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A stereo-atomic crystals structure analysis was applied to AMO4 (A=Ba, Ca, Cd, Pb, Sr;
M=W, Mo) and solid solutions based on these compounds. The program package TOPOS was
used for the calculation. 3D migration paths and migration channels for the W or Mo ions in
AMOg with scheelite-type structure were considered.
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The computer calculations are important methods for investigations of structural,
electronic, and other physical properties of real crystals. For ion electro-migration in crystals
structure the specifically calculation program TOPOS is applied.

In previous works [1-3] we report on investigation of probable cation migration path and
elementary channels in the undisordered scheelite-type structures. The calculation data were
obtained by using TOPOS program package [4]. In the paper [3] in particular the CaWO4
compound with partial substitution Eu—Ca were considered. In this case the influence of
divalent cation substitution on maps of ion migration and lengths of the W ion elementary
channels migration were analysed.

In the present paper the influence of cation substitution on the probable ion migration
ways and elementary channels in AMO,4 (A=Ba, Ca, Cd, Pb, or Sr; M=W, or Mo) and solid
solutions based on these compounds were considered. The program package TOPOS [4] for the
calculation was used. 3D-migration paths and migration channels for the W or Mo ions in
AMO; crystals with scheelite-type structure were analysed.

The AuxMxO4 (0<x<1) (A=Ba, Ca, Cd, Pb, or Sr; M=W, or Mo) compounds under study

(scheelite-type structure, space group C 2 , —141/a) were obtained by authors (see Table 1). The

X-ray diffraction (XRD) data were taken from mentioned works (Table 1).

In this work using the TOPOS program package [4] were constructed the possible W or
Mo ion migration maps for the AMO4 crystals. The possible migration paths of W or Mo ions
in the structure of crystals at room temperature (X-ray data from the ref. [5-8]) and variation of
probable elementary channel migrations with variation of a x value were analysed.

© Shevchuk V., Kayun 1., 2016
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Table 1. Methods of crystal growth of Aa-xMxOas (0<x<1) used for the calculations.

Compound Method of growing Ref.
Ba1-PhxWO4 Classical sol. st. chem. react. [5]
Sra-PbxWO4 Convent. sol. st. chem. react. [6]
SraxPbxMoO4 Convent. sol. st. chem. react. [7]

(1-x)CaWO4 - XCdWO, Co-precipitation [8]

To the analysis of the possible ion migration was used the VVoronoi tessellation [9]. In this
approach the atomic VVoronoi polyhedron are constructed. The basic concept 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 [4] by the value of the second moment of
inertia (G).

The elementary void is an area of the crystal unit cell, the center of which is one of the
vertexes of a VVoronoi 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 (r;) and the average radius of the atom forming the channel (ra),
is less than the radius of the channel cross section (rc). In order to the take into account possible
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(ri + ra) <re.

In the framework of the program TOPOS 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.

The algorithm based on the analysis of the adjacency matrix of the crystal structure (see
for example our previous paper [3]) includes four steps: (i) construction of the VP for all
atoms; (ii) determination of the atomic coordinates of the vertices of the VP and the positions
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) for coordination number 8, and 0% (1.36 A) [10]. The value of the
parameter G is 0.0830(1) for W (near the value of Mo) [11]. According to the same source the
G parameter for other ions were used. The calculation procedure was described in our paper
[12] in detail.

For some structural data of the AMO. compounds the probable migration paths of W or
Mo ions were constructed (see Fig. 1 and Fig. 2). The continuous probable migration paths of
the W ions in case Ba tungstate were visualised. The similar calculation data for BaWO4
crystal with scheelite-type structure in the previous paper [13] were obtained. In other cases of
AMO4 compounds under consideration structural data the continuous migration ways of the W
or Mo ions were not observed. The migration of the Ba, Ca, Cd, Pb, or Sr ions were excluded
since the radii of these ions are too large.

Fig. 1 and Fig. 2 visually demonstrates that large A%* ions 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 calculation migration maps of W®* ions in the Srq.
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WPbxWO, (0<x<1) compounds. Sr tungstate owned by non-continuous migration way of W6*
ions. The probable migration ways of ions in these cases are considered.

(@)

(b)

Fig. 1. Calculated migration maps of W ions in the structure Bag-xPbxWOs for x=0 (a) and x=1 (b).
X-ray data were taken from [5].

Fig. 1 and Fig. 2 visually demonstrates that large A?* ions 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 calculation migration maps of W®* ions in the Srg.
xPbWO4 (0<x<1) compounds. Sr tungstate owned by non-continuous migration way of W6*
ions. The probable migration ways of ions in these cases are considered.
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(@)
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Fig. 2. Calculated migration maps of W ions in the structure Sr-xPbxWO4 for x=0 (a) and x=1 (b).
X-ray data were taken from [6].

Some calculated data on channel lengths of migration ways for probable mobile W or Mo
ions in AuxMxOs (0<x<1) compounds in the Tabl. 2 are summarised. Composition and
disordering (x variation) of crystals modify the shape of migration ways (Fig. 1 and Fig. 2) and
lengths of elementary channels (see the Table 2).

The TOPOS program package used for calculation of mobile ion ways in superionics.
This program used also for crystals with the aim to investigation their electrical ion migration
features. In calculation procedure for disordered compounds sometimes the some simplify
conditions were applied as e.g. for anion-mixed compound [14].

Our calculated data shows the influence of cation substitution in the A@.MxOs with
scheelite-type structure on W or Mo ions probable migration in crystal lattices. Fig. 3 (a, b, c,
and d) 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-xPbxO4 system (Fig. 3, a) the near linear dependencies of calculated distances
between ZAN voids as a increased/decreased function of the x varying between 0 and 1 for
probable 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. 3, a). For other compounds (Sr(1-xPbxOa,
SraMoxOs, and (1-x)CaWO,—PhyWO,, see curves on Fig. 3, b, ¢, and d accordingly) a few
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increased/decreased function of calculated distances between ZAN major voids at the x varying
between 0 and 1 are observed.

Table 2. Calculated channel lengths of migration ways for Ba-x)PbxWOa (1), Sr-xPbxWOs4 (11),
Sra9PbxM0Os4 (111), and (1-x)CaWOs — xCAWO4 (IV) (0<x<1).

Ne X ZAN: - ZAN: Void distances (A)
B 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
1 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
Il 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

Thus the introduction of the large ion (Ba) in crystal lattice and Ba**—Pb?* substitution
in case of probable mobile W ions the considerable changing of migration way shape (Fig. 1)
and of elementary channel lengths or bond of neighbouring voids (Fig. 3, a, and Tabl. 2) are
observed. Introduction of Eu®* ions replacing Ca®* ions in the crystal structure of CaWO,
according to X-ray data [15] caused also considerable changing of elementary channel lengths
as non-linear function of the x [3]. In other substitution when radius of introduced ion is similar
to lattice ion (see Fig. 2, and Fig. 3, b, ¢, d, and Tabl. 2) these changes are small.
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Fig. 3. Selected calculated distances between ZAN voids at RT as a function of compositions with x
varying between 0 and 1 for W mobile ions (a, b, and d curves) and Mo (c curves) in the compounds
Ba-xPbxWOs4 (a), Sra-xPbxWO4 (b), SraxPbxMoOa (c), and (1-x)CaWO4s — PbxWOx4 (d).

(Continuation is below).
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Fig. 3. (Continuation).

It is known the scheelite-type crystal structure is characterised by two types of oxygen
polyhedron with central W% (Mo®) or A% 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 (e.g. Ba) to the scheelite-type crystal lattice in oxygen
polyhedron with central A?* ions surrounded by eight O?>" oxygen ions. Experimental
investigation of ionic electrical conductivity of scheelite-type crystals were realised in work
[16] and the tungstate polyatomic anion migration at high temperatures were discussed by
authors [17].

Hence possible migration map at RT for the W or Mo ions in AqxMxOs (A=Ba, Ca, Cd,
Pb, or Sr; M=W, or Mo; 0<x<1) compounds with scheelite-type structure using the TOPOS
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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.

Influence of the cation substitutions in Ag-xMxOa scheelite-type matrix on the shape of
possible migration paths of probably mobile (W or Mo) ions and elementary channel lengths of
migration ways in mentioned compounds 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
changing of migration way shape and of elementary channel lengths were demonstrated. The
calculated data shows increase of possibility formation of the continuous migration ways of
probable mobile W or Mo ions at introduction of Ba?* as ion with large radius to the scheelite-
type crystals.
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BIIJINB KATIOHHOT O 3SAMIIINEHHA HA IOHHY MITPAIIIO B CTPYKTYPI
THAITY EEJIITY

B. llleBuyk, I. Kaion
Jlveiecokutl Hayionanvuull yHieepcumem imeni leana dpanka,

eyn. [Ipacomanosa, 50, 79005 Jlveie, Yrpaina
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Crepeo-aTOMHUIT aHali3 CTPYKTYpH KpHCTaniB 3actocoBanuii 10 crnonyk AMOs (A=Ba, Ca,
Cd, Pb, Sr; M=W, Mo) Ta TBepaux pO3YHHIB Ha iXHill OCHOBi. s po3paxyHKiB BUKOPHCTaHO
komrmieke mporpam TOPOS. Posrmspatotees 3D MirpamiiiHi KapTH Ta eleMEHTAapHI KaHAIU
mirpauii 1714 ioniB W B AMO4 31 CTpyKTYypOIO THITY IIEETITY.

KoMI’roTepHHIT PO3pPaXyHOK € BaXJIMBUM METOJIOM JUISL JIOCII/DKEHHS CTPYKTYPHHX,
CNEKTPOHHUX Ta IHIMMX (I3UYHUX BJIAaCTUBOCTEil peanbHUX KpucTamiB. Jlus  ioHHOT
eNeKTpoMirpaiii B CTPYKTypi KpPHCTaJiB 3aCTOCOBYIOTh CIICL[ialbHY PO3PaxyHKOBY Iporpamy
TOPOS. Ha ocHOBI peHreHOCTPYKTYPHHX Ta €JIETPOHHHMX BIACTUBOCTEIl 10HIB — BY3JiB IPaTKH
cronyk AMO4 3a J0MOMOTOI0 BKa3aHOI MPOrpaMH pO3paxyHKY OTpPHMaHi KapTH HPOBIAHOCTI
fiMOBipHO MOOiNBHOrO i0oHa. B crarti BisyamizoBani muisixu Mirpanii karionis W/Mo i
BUBYAIOTHCS KaHaJIH WMOBIPHOI Mirpamii KaTiOHIB, KOOpAHMHOBAaHMX BIiCbMOMa 10HAMH KHCHIO.
Mirpariis IBOBaJICHTHHX KaTiOHIB, TETPEAPUYHO KOOPANHOBAHHX KHCHEM, MaJIOMMOBIpHA B CHITY
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BEJINKOTO TXHBOTO pajiyca. [Ipu 3aMmilieHHI i0HIB JBOBAICHTHHX METAliB B TETPacIpUIHMX
MOJIOKEHHSIX CTPYKTYpPH IHIIMMHM, CIIBPO3MIPHHMH 3a BEJIIMYMHOIO I1OHHOTO pajiyca,
crocTepiraeMo Onu3bKi 70 JHIHHKAX 3pOCTardi/CragHi 3aJeKHOCTI JOBXKHHU EIIEMEHTApHUX
KaHaJIiB Mirpamii Bil 3MiHM KOHIETpalii IOMIIIKOBUX KAaTiOHIB (3MIHHM CTEXiOMETPUYHHUX
koegirieHTiB cronyk Bix 0 mo 1).

B crarTi mokaszaHo, WO PO3IVISTHYTI KaTiOHHI 3aMillleHHs BIUTMBAIOTh TakoX Ha (opmy
kaHaniB Mirpauii xationiB W/MO B CTpyKTypi KpHCTaliB THIY LICETiTY. Y BHIIAAKYy iOHIB
BEJIMKOTO pajliyca, sKi 3aMiOIyOTh iOH 3 MEHIIMM pajiycoM (Hampukmaza, BaZt —»Pb%)
CIOCTEPIraeMo CyTTeBi 3MiHM (OPMHU HUIIXY Mirpauii HMOBIpHUX MOOITBHHX 10HIB Ta po3MipiB
CJIEMEHTAapHUX KaHamiB Mirpamii. Po3paXxyHKkn TOKa3yroTh, IO 3pPOCTaHHS MO>KJIHUBOCTI
(dopMyBaHHSI KaHAJIB KaTiOHHOI Mirpaiii B MaTpuIli KpUCTaly, ONMU3bKUX OO CYLUTbHUX (Takuit
THUII IIUIIXY Mirpamnii BKa3ye Ha pealizamilo BUCOKOWMOBIPHOI i0HHOT NPOBITHOCTI CIIOJYKH) IPH
BBeJIeHHi i0HiB Ba?* 3 BeIMKMM 10HHMM pajiiycoM.

Knrouosi crosa: TOPOS, enexrpo-mirpanis, iimosipra W/Mo wmirparisi, MirpariiHuii kaHa,
AMO4 (A=Ba, Ca, Cd, Pb, Sr; M=W, Mo), mieemir.
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