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Summa ry

The bindings in AG"'IO

metal axides may be described by harmonic commen-
surabilities between the spatial carrelation of the peripheral $pelectrons of
the metal and the valence electrans af axygen on the one side and the peri-
pheral d electrons of the metal on the ather. The harmny is described by inte-
gral commensurability matrix elements. Between VOM and MnOM a change in

binding  accurs. Whereasin Ti0 and VO a collective correlation (bvevc). may be
formed and causes an atomic occupancy of 0.85, in MnO the number of consti-
tutional vacancies (lacunae) would become too great so that the c. correlation
is replaced by S5 Besides a 2'=gv§_corre1ation is found being f;apped by the ¢
correlfionfno ther change in the electron count is found between A3d, Ad4d and

A5d elements. While there are few indications of a participation of the A2sp
electrons in the binding of A3d oxides, in Add or A5d oxides the participation
af the A3d or A4f electrons in the el correlatioh appears suggestive.

This participation, favoured by the high compliance of 3d or 4f electrons, must
be considered as a cause of the frequently accurring heterotypism between A3d,
A4d,and A5d oxides. The high compliance of -the d or f electrons describes the
generally accepted metal-metal interactions in Ay phases. Numerous structural
phenomena in A6"'100M phases,not understaod so ng may be explained by de-
monstrating that they obey crystal chemical rules formulated by the con-
cepts of the plural correlations model.



Introductign

An energetical interpretation of the transition metal oxides, reviewed by 74Rao,
75Pie,74Ti1,76Eyr,81Eyr,81Che presupposes assumptions on the band structures
reported and referenced by 71Goa and 74Raa. An inference of the electron spa-
tial correlatians within and between the bands (86aSch) might provide a test
for the compalibility of the proposed band structures with the experimenta
results since the energy of the correlations has an influence on the bands.

In part 1 of this analysis (875ch2) it was found that an interpretation of
the two-component oxides is possible when for instance the Ti3sp electrons are
in a commef;g_corre]ation with the 02sp electrons while the T1'3d4 electrons are
in the be correlation. In Ti0y phases the e' and c correlation form a united
or collective correlation g=e'vc , i.e. e' and ¢ conform approximately to one
and the same lattice g of the averaged correlation (86aSch}. If the occupation
of the collective correlation becomes too high then the e' correlation will be
precipitated from the g correlation i.e. it forms a correlation of its own and
does no Tonger take part in a e'vc correlation. As an example the phases Ti0.h, V0,
and Mn0 of the NaCl type may be considered.

Ti0.h(Lhtp NaCl,SR7.87) has the atomic occupancy NAo(At)=0.85. Using the
count Ti3°803°5 yields a(N-13.6,47.6)=4.18R=e(2)=c(4)=g.(4). The ¢' correlation
pmvlda electro conductivity while the g correlation causes the lacunae. This
binding is compatible with earlier band assumptions (71Goo p. 230,249) and has
the collective property. alse

While VO(LhtpNaCl) is (86bSch) essentially isodesmic to Ti0.h,and,a metallic
conductor (74Rao), there is no stable “Cr0"and the green MnO(NaCl) is an in-
sulator (74Rao p.2). Because of this property a g correlation like that in Ti0.h
is not probable in Mn0 and the e correlation of TiOh becomes more
localized relative th%orre1atiun around the 0 atoms and the corre-
lation of the Mn3sp electrons around the Mn atoms. A cause for such an abrupt
transition from the collective to the Tocalized correlation type shall be pro-
posed in the following analysis of the bindings.

The above model allows a binding analysis utiliz-

ingﬁgrystal chemical rules collected in it. The surprising phenomenon that
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there are still many crystal chemical rules to be uncoyered comes from the
fact that the search for rules ‘nasbfﬁ'e'\sed so far on somewhat narrow concepts
for the bindings in oxides,while the plural correlations model employs more
general concepts like spatial correlations instead of bonds, or consider-
ation of more electrons responsible for bonding than only the valence elec-
trons. The enlarged electron count opens the idea of harmony playinga role
in crystal chemistry.This provides a selection principle for conceivable bind-
ings. The honding is no 10nger an intuitive concept, but rather the two-
electron reduced density matrix,as prescribed by quantum chemistry (56Low),
vigorously simplified for use in the systematics of crystal chemital data
(see 86aSch for references).

The reader of the following analysis may study the binding for-
mulae by drawing the correlations for comparison with the crystal structure
and ‘then checking tp what extent the rules (86Schz) are fulfilled. Two coex-
isting correlation lattices should always be so arranged that they are as farapart
from one another as possible . This electron model may he imagined to
fluctuate in the crystal, although of course, the density matrix 'md;tfztcd,
by the proposal is time-intepended. (onsulting referenced earlier articles may be
helpful to readers with unansvpred objections. The mental presence of the rules
of the model is indispensable for own attempts 10 mgke a binding analysis.

For abbreviations and symbols see the Appendix of 87Sch2.

6
A E_)” phases
WhiTe many suboxides have been found in Ti0, and VO, , in CrOy the inter-

mediate phase poorest in O is Cr'203.h. The cause for this remarkabTe difference
must be the increased e'=bve electron contribution of Cr which prevents a
collective spatial correlation of the electrons to be formed as in VBO etc.

Nevertheless in Cry05.h the binding may be of the collective type and the ;ouww

Igropnsﬂ." will admit this:

The phase Cr203.h(,lH203,R4.6,5R2.31O,23Dav.draw1‘ng 645ch p.198) may corres-
pond foi!ouivga binding analysis {86aSch) to the binding
a(Cry04.h,N= 72,204 ):H4.96;13.59ﬂ:th(£15J12/3)= g2,

The ¢ correlation may . be united with the ¢



- 284 -

correlation so that the binding is collective. The
22 e layers parallel to al,a2 indicate a reason for the antiferromagnetism
(74Ra0,SR13.227), as in the B type the neighbouring e layers may have dif-
ferent spin and e-lacunae represent a magnetic moment. Also they provide a
cause for the Mg type of the 0 partial structure following the rules of 845ch.
Cr. 03 r(SR13.227) is D-homeotypic to Cr 0 .h.

Cr0 (T102 r,T2.4,5R9.148,43Mic) is ferromagnet1c and allows the binding

g(CrU N=T12,40  )=4.4252.92R=eg (1551.5): ¢ (v20;3).
The rotated commensurability of g_g_to a fits we11 to the observed oxygen
sites. The site number Néa =15 suggests that there are three e lacunae per
cell while ﬁu have been observed (74Ra0), hemne {e electron goes to c¢. The
assumption a=(e* c) VZO 3) appears possible as the ferromagnetism re-
quires unoccup1ed sites (87Schf kmg ayailable here. E?Ec(vﬁ032)= gh
CV20;3) would not provide an appropriate number of e sites. Therefore, if the
electron count is taken as CPO,G,%::O?,O,E then the binding might be as pro-
posed. It appears that the Ols2 electrons are not in c.

Crﬂlvga(T4.8,5R17.389,53Ar1) was said to be doubtful (SR17.389) but might
be homeotypic to ReOE.h.

Cr5012.p(020,48,SR30.304,65w11) contains a Cu type 0 partial structure with
the commensurability EFECU(3 252). It allows the binding

a(Crg0p,,N= 120,448 )=12.04;8.21;8.18R- e (8/2:4)=¢,(12:8).
While Cr0 (T1O r) has a BC2 hinding, Cr5012 has a F c2 b1nd1ng(Perhaps the C
type correlatlon becomes a=(7 cvf) U(16 8) so that the b1nd1n5\ veof the FF2
type} A binding even poorer in e electrons than FC2 might be the CC2 binding,
but the observed phase suggests the homeotypit HH2 binding.

The Lewis phase Cr03(Q2.6,SR35.206,508ys,7OSte) has the Cr atoms tetrahe-
drally coordinated by 0 as the uniform  distribution of the d electrons lea-
ves a smaller cation radius for Cr than in Cr02 where the Cr were octahedrally
coordinated by 0. The Cr form zigzag chains along 25 1in the a,.a4 plane which
avp intermediary between a three dimensional framework and a molecular structure
The binding may be assumed as

Q(Cr03,ﬁ=i¥ﬂ04,3z):4,79;8,56;5.74ﬁ:gHT(2;4/2;2.5): © yr(4:8/2:5).

Theg correlation is fully occupied when it is assumed that c accepts 1 e elec-
tron per Cr which is less than the 6 electrons assumed by Lewis' rule. A fill-
ing of the nobel gas shell of O need not be assumed,as a compensation of spins
generated by Hund's rule already fulfils Lewis' rule. The remarkable compliance
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of the e correlation (Fig.l) is therefore a consequence of Lewis' rule, and
the only new assumption is that the e correlation must be harmonic with the
other correlations. A participation of Cr2sp electrons in the binding does
nat appear necessary because of the low Cr content.
In McJOM (see 63K1h1) the instahility of phases with small mole fraction
Hb is even more pronounced than in Cr‘OM as Mo is heavier than Cr and there-
fore repels the Mold electrons more vigorously into 10ca11sat1oanm WeSch p 207
The phase with smallest NO is MoO (M4 8,5R11.261,32.259,47Mag)) being an I-
homeotype of Ti0,.r in which the A atoms along a5(Ti0,. .r)form pairs. The
binding may be proposed for the quasi tetragonal diagonal part of aas
a(Mo0,,N=24,80,40  )=5.583,0,-2.694;4.843;4.825R=e;(v5;2.5)= Jza 5)
The ¢ correlation s nearly fully occupied. Apparently the Mo3d electrons
do not all take ‘part in the binding. The commensurability element (g_lg)ﬁ
3379 is the cause for the Mo atom displacements in 2 direction sinte the 5
electron sites on a; favour a pair formation of 2 Mo sites on a;- The hetero-
typism to CrOZ(TiOZ.r) fulfils the rule (86 Schﬂ that the heavier phase has
less ¢ sites. It is to he assumed that the decrease of the axial ratio
lag 1/ a0 of Ti0,.r. tsolypes on the number of d electrons per A-
atom (57Mar) is caused by that rule.
A series of phases between M002 and M003 was represented in a phase diagram
(SR23.358,59Kih).
The phase Moaoll.h(016.44,SR28.126,48aMag,drawingSRll.292} is homeotypic
to R903(61.3,draw1'ng £4Sch p.278) in displaying ReO3 type layers separated by
thinner Tayers with M004 coordination. These thinner layers are a means of de-
creasing BO as compared with Mc:()3 Quite tentatively the b'mdmg may be proposed as
g(Moqo shoN= T T 96,302,128)=24.49;5.46;6. 758= eg { 952:2.5)=¢ (18 4;5).
This is a binding 1isotypic to the BB2 binding of MoO3 (see be1ow) but the
reason for the tilting of the binding to the ReG3 layers is not yet clear.
The phase M040“.r(M16.44,SR28.125) is homeotypic to Mu4011.h.
The phase M017047(034.94,SR24.323,draw1ng 63aKih) is homeotypic to MOSOM
and it will also be homeodesmic to MOSDM
The phase MUSOM(TIGO.MB,SRZQ.308,draw1'ng 63Kih,8lEyr p.359)(64Kih) has a
subcell T40.112 in which four"pentagonal columns" (71Lun) are contained: A
pentagon of 0 in the 21,2, plane, centered by Mo, capped in 3y direction
by 0, and sharing edges w1th MOO6 octahedr_a,w repeated in 3 direction
so that the MoO7 and MoO6 double pyramids share comers. The pentagonal celumns
are connected with elements of the REO3 structure so that channels are formed
with 3,4,5,6-gonal cross sections. The binding may be
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(M05014.T40.112,§= o 240,991,400)=23.00;3.94ﬂ>gé(f74;1.5):gé(/296;3).
If from the 112 Q atoms per cell 40 capping O atoms are subtracted then 72
equatorial O atoms remain. This means that nearly every equatorial 0 may be
approximately in a quasi octahedron of e sites. The remaining 40 MoO must be
go distributed in the cell that their sites are compatible with the equato-
rial Q sites and with the e correlation. The simplest distribution were at-
tained when for every two equatorial O atoms one Mo were available so that
36 MoO had to he distributed (ReO3 structure). However, there are 4 more MoO
to be distributed, and these may be identified with the centres of the pen-
tagonal columns. The installation of pentagonal columns is therefore a fur-
ther method io decrease yb in a ReO3 type structure. If the 400 Mo3d elec-
trons take part in the fvc correlation then 1332 electons are to be distri-
buted on 296_%06=1776 sites.

The phases M08023(M16.46,SR11.293,17.397,48Mag drawingSR11.294), Mogozﬁ,h
(M18.52,5R11.294,48Mag,drawingSR11.295), and Mo, 02 6 r(Z36.104,5R23.358, phase
diagram) are EEEEI:EETSQEiEl_ to ReO3 and WO h2 2bey1ng the formula Mo 03n—
The term "shear" suffers from corfusion w1th the, "mechanical shear®" (70Hyd)
whence earlier the term "Verwerfung" had heen used (55Sch). However, the term
"crystallographic shear" has generally heen accepted. The BBZ binding of W05.hy
e.g. (see below) is exactly filled in the e correlation but underoccupied in
the ¢f correlation. This implies that a filling of an ideal woa.h2 type
phase "M003" with more Mo atoms would be energetically favourable, more ex-
actly, the filling of c¢¥f is favourable as this correlation becomes more
homogeneously occupied, while the filling of e is somewhat costly as this corre-
lation is already filled and therefore requests e transfer to b. Because of
participation of Mo3d electrons in the core electron correlation the introduc-
ticn of Mo atoms cannot occur statistically but must be made cooperatively.

The cell a of ReO with ) pointing to the r1ght1and a perpend1cu1ar}{lto the
drawing plane conta1ns the partial structuresQ( ~20 OZZ ) and 0(70—-Re(222). The
shear vector 35707 changes the second partial structure{but reproduces the
first of equatorial O atoms)and may therefore introduce a Ny change in the
ReO3 structure. The degree of Mo condensation for given v depends (1) on the
direction k of the shear plane separating the sh??ﬁsg half from the unsheared
half of the crystal and (2) on the shear length TMmiéasuring in 2 direction the
distance uf the shear planes. It has been shown (64Sch p.281) that k=(101) and
(0015 are unfavuurab]e as the Mo atoms become too much concentrated; k= (103)
has been observed for NZODSB(SRIB.ZSE) and gives a stronger c?ndensat1on than
k={102) observed in the ahove phases (see 645ch p.280); k=(101) gives no
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condensation. It is easily seen that the shear plane (102) subtracts one 0
atom per cell in the formula M°n03n so that the formula of the condensed
phase is M°n03n-1 (55Mag). The shear length I=na; should not be too small in
order to allow a relief of the tension in the e correlation, and not too long
in order to stahilize k. Following the above arguments the cell of Mog0,,
should be a -aR 03(6.5,[),2;0,1,0;-0.5,0,1), but Tike as in [¢.'03.h2 (see below)
there are displacements of the Mo in 2, direction requesting a"=a(6.5,0,4;0,
1,0;-0.5,0,2)(Fig.2). The conventional cell is a&“=a(4,0,-2.5;0,1,0;2,0,2.5)=
g[(6.5,0,4;0,1,G;—D.5,D,Z)+(—2.5,0,—6.5;0,0,0;2.5,0,0.5)] (see Fig.2,645ch.p.
280,SR11.234).

In order to assess the binding of 1‘408023 it is appropriate to consider the
diagonal part-of the conventional cell obtained by suppressing the matrix
element -4. 65K see hrief m-atrix notation 83Sch) in the following formula :

(M08023, 96,40%,452)=16.14;4.04;-4.65 ,0,13. 40ﬁ=_8(6'1 5'5)=Cr (12;3;10).
Ske electrons have heen transferred to the ¢ correlation. When it is assumed
that the Mo3d e electrons (f) take part in c'p the occupation becomes 91%.

The so called non-stoichiometry of the M08023 phase is therefore a phenomenon
which improves the core electron correlation at the expence of the spin equili-
brium described by Lewis' rule. When instead of Mo atoms there were W atoms
contributing wlh‘l4 electrons then the 5' correlation were fully occupied
or in some sense too highly filled. In fact it has been found (55Mag) that
gradual substitution of Mo by W increases the shear length in the n,3n-1 ho-
meotypic series. It is seen that the extensively discussed phenomenon of oxydic
shear homeotypes (74Ti1,76Eyr,81Eyr,81Che) has its roots in the bonding. The
bonding types (hindings) found in the present analysis indicate why the shear
homeotypes of ReO3 occur only in AOM phases and not, for instance, in BOM phases.
The main reasons lie in the high compliance of the e correlation and in the
energetical advantage of the BB2 binding. More on the energetics of shear ho-
meotypes of ReO3 is found in 76Ti1,78Igu.

The Lewis phase M003(04.12,SR28.128,50And,63K1'h.draw1'ng 645ch p.281) con-
tains an O partial structure of the Cu type with zigzag Mo chains along a3 in
the 35525 plane, the Mo being octahedrally coordinated hy oxygen. The edge
sharing of the ! \‘1006 octahedra corresponds to the cristallographic shear con-
sidered in Mogl,, for the case of k= (001) (seaﬁ45ch p.281). However, Mo0,
not a shear-homeotype of ReO since it should then have the composition
"Mo 05" was found in Nb 05 m(N2.5,66Gru). The binding may be

a(MoDyoN= 24,404 , G )=3.96313,8633.70R=e, (1533.5/251/2)= ¢ (35 /2/8).
It appears conceivahle that Mo3d 10 e]ectrons (& correiatmn) take part in c.
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A smll overoccupation resulting from electron transfer esc might cause the

small deviation from the integral commensurahility elements. The f participation
would also explain why homeotypes of ReO3 have not heen found with 3d ele-
ments but only with 4d and 5d elements. Another indication for the probability
of the above hinding is the slight puckering in 4 direction of the Mo layers
para]]el to ass33. This is confirmative for the commensurahility element

e a)11-3 as will be seen below in W03 h2 If Mo were fu]]y substituted by

W then the number of electrons in the g correlationwould, 184 because of the
participation of w4f14 electrons. Therefore the M003 type is not possible for
w03 as gfaccepts only 168 electrons.

The phase N3O(Cr3$i,SR18‘259) was doubted by 64Phi, Therefore the blue W0
(MoDZ,M4,S,SR11.262,45.219,47Mag) is the O-poorest intermediate phase. It is
homeodesmic or practically isodesmic WRthOZ(M4.8)

(W, = 24,80,72.):5.56,0,—2.87;4.90;4.883:138(1/5;2.5)=5'B(1/20;5).

The BB2 binding will be the cause for all intermediary phases in WOM.

The phase WZOOSO(M20.50,5R17.399,53Mag) is homeotypic to the folTowing
phase .

The reddish yiolet w1804g(M18.49,SRlZ.185,49aMag,drawingSR12.187,80Eks)=
N02_722 has the highest melting point '~ of all W0, phases and exists up
to at Teast 2073K (69Shu). It is a homeotype of P.eO3 and has pentagonal co-
lumns. The binding might he (formulated for the diagonal cell)

(W g0,q.N=108,438, 350 )=13.32,0,-5.94;3.79;12.72&:33(51/2;1.5;3.5;/2) _B(m#z,a
The e correlation has only 105 sites so that 3 e electrons must go to ¢\

The number of c'sites per W is 46.7 while in w03.h2 it will be 48. This 1is an
indication for the compression of the structure in leoag relative 10 the binding.

5 14° 1(M05014 without supercell,SR44.187,drawing 80Eks)= NO2 80 is another
structure with pentagonal columns.

wzaoﬁg(M24.68,draw1ngSOEks)=N02_83 is an intergrowth structure of pentago-
nal column Tayers and Re03. R

Beginning with w02_83,5-homeotypes with shear plane (103) and shear length
1250230 have heen found by electron microscopy (745un,765un and others). Exam-
ples for the more fully refén d structures of these series are the following.

W,~0.,(M20.58,5R13.235,5 I{'iag)=HO2 90" This structure is described in the

2

20758
space group P2/m and has, therefore, no puckered w31,33 layers contrary to
N25073 and HO3 h2 Because of the hinding it must be conjectured that an appro-
priate annealing of WZUOSB leads to the puckering. In fact for WOZ a6 (see
below) two phases r,hwere found,with,(r},and withouf, (h),puckering (66Gel).
wzoﬂsg(M4O.118,SR30.312,6566&):W02‘95- It appears that the cell of this
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phase is so similar to the cell of H20058 that it must be assumed tyﬁt there
is sqme allowance for the 0 content and*the formula wno3n_2 is no%\cd%sistent
with all the representatives of the (103)S-structures.
szO”(MEO.146,SR42.237,?65un)=|n102_gz 5
N25074.h(M25A74,75Pie,666eh):N02‘96 5
W, -0 r(M50.14B,75Pie,66Geb)=w02A96,

25774
N25074.r has practically the same cell as W,.0 30 and since 76Sun did not

find an additional 0 in the difference Fﬂur?grysythesis it must also be assumed
that there is some allowance for the O content depending on preparation .

Ahove the composition w0234 up to wﬂapo the (lOE)S—homeotypes of Re0
are stahle (745un).

The yellow w03.h.2 (12.6,5R16.229 ,52Keh ,,drawing 645ch p.280), cbeying Lewis'
rule of octet completion of the anion,is DI-homeotypic to ReU3 and permits
the simple hinding:

a(W0y.hyN= 12,52 ,40)=5.2753.92Re (231.5)=cp(433).

The D-homeotypism to ReO3 is exactly explained by the commensurability of S;

3

€ vf to a. The I-homeotypism of the W sites to the Re sites follows from
(£r12)33=3 causing an instahility of W positions fixed according toc the ReO3
type. The BBZ binding does not suffer from self-deformation because the
high temperature causes the deformation to be more uniformly distributed. It
may be assumed that w4f14 electrons take part in the Efcorre1ation. The
binding in Re0j, noted below, necessitates esc' transfer and is therefore twin-
ned so that the crystal structure hecomes simpler.

At 1010...600K the phase H03.h1(04.12,SR15.191,21.232,43.176)with a=7.34;
7.57;7.758 is stable. A more accurate knowledge of this structure appears de-
sirable. The stability of the phase may be interpreted by the remark that the
BB2 binding is at sufficiently Tow temperatures self-deforming as the octa-
hedral interstice of gh has only tetragonal point symmetry.

The phase HOB.r(GOO...290K,M8.24,SR24.325,43.176,31.123,draw1ng 645ch p.280)
shows as compared with h2 a displacive homeotypism of the W in the basal plane
of h,.

The phase H03‘11(290...233K,28.24,SR24.325,44.186,78D1e) is pseudo cubic
with ReO3 substructure. The W atoms form three long distances W-0 in the 06
octahedra. If it is assumed that the Ols2 electrons do not take part in the ¢
correlation of NOS.h2 then there are per W atom 40 electrons and 48 sites 1;
that correlation. This might contribute to the off-centre position of the W
atom in the O6 octahedron.

Distossion of w03A12(T<233K,M4.12,SR24.325,43.176) shall be postponed in the



element (c:‘_a_)33=3 has the tendency to cause atom shift in atom rows a; just
as in w03.h2. Since the binding is twinned also a, and a, chains may be inho-
mogeneously deformed. The deformations occur at different temperatures as each
transformation yields an energetic relaxation. In fact for BaT*iO3 it has been
found (SR12.200) that helow 183K the structure is rhombohedrally deformed,bet-
ween 183 and 268K orthorhomhically,between 268K and 393K tetragonally, and
above 393K it is cubic (see SR12.202).

The tetragonal tungsten bronze KO‘GWO?,(TG,ID.30,SR12.292,49Mag,draw1'ng
SR12.293) is homeotypic to CaTiO3. Some K are enclosed in pentagonal prisms of
oxygen while K lacunae become enclosed in trigonal O-prisms. With the electron
count 1’2‘8w0’6’8’1402’0’6 comes the binding

a(Ky gH03,N=6,60,308,140)=12.32;3.84R=b (/5; W =ey (/2051.5)=C (/8033).

In Nay gW05 the number of e sites per Wwas 6, so it is here.

Another homeotype is the hexagonal tungsten bronze K0'3N03(H2.6.18,SR17.401,
53aMag,drawing 78Mag,80Eks), where the K are included in hexagonal O-prisms,
The binding may he

5(K0.3w03,ﬂ:2,36,172,84)=H7.3?;?.54ﬂ=_§_CH(1;2.5/3)=_BH(2;10/3)=£’BH(4;20/3}.
The BB2 binding seems to apply here also. This assumption is confirmed by the
existence of the so called intergrowth tungsten bronzes (76Hus) in which (110)
layers of w03.h2, several cells thick alternate with[lDO}'Iayers of K0_3HO3,







































