO).

3okpema, popMyBaHHs CYyLIbHUX KaHAIB Ta HOHHA Mirpaiis mpy KiMHaTHiil Temmeparypi B
HEJIEroBaHUX Bosib(ppamaTax/MomniGrarax 3i CTpyKTYpOI BOJb(GPaMiTy HaBpsa uu MOXiuBi. Of-
HaK y CTPYKTYpi IIEENITy TaKi MPOLEcH MOXYTh OyTH HMOBIpHICHUMH. 3ayBa)KHUMO, 1[0 B OCTaH-
HBOMY BUMAJKY BinctaHi O-W Ta ZOBXHHH eNeMEHTAPHUX KaHAJIB € CHiBMipHi. Y BHIIAAKY MO-
JKIIMBOTO CYIIBHOTO Mirpariiinoro nuwsixy Houis W (y3mosx oci [001]) ocraHHiit mpoxoauTs de-
pe3 “npoMikHI” TOPOKHUHM, TO3UIIT SIKHX OJM3bKI 10 MO3UIIN HOHIB Bomb(ppamy. Mirpamis io-
HiB W BHMarae icHyBaHHS BakaHCill TakuX HoOHIB (mycToT ZAN) Ta iX MIKBY3€IbHHKIB.

Karionni 3amimenss B croiykax AMOs 3i CTpYKTYpORO HICENITY MOAU(IKYIOTh hopMy iimo-
BIPHHUX MirpauiifHux nuisixiB ioniB W a6o Mo Ta TOBXHHH eleMEHTapHHUX KaHATiB I BKa3aHUX
itonin. ITpu Benukux Honax (A nosuuii, Ba** a6o Pb?*) B kpucTaTiuHUX MATPUUAX 3i CTPYKTYPOIO
LICETITY JUT1 WMOBIpHUX MOOUTEHUX HOHIB W/Mo y MOpIiBHSHHI 3 IHIIMMHM LICENITaAMH CHOCTEPi-
raeMo 3Ha4uHi BiIMIHHOCTI MIirpallifHUX IUISXIB Ta TOBXKHH €JIEMEHTAPHUX KaHANTIB 3 TEHICHIIIEI0
(hopMyBaHHS HETIEPEPBHUX MUISAXIB, SKi MOKHA KOPETYBaTH YaCTKOBUM 3aMIIICHHSAM B A MO3HIIi-
SIX.

Kniouosi crosa: nporpama koM oteproro pospaxyuky TOPOS, W/Mo-wmirpartisi, kaHan i-
rpauii, AMO4 (A=Ba, Ca, Cd, Pb, Sr, Zn, Eu; M=W, Mo), mieeir, Boibdpamir.

Cmamms naditiuna 0o peoaxyii 15.10.2022.
Tpuiinsama oo opyxy 25.10.2022.


mailto:shevchuk@electronics.lnu.edu.ua

