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Abstract

On the basis of the approach developed in the previous
paper [Bugaev & Chepul’skii (1995). Acta Cryst, AS1,
456-462] within the framework of the multicomponent
lattice gas model, the symmetry properties of the unary
and binary mixing potentials and of the Fourier
transforms of the binary potential for disordered
interstitial-substitutional solid solutions with f.c.c.,
b.c.c. and h.c.p. crystal lattices are analyzed.

1. Introduction

In the previous study (Bugaev & Chepul’skii, 1995)
(hereafter denoted paper 1), within the framework of the
multicomponent lattice gas model, the symmetry proper-
ties of many-particle mixing potentials for a solid
solution with a given arbitrary crystal structure were
considered. The relationships between the matrix
elements of mixing potentials and of their Fourier
transforms caused by the space symmetry of the crystal
structure were obtained. The aim of this paper is to make
specific the above-mentioned relationships for the f.c.c.,
b.c.c. and h.c.p. disordered crystal structures, taking into
account the possible distribution of the atom components
(substitutional and interstitial) among the sites and
octahedral and tetrahedral interstices of the crystal
lattice. Consideration of all these types of position
within the framework of the unified scheme is dictated by
an aspiration to make the results of this work applicable
to traditional substitutional or interstitial alloys and also
to the alloys in which the atoms of one or other
component can change their coordination under the
variations of external thermodynamic parameters. Ex-
amples are some metal-hydrogen alloys in which the H
atoms can occupy both octahedral and tetrahedral
interstices of the crystal lattice of one metal (e.g.
Fromm & Gebhardt, 1976). As another example, one
can consider so-called hybrid substitutional-interstitial
solid solutions in which the atoms of one component can
occupy both the sites and the interstices (McLellan,
1989). We restrict the consideration to the cases of binary
and unary mixing potentials since they hold a central
position in the advanced theories of solid solutions.

In §2, the results obtained in paper 1 concerning the
symmetry properties of the injection and binary mixing
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potentials and the transformation rules for the Fourier
components of the latter are summarized.

In §3, the lattice gas model is implemented for the
distribution of atoms of corresponding components at
sites and at interstices (for both octahedral and tetrahedral
coordinations of interstitial atoms) in f.c.c., b.c.c. and
h.c.p. crystal lattices. This consideration involves the
cases of substitutional, interstitial and composite inter-
stitial-substitutional solid solutions simultaneously. Inter-
change rules between positions of different types due to
the symmetry operations are obtained.

In §4, it is shown that, at each considered f.c.c., b.c.c.
and h.c.p. disordered structure, the injection energies for
positions belonging to the same type of position (site,
octahedral or tetrahedral interstices) are equal. The
symmetry analysis also allows us to list the coordination
shells where noncentrality (anisotropy) is possible for
interatomic interactions of the components (both inter-
stitial and substitutional) in the above-mentioned crystal
structures.

In §5, the selection of the independent matrix elements
of the Fourier transforms of the binary mixing energies
for the f.c.c., b.c.c. and h.c.p. disordered structures is
performed (on the basis of the symmetry requirements
imposed on these matrix elements) and the explicit
analytical interrelations between the dependent and
independent elements are obtained. The results can be
used to control the symmetry adequacy of interatomic
potentials obtained both on the basis of the semi-
phenomenological consideration and within the first-
principle theories of the solid solutions with correspon-
ding crystal structures.

In §6, the matrices of the Fourier transforms of binary
mixing energies for the case of the high-symmetry points
of the reciprocal lattice of disordered f.c.c., b.c.c. and
h.c.p. structures are constructed, taking into account the
symmetry relationships between corresponding matrix
elements. The importance of the similar separate analysis
of this particular case is determined by the fact that the
corresponding independent matrix elements are the basic
parameters of the advanced theories of solid solutions
(e.g. de Fontaine, 1979; Khachaturyan, 1978, 1983;
Yukhnovskii & Gurskii, 1991). In these theories, the
symmetry information on a structure of the Fourier
transforms of the binary mixing potentials is sufficient
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for the choice of the convenient sets of basis functions
for expansions into series within the concentration-waves
method when analyzing the possible channels of
structural instabilities in solid solutions.

2. Symmetry of unary and binary mixing potentials

The potential E of the multicomponent solid solution
within the generalized model of a lattice gas, taking into
account the one- and two-particle interactions, can be
obtained from formulae (1.9), (1.34) and (1.36):*

Z
E=V,+Y 3 #N?
P a=d

Zp,

ZPZ
12 X X X owhtR

Ri.Ry pi.py og=a)! ay=of?
X Ca,(ph Rl)Caz(pb R,). 1)

Here, V), is the potential of the solid solution in which
any sublattice p is completed by the particles of type af,
N is the total number of « particles in the p sublattice,
d)" is the potential of mjectlon of the « particle into the p
posmon (the unary mixing potential), wpy (R, — Ry) is
the binary mixing potential, which we shall call in this
work the mixing potential of the solution. The quantities
C,(p, R) are defined by (1.3):

—Ry)

1 if the position (p,R) is occupied by
an a-type atom )
0 in the opposite case;

Co(p,R) =

the summations over R and p are taken over N primitive
unit cells and v sublattices, respectlvely, and the
summation over « is taken over af, af,..., af z, types
of atoms allowed for in the occupatlon within the
sublattices p, excluding the type af.

In accordance with paper 1, the choice of the primitive
unit cell (determined by the set of radius vectors R) in the
multicomponent solid solution (MSS) in the given
structural state should be performed in such a way that
the set {R} coincides with the set of translation periods
of the space symmetry group G. Thus, in the disordered
state, the MSS space symmetry coincides with the space
symmetry of the MSS crystal lattice and we can use the
primitive unit cell of this lattice without any changes. In
this case, unlike the case of the ordered state, the
sublattices p are distinguished by the crystallographic
factor only.

The symmetry relationships for the components of the
injection and mixing potentials in accordance with

*The references for the formulae from paper 1 are presented in the
form (1.XX). The number after the point is the equation number in
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(1.35), (1.37) and (1.38) have the following form:

¢g, = ¢:, ?3)
whr(R) = wh(-R), )
Wil (R) = WEA(R) ©)

where the primed quantities can be obtained from non-
primed ones as a result of the symmetry transformation
g = {Sit(S) +R,,} (see paper 1, §3) belonging to the
symmetry group G:

X(p',R)=gX(p,R) (6)

[X(p, R) =R + h, are the radius vectors of the positions
(p,R), h, are the vectors of the primitive unit-cell
basis].

The matrix |#28(k)|| of the mixing-potential Fourier
transforms is defined by (1.39) as

500 = Cwi®expl-iG R ()

The relationships between the elements of this matrix
according to (1.40)(1.43) can be represented as

Wyl (SK) = W58 (K) expli(Sk, hy, — h,) — i(k, h, —h,)),
®)

W52 (k) = Wi (K), ©

e (k) = was(—K), (10)

n(k + b) = WiA(K), a1

where b is an arbitrary vector of the reciprocal lattice.

3. The rules of position types interchange under the
symmetry transformations in f.c.c., b.c.c. and h.c.p.
disordered structures

Under sufficiently high temperatures (but lower than the
melting temperature), solid solutions are, as a rule, in the
disordered state.* If the temperature is lowered, the series
of step-by-step phase transformations of the ordering
type take place. Thus, the disordered state is an initial
state for all following ordered states of solution.
Therefore, it would be reasonable to consider disordered
solid solutions first.

Let us consider the disordered interstitial-substitutional
solid solution based on f.c.c., b.c.c. or h.c.p. lattices.
Suppose corresponding atoms (interstitial and substitu-
tional) are distributed among the sites m, octahedral o
and tetrahedral ¢ interstices of these lattices. In Figs.

*The exclusions are some intermetallic and ceramic chemical
compounds, in which the disordered state cannot occur.
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1(a)~(c), the relative arrangement of the sites and
interstices within the primitive unit cell formed by the
elementary translation vectors a; (i = 1,2,3) of f.c.c,
b.c.c. and h.c.p. lattices, respectively, is shown.* The
coordinates of the vectors that specify the positions of
sites and interstices within the primitive unit cell are:}

f.c.c.
h, =(0,0,0); h,=(},1.1);
h, = (.43 h,=G.3.3)
b.cc
h, = (0,0,0);
ho|:(0’%’%); h, —(2’ 0,3); h03=(%’%’0);
h,=(G.3.3): h,=0.33: h, =013
hu:(%’%’%); h, :(4’2’4) h’s=(%’%’%);
h.cp
h”’l:(%’%’%)ﬂ’ h’”z:(%’%’%)H;
hy= (0.0.0); by, = (0.04),:
h, =(.5.5+4) hlz:(%’%’A)H;
h@:@’%’%_A)H; hu=(%’%’l_A)H’

* In the h.c.p. lattice, the vector a; is directed alongside the sixfold
axis (c axis), a, and a, are normal to a; and form an angle of 120°, the
origin of the primitive unit cell is placed at the center of the inversion of
the h.c.p. crystal (at o, interstice).

+ The coordinates are given on a crystallographic basis {a;}, i.e.
hy = (X,,X,,X;) = X,a, +X,a, + X;a; (where X is any of the
positions in question).

©

Fig. 1. Relative arrangement of the sites and interstices within the
primitive unit cell [formed by the vectors a; (i=1,2,3) of
elementary translations] of (a) f.c.c., (b) b.c.c. and (¢) h.c.p. crystal
lattices.
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where A = (1/3)(a/c)* and a and c are the translation
periods of the h.c.p. lattice in the basis plane and in the
normal direction to it, respectively.

The space symmetry groups of f.c.c., b.c.c. and h.c.p.
lattices (and, therefore, of corresponding disordered
solutions based on them) are O; = Fm3m, O = Im3m
and D}, = P6,/mmc, respectively (International Tables
for X-ray Crystallography, 1952). In Tables 1-3, the
interchange rules for the sites and interstices of the
different types are shown for the cases of f.c.c., b.c.c. and
h.c.p. lattices, respectively, under the lattice symmetry
transformations. In these tables, in every row correspond-
ing to the symmetry transformations {S|7(S)}* (from the
space group of the lattice under consideration), one finds
the vector k' =Sk in the third column and in the
following columns the types of site and interstice that
correspond to the new [obtained as a result of the
symmetry transformations {S|t(S)}] positions of all types
of site and interstice. For example, under the symmetry
operation i(x, y, z) for the h.c.p. lattice,

(k1s ks k3) = (—ky, —ky, k3);

/
0{—>0]=0;....

/ .
my—ny; = m,;

Note that the interchange rules for the positions in
f.c.c. and h.c.p. lattices are the same for those elements
{S[z(S)} of the corresponding space groups that have the
point-group transformations S belonging to the same
class (indicated by the horizontal heavy lines in Tables
1-3).

4. Symmetry of injection and mixing potentials

From Tables 1-3 and the general symmetry rules (3) for
injection potentials, we obtain

f.c.c.
;= Pp,
b.c.c.
o, =P;, =P;, P =P =P, =) =P} =P},
h.c.p.
P, =P, 95 =9, P =P, =P =&,

Thus, in every case of disordered solid solution under
consideration, the injection potentials for the positions of
the same type (one of m, o or f) are equal.

It follows from the symmetry properties (5) that the
mixing potential of any two types of particle that are
situated at two positions in the crystal lattice must be
equal to the mixing potential of the same particles
situated at two other positions if even one symmetry
transformation, which sends one of these two pairs of

*The designations of the elements of the point groups O,(m3m) and
D¢, (6/mmm) are the same as ones adopted by McWeeny (1963).
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Table 1. The rules of position interchange under the symmetry transformations of the disordered f.c.c. crystal

structure

os* Jost] maci |m]o]e§e of* lost]l mami Jmlolale
v lo} xyz Kykyky miojlg |t {’IO} xyz —ky,—kq—ky miole|n
{exo} | > ks, ky ik, mypole|e {smjo} | 7= Kok ky mpolely
{ &0} yzx ky kg k, miolnie {8zl0} zxy ks Ky ky milole |
{c;ilo} ZXy | k, -k, k,—k—k, } "l t, {sﬂo} yzx | ky—k, ko ks—k, |28
{ E;'/'|o} VX | ky-ky kg ky =k || 6|t { E.ﬁlo} oy | ky-kk~kuk, |0} 0
{c;ﬁlo} XY | —ky k,~kyuk -k, } o lt, {Sf‘ilo} y& | k—kyuk—kpuk, |10 |t
{c_,"'|o} Vax | ky—k ky-k~k O] 4 |0, { 5..—,.;‘0} Zxy | kyky—kpky—k | M| 21| 0
{cfﬂio} XY | ky—ky—kuky=k J MOt |8, { s?'|o} vex | kpk,-kok,—ks [T Ol
{E;‘*‘|o} VZX | <ky k= kpuky—k, {0 84 | 8, {§:»,,|°} Xy | k -k kki—k, |08,
{C:Io} X2y | ky-kykuka-k, |14 { s:|o} XZy | ky—k ky—ky =k, | ™) O] 4 | &,
{E.'IO} xzy | k,-kyk,—kok, | 6108 { §‘.|0} XZy | ky-ky-kyki~k, | MO}t | 8,
{c:]o} 2yx | k -k k—ku ok, YO | { s:|o} X | ~kyky-kyky-k |0 ) 4 | 8,
{210} Zyx | kyky-koky—k, |TEO |G {8210} Zyx | ky—koky—ko~k, |70 6 | 8
{c:|o} WXz | kyk,—kyk,-k | IOt { s:]o} VZ | ky-k,—k.k,-k T O] 4t
{E:}o} Y&z | k—kyukok,~k, [T]O) e |y { s_:|o} VXZ | —k, ks -k ki =k, |26 | 8,
{C;IO} XYZ |~k ky-kpky—k, |19 ) 4|t {°x|°} Xyz| kuk-kuk -k, |m{°)6 |t
{crio} |72 | o-kekuki-ko | ™ hO | 6 | 1, {orlo} | 92 | ka-kakaks=ki [P0 | 12| 1
{0;|0} Xyz | ky-kyky—ky=ky MO 84 | ¢, {o'|o} XyZ | ky-kuky=kpoky |10 )t 08
{ero} | 72 | kazkike—kaks ™0 86 ] 4 {oml0} | ¥** kaoky ks mpofleg |t
{cr0) | ™= —ky. =Ky, =Ky mloleg |y {70} | 2| ki-keka=koks | T O 1 | s
{c;’[o} Zyx | ky—kukuk, -k | MOt { ,,a|0} ax kyoky ik, mlote |,
{czo} | ~ky, ~kp—k, mlolgly {o=jo} | I | ki —kakaka=ky | M1 O N 1y | 1,
{erlo} xzy | k.k-kuk,-k, |04 {o"0} xzy ky kyky mrodyg |t
{c ,'*]o} xzy —k,,—ky,—k, miole|t {o®|0} X2y | -k k- kyko—k f ML O1 8 |t

*The elements of the corresponding symmetry group represented in the Seitz (1936) notation.

T The elements of the corresponding symmetry group represented in the International Tables for X-ray Crystallography (1952) notation.
 Transformations of the coordinates of vectors with respect to the basis of the reciprocal lattice under corresponding symmetry transformations.
§ Type of position in which the position of ¢, type transtforms under corresponding symmetry transformations.

positions to another, exists. Therefore, if we fix the
position of any one particle and draw imaginary
coordination shells around it, in the general case not all
positions in each chosen coordination shell can coincide
owing to the application of all symmetry transformations
of the solid solution, which retain the position of the
origin of the shells to be fixed. Thus, the important
outcome of the crystal symmetry is the property of
noncentrality (anisotropy) of the interparticle interactions
in the lattice gas, which exhibits a dependence of the
pairwise mixing potential on the orientation (with respect
to the crystal lattice) of the vector that connects the
positions of particles in a pair.

Using (5), we can obtain the coordination shells where
the noncentrality of the interatomic interactions can take
place. Hereafter, the necessary condition of noncentrality
is the case when the set of positions within the
corresponding coordination shell may be divided into
groups of positions that cannot be made to coincide with

each other by any symmetry transformation (with the
origin of the shell stationary) of the solid solution. In
Tables 4(a)—(c), the results of a similar consideration for
the disordered solid solution are shown. Each row of
these tables is characterized by the type of position
chosen as the origin of the coordination shell (m, o or t is
given at the beginning of the row). Each column is
characterized by the position type forming the coordina-
tion shell (m, o or f is given at the top of the column).
At the intersection of every row with columns n,, n,, n,
and columns r,, r,, r;, the numbers and the radii,
respectively, of the first three coordination shells
(composed of the positions of those types that
characterize the column and formed around the positions
of those types that characterize the row), the possible
noncentrality of interatomic interaction is specified.
Thus, for example, in the case of the h.c.p. lattice,
choosing position ¢ as the origin (any ¢ position: ¢, &, t3,
t,) and considering the coordination shells formed by the
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Table 2. As Table 1 but for the b.c.c. structure

o *lool mmpis I (™lalaaluu|aluln|a 0 * ort] wiaeict |7 lo]a o |udlesfesec]ee] s
{v |°} xyz kyokgiky Mlolojo|t|t|t |G|t { I]O} xyz —ky,—ky,—Ksy mlolo o |t|t|ts]tln]n
{c :""|°} zxy kyoky ks, Mloto|loltitfta]tlt]t {s:"lo} yzx —ky.—ky,—k, mlolo o e, |ttt |t
{ C_;Y‘] 0} yzx kyiky Ky Mlog|lo o Jtalty|t]ts|ta] % {5‘,,,‘0} zxy —kyo—ky,—ky Mlo|los|o|tl{te|taltatta|n
{C ;ﬁlo} ZxXy | kyky ki —ky—ky | T oo o |t |t |t t2]| G|t { s.""|o} ¥Zx | -k k +kythky—k | P oy |0 |0 |ty | {2 ta | ta | s
{2710} VX | ky—ky—ky—ksky [T oy |0y ot |t [t ]t |8t {5210} o7 |k, kb iyt k| " Loy o [ b |6 |6 ]e ]t
{c ;‘-\ilo} Xy | -k, —ky=kykpki |0y |os|o ]|t |G|t { s:‘|o} ¥2& | ~ky ~ky ki +hythky ]l Moy |0 o, ||, e[|t |5
{E240} VEx | kykp—ki—ky—ky | o5 |0 |0 |t |t [ ]|t |t {5240} Zxy |k +ky v ky—kp-k " Loy oy lo | |6 ||t |
{C ;—,Io} Iy | kyki—ky—kyky [ oo o |t ||t ]t] 6]t { s:irlo} Vax Vi, v ky v koK k] ™ oy |0 o a6 ]|t]t:
{C_,"_"’|0} VX | ~k,~k,—ky ko ks | Mo [0 o |t ||| t| 0 |G {g.ﬁlo} &Y |-k ky vkt -k | T Lo (oo ft ||t ]Git]4
{c:]o} XZy |-k ky+hkytka-k | T o |0y o | |t |t fts| |0 { S:IO} XZy | kyk—ki=k;—ky [P Lo | o [t |ttt |t
(2o} | |hokiki +hatks mlolog|otg| |t |tsfta]t {8010} | %7 | kb -ko-ksie, [ " |0 |05 |0 |t |t |0 | 6|6 | &
{c110} | ¥ |kukaki ket ko] ™ 05 {0, | 0 laslt|e]a|t]n {silo} | 7| *-ka-kakiks | " 0sj0r |0 |G it LBt
Tl K i R R R {520} | x| kekakikamko [T oy 0r o bt [t |6 | 610 0
fego | 72 [krker kb [ o Jo o e ]a[a]a]n ] {sijo} | P} kshi-kakoks | " os |0 |0s ]t [ |LU|B |G
{€:l0} ¥iz | ko k + kv ks k| M| o, oo ittt |t]t {520} VZ{ —ki=ky=kskaki | T lo o |osf 6 6]ttt
czio} |72 | oKkt mlolololnlnlals!le]n {o*]0} | ®¥2 | &+ hea + karmka ks mlo oot |tlt]lalt]t
{erio} |2 | ko ki-ke-boi | ol o fos |t | a6 ] 0|t ]t {olo} | | *ekatharhh] ™o 0|0t [tttk (b
{cz0) |72 | kekimbi-ke=ba [P Loy on o 6 [ |t ft| |0 {orfo} | 207 |Huhikirbaths| o fojo ]ttt ]b 5]
{coio} | & |-k —kaki +hyt kg mio oot |t|6]t|s]|t {o"l0} v kakiiks Tlolalalt|L |66t
erp} [ 72| Hkk [mofafofn|n|n]a]6]s {o710} | P2 | kkki=ka=ks |7 foy o [0t [t [t )68 | &
{c;*|o} Zyx | -k ky+hyt kg —ky | M o |0, o |t |t |t t] 6|2, {"' IO} o kakarky Tielelals ||| ]s
{cso} [TF]  &okuk |Mosfo|afu|n|a]s]|t]|n {o=to} | % | b ki—ka-kaks [P Hos|0s[a | & |6 1L |54 [5
{ero} | [+t r bttt Lo f o o] | a o] {omlo} | ¥ Kuokacks Tlafos | ts|u]6]t ]|
{crpo} | ¥ ~ky,~Kqy =k, mlololo|t|t|t]lt]t]t {o®]0] | ¥ | ki ke Kakuks "lojola|b|s|t]6]b]t

* The elements of the corresponding symmetry group represented in the Seitz (1936) notation.

+The elements of the corresponding symmetry group represented in the International Tables for X-ray Crystallography (1952) notation.

1 Transformations of the coordinates of vectors with respect to the basis of the reciprocal lattice under corresponding symmetry transformations.
§ Type of position in which the position of ¢, type transforms under corresponding symmetry transformations.

o positions (all types of octahedral interstices, i.e. both o,
and o0,) around the origin, we obtain the possible
noncentrality of interactions at the third, fifth and
seventh  coordination shells with the radii
(a/2)(11/2)'2, (a/2)(57/6)'* and (a/2)(27/2)'?, re-
spectively.*

From Table 4(a), one can find, for example, that, in the
case of the f.c.c. lattice, the noncentrality in interatomic
interaction (under the increase of the radii of correspond-
ing shells) for tetrahedral coordination can appear at the
third coordination shell first. For the cases when the
atoms occupy the positions of the same class (m, o or ?),
the noncentrality can appear first at the ninth shell and,
for the positions of different types, at the fourth shell.

*It is important to note that in the case of the h.c.p. lattice the
corresponding results depend on the ratio of ¢ to a. The noncentrality
shells presented in Table 4(c) correspond to the case of the ideal ratio
c/a=(8/3)"? ~1.63.

It follows from the consideration summarized in
Tables 4(a){c) that the noncentrality of interatomic
interaction can take place even at sufficiently closely
spaced interatomic distances and, thus, must be taken
into account under the consistent statistical-thermody-
namic analysis of the solid solution. For example, in the
case of the h.c.p. lattice [Table 4(c)], noncentrality is
possible at the first shell for the cases of atomic
coordinations of the types site-site and site—tetrahedral
interstice.

Note that only necessary conditions of the existence of
noncentrality have been used here. Therefore, under the
microscopic calculations of interatomic interaction
energies, it may be that at some predicted coordination
shells [see Tables 4(a)—(c)] the noncentrality is lacking.*

* The inverse situation cannot occur: other shells of the noncentrality
(within the given radius) that are different from those obtained cannot
exist.
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Table 3. As Table 1 but for the h.c.p. structure (t = a,/2)

| D, * o4 t Kkpki 8 dmimlololgSleg 6 0
{vjo} %3,z ki ko, ey m|mlia|lalala]|a|t
{C,I‘r} X, ¥,1/2+2 -k,-ky, K, mimjlala|lala|t]s
{C,[O} ¥, x-J,2 “k-kykk lmimlalala a6 |4
{@o} y-x,%2 ky-k-kk|m|[m|ajaln|ja|t |4
{cgz} | x-»=1/2+2| -k k+kk |[m|m|ajala|la]|t|s
e »y=-x1/2+z2| K+k-kk |m|m|lajala|a]|t]|s
{C}"|0} X= 957 ky-k-ky-klmimjoa|lafs |4 |4|n
{C§’)|0} »xz ky, ky,—ky m m|a|la]ls|4|aln
{Cﬁ”|0} X,y -%,Z -k~ im|m|la|la]lt|4|a]n
{ x“)l-} xx-p1/2-2| k+k,~k,-k|m|mloa|lalu]|s|a|n
{c;n)l-} .V-XJJ/Z-_Z ~kk+k,-klmimlealalu]|6 ||
{qu)l-,} ¥»x51/2-2 -k, -k, —k, mimioaialtu]|bs |6

{ifo} 2% 4 ky-ky-k, |m|mlalala |4l
{afi} | x21/2-2 kyky-k, |m|mloaiafu|sln|n
{s.lo} »y-xz vk, -k,-k|m|mila|oals|ufn]|n
{sp} | *—»nT |-kkik-klm(m|a|a]|s|ajn|n
{s)5} | 2-®51/2-2| by-k-Kyy-k|m|m|ala|la|6 |64
Sz} | Prx-21/2-2) -k-kkk | m|m|ajalu |66

{olx:)lo} Y-X )2 —k,k+k,k [m | mialalhia]| s
[dlu)lo} ¥ X,z —kyy =k, Ky m|mloa|olh | a6 |4
{0} XX - )2 k+ky-kky |m[mlaleajalnln]a
{o‘”]‘r} x-nil/2+2] k-k-Kk |m|m|ea|afa|a]a]|s
{om]'r} ysx%,1/2+2 ky, ky, ky milmlola s 6|k |4
{‘,D)F,} Xy-%1/2+3| -k-ko,k |mmlalala|ln|u]s

* The elements of the corresponding symmetry group represented in
the Seitz (1936) notation.

T The elements of the corresponding symmetry group represented in
the International Tables for X-ray Crystallography (1952) notation.

1 Transformations of the coordinates of vectors with respect to the
basis of the reciprocal lattice under corresponding symmetry
transformations.

§ Type of position in which the position of ¢, type transforms under
corresponding symmetry transformations.

So, for example, in Blanter (1985), in the case of
octahedral coordination of the interstitial atoms in the
b.c.c. lattice, the noncentrality of the strain-induced
(elastic) interaction takes place at the sixth, seventh efc.
coordination shells, though, as may be seen from Table
4(b), the fifth shell is also present besides the above-
mentioned ones.

5. Matrix of mixing-potential Fourier transforms for
reciprocal-lattice arbitrary points of disordered f.c.c.,
b.c.c. and h.c.p. solid solutions

Under the theoretical development of interatomic
potentials (or of mixing potentials) in solid solutions,
the methods that permit one to find first the Fourier
transforms of these potentials are used, as a rule (e.g.
Khachaturyan, 1978, 1983; Krasko & Makhnovetskii,
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1974). For the symmetry adequacy of such methods, it is
necessary (as shown in paper 1) to take into considera-
tion the conditions imposed by the space symmetry of the
solid solution on the potentials of interatomic interactions
of its atomic components. For the Fourier transforms of
the potentials, these requirements are expressed by (8)-
(11). Using these equations and Tables 1-3, one can find
the minimal number of independent elements of the
matrix ||ﬁ)gg(k)|| for the cases of f.c.c., b.c.c. and h.c.p.
disordered solid solutions, and also the analytical
relationships between corresponding matrix elements.
The results of this procedure are presented in Tables 5, 6
and 7. Each of these tables is the fragment of the matrix
[W22(k)|| under some given o, B and k. The indices p and
g enumerate the rows and columns of the tables and run
over the meanings

fc.c:
{m, 0,1, 1,};
b.c.c:
{m, 01,045,031y, b, 13, 14, 15, B};
h.c.p:

{my,my, 01,05, 8, 6,, 15, 1,}.
The next elements are chosen as independent*

f.c.c

{Wmm, Wio> Woms Wity s Wems Woos Wor, s Wiio Wt,z,,};

b.c.c:
{wmm’ wmo, * wolrm wolo, ’ woloz * wm!l N woltl * woltz’ wtlm’
Weors Wi Wi s Whis Who, s |5
h.c.p:
{wmlml ’ wmlmzv wmlo, ’ wolml ’ wmlt, s Wmytys thml ’ wtzm, ’

Woitys Woit,s Wroy s Weoys Wi Wy Wity s wrlt,,}-

All the remaining elements of the matrix [[W2£(k)|| are
expressed in terms of the independent ones by the use of
the relationships presented in Tables 5-7 in correspond-
ing cells. The symbol w is used for the designation of the
complex quantities and the symbol V for the real ones.
As an example, for the case of the h.c.p. lattice we get
from Table 7

Wgﬁz(kl’ ks ks) = ﬁ’gﬁ, (=ky, —k,, k3)
x expli2n(—k, — k, + k3)],

where k;, k, and k; are the coordinates of the vector k
with respect to the basis of the reciprocal lattice.

*The indices o, B and the variable k are omitted for clarity.
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Table 4. The numbers and the radii of the first three coordination shells of the possible noncentrality for the pairwise

interaction of atoms at sites (m) and octahedral (0) and tetrahedral (1) interstices within disordered f.c.c., b.c.c. and
h.c.p. crystal structures

(a) F.c.c. structure

| fee m 0 t
nl o n Iml n |m| n dn|l n |m| o dn| 5 Ini 6 |ml 5 Inl &
mlo| 32 13|12 16|42 4| 32 V7lag7li0| 3¢ |4|32a3|7|2 g|a
5 2J§3 2J§ 3 ZJﬁ 5 4J§ 4~/§ 4~f§§
3a a Sa 3a a a 3a a a
ola| 32 |7/ 10f 22 }9 1318 16{4 4138 31712 gle
5 2Jﬁ > ol 2J276' 2J37 4J§ 4J§ 4J§
3a a a 3a a a a a 3a
t|4|223]17(8 8|2 412931712 8|2 3l2306|8 g| 34
NE] 4J§ 4~/5_9 4J§ 4J§ 4J§ 53 2J€ 5
(b) B.c.c. structure
bed m [ 1
mion Aml s Am|l n In| n Jm| n fm| n Im|l 1 |m) n Im| 5
3a a 3a a 3a a 3a a
ml10[22 /3]13| 3a |18|2 5|22 |9)2 10 4(8 612251712453
2J§ 5 V51 > ZJﬁ 5 4.@ 4J' 44_
3a a 3a a 3a a Sa
o]5] 22 |92 10| 32 |4| a 5|2 7 3| 32 |s5la 7|7 2@
3 2‘[1_7 2 3 a2 4 4‘/_ 4
t]4] 6|3a5l7|2 3| 3a ls|e 7| 32 |s|eo|7(2vial 8| @
4\@ 4J§ 2953 4 4Jﬁ 7 4J_o 4‘/1_
(¢) H.c.p. structure
hep) m 0 1
nl on Iml on dnl s In| 1 Iml n Ini n Iml n dml n dmi &
m|1| @ |8, 7]7| 3a |8 ]|, 35]1]| 32 |3]a [iL]5]|a [57
a a3 72 W2 | 1% 2% | 12v2] |2Vs
ol7] 32 Is8| []|0| [39]6 Jl__lg 17 {12} o7 |3|a 11| 5]a 57} 7|a [27
2 N7l 1Ne ] [3 [ 2v2 | |2Ve ] 212
tf1]| 3 33553233JE55517523 a 5| B17] a2
246 | 12V2 ] |2ve] [2V2] [2Vel [2V2 2

In the particular case of @ = 8, according to (9) and
(10) the additional requirement on the matrix elements
Weh(k) is

~aa*

Table 5. The matrix of the mixing-potential Fourier

transforms Hﬁ’;‘,‘g(k)ll for the disordered f.c.c. structure

under the fixed o, B and k, where k is an arbitrary point
in the corresponding reciprocal lattice

wpq (k) = ng(k), (12) m 0 4 5
i.e. the corresponding block of the matrix must be |7 , (kK k) V. (ki Ky, k) - W (kK ) W, (ks key ) -
Hermitian. et ) b | g~ Atekok)
From (9) and (10), one can also connect the matrix |, 7k ks)- . i B
elements w$(k) with the different sets {o} distin- ey, | Telbkrk) | Ealkk) | kR
%Ei;l-led from each other by exchanging the elements [7 ol K ;) ¥y, K ) W (ky K Ks) )
i o a| el kB k) | kb))
why(k) = Wy (K). (13) ¢
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Table 6. As Table 5 but for the b.c.c. structure

] 0 0, h 3 3 ] g 1A

M7k, ke, k) [P G R) Vi (R, R ) Vi (s ) B o) o ks ) 2 O ) W2, (s K )92, (o e )| (B e -

L gtek) . g-HhehY | g~ When) P T S I e ]

af Tk k) (k) o Bk Tk 1N (i) iy, (6 k) P (B o B ) [P Bl ) [0, (B K B )12, (b e )

- -12 -2k, 12
. eMtion) Mtk L bt s Lo et Lot

N ACHIDE ACIRNL PIROINIR] NS ST 31 My S LA CE R AL S bk

L eWhet) L gt . eHh-h) e e e €

0, |Vou (o er ) P, (R K )P (K Ky ) V.., (ko ) [, (s K2 W, (. K K ) ¥ (ke ) 2, (ks b )-105,, (s ey ) {95, (KL Ky ) -

. gldnem) L et L g bR e e Lei Let™

Wy, (k +ky + K, W (8 KK, )

ky, k) eohn

1] (s ) | (s K ) ﬁ«q(ﬂ.i.'?s)-w%(k,,h,k,) By () [, (s ) Pan (B R ) 5 (i )
-e™ I ainida

IR RS ﬁh(k,,k,,k,,)%(ﬂ»liﬁ)- 30, (65 )| 0, (5, o ) ﬁ*ﬁ(::;ﬁ""')' (8 o ) o Ul s ), (ke )
)

¢

S

ERCRWS) AR ENCWIS ORCWWS] sl NG PR PO PR3 ER S

Lt . e¥hi

af el ko o)A (o )15 o 30 U b ) (k) 7, G ) 5 e )| 5, 1, e )P U ) [ (6 )

 gitbohon) e et et ey et

Veulla by b )| Wi, (Ko ky K3 ) <197 (B Ky k) -, (K, LK) ] - . Wi, (ko ke k)] L -
s ".Erlzci::.f;) 5 (.ela::. M (.eﬁhk’) 5 (k.‘e:i.k)) Wik ko k) w,'g(k.,k,,k,) Wy (ki ks k) Piulk ks ) Wy, (ke k)| 93, (koo )

et

4 Veulley ks by )00, (K1 Ky K )|, (b ey K ) (W, (K ey K )

) P LIS et

s o) 5y G ) [ ) [P R B ) 3, 6 )

Table 7. As Table 5 but for the h.c.p. structure

| Bp (ko) | B (ks k) | B kans) | i (s B) | s i) | o (k) | s k) Wy, (ke Ko K

el

ol i (k) | W (ke k) Paolbokoks)- | g () | 2, (ke B)- Wi (ko ke ) | W (ks k) |, (ks k)

L eliioben) etttk et

Wi (ke Ky )
| ko)

Vo (k) [kt | 9 () | 9 (ks k) | Ponirkan ko) 00, (R K Ks)-

L O] )

i AR CHERY)

o] Fan (b B)- | W (b B): | s bk B)- | (e ) | Faulbokan) | Bk R)- | o (6 k0 E) | Pollorken):
e g At gt - T e e

] o ki k) | Fim Uk B) | G (k) | Fia ik B)- | (o kk) | 9y (k) | W (k) | (K sk
Lot .e"'("""

| bn k) | (k) | P Cokiks) | i (bikn®) L (k) | g 0 By | e (k) | bk B):
. em(z..t,-k,) Letlt .e"l"a

o k. . Wio (kK Ky ) - -, . - =
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Lt e
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Table 8. Matrices of the mixing-potential Fourier
structure with fixed o, B

transforms ||ﬁf;g(k)|| for the disordered f.c.c. crystal
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Table 10. Matrices of the mixing-potential Fourier transforms Hﬁtgg(k)ll for the disordered h.c.p. structure with fixed

o, B
@k =(0,0,0) (IN @ k=(1/3,1/3,1/2) i)
Flm|m)olals|6]ls | Hm | m|olala!n|n |t
VN Vin | Vo Vi | P | Vi | Vi | Vi mly, (010100 |y, Jv.l?®
"2} Vs [ Vv | Voo | Vo | Vs | Vo | Vo | Vs i I Vo 0 0 Vo, 0 0 Ve
% Vam | Vom | Voo | Vs | Pau | Yo | Vo | Vo, af O] 0w |0 fO0fO0]O]0
% | Vom | Vom | Voo [ Voo | Voo | Vor | Vor | Vo al 0 0 0 Voo 0 0 0,0
8 Vi  Vom | Vi | Voo | Vo | Yo | Vi | Vo d A EA A AR R
| Vi | Vi | Vi | Via § Vi | Vs | Vo | e 0V, [ 010100y |n|°
) Vi [ Vi | Vi | Vo | i | Vo | Vs | Vo 8]V 01O 1O [0 W M| ®
&) Vi [ Vi | Vi | Vin | Ve | Vo | Y | e JEEIA ERE IARE ER A
® k=(0,1/2,0) M) (@ k=(0,1/2,1/2) @)
Ml m | mla|loa|lsl6]leln Llm [ m]o|ala|6]s]e
™ Vl\n V"\"x V"M Vna V-'. VN: V-'x V-«': ™ V»m 0 V'f'm —V,\,' V'-xf. V'h': —V,‘,’ L
i V-m VM\ 'Vnm 'V-m V’\’x V»nr- Vu.l- Vn.r: ™ 0 an V-m V-m 'Vm Vnh V-'. V"’l':
o V'm _VM. Vm VM Vm. Va', ’VM ‘V,,,, o,‘ VN'\ VM VM. 0 Vql. Vqr; Vo.l- ah
% Vom Vnm V»m VM 'me 'V&v. V,',’ V-,t. 2 _V°x- VM 0 VM _Vo.-'z Vq'. Vq'. _V».'x
W Vom | Vom | Yio [ Yoo | Y | Vo | Ve | Vo ) Vim |Vim| Vi | Yia | Vi | Vi | Vi | Vi
2 Vo | Vim | Voo |V | Yty | Ve, | Vor | Vi BNV | Vim | Voo | Voo | Yo | Vo | Ve [ Vi
B Vom [ Vim |V | Voo | Yin | Ve | Vs | Vi 5 1-Vim| Vim | Vo | Yoo | Vi | Ve | Vi | Vi
"1 Vi [ Vim | Vi | Yo | Vi | Vi | Vs | Vs L Vi 1 Vem, | Voo | Yoor | Ve | Y | Yo | Vi
©k=(1/3,1/3,0) (K) (f) k=(0,0,1/2) (A)
Kl m | m o 9% 4 n L) 4 Al m | m | o % 4 h L] /)
™| Vam 0 0 0 0 Vo, | Ve 0 ™| Vm 0 Vo [ Voo | Vot | Vimes |Vouis | Vo
m| 0 V'\'\ 0 0 L1 0 0 V"l'a mf 0 Vw'h _V"-ﬁ 'Vm V"': Vn.'. Vw. V"q’:
a 0 0 Vm VM 0 0 0 0 a am "VM. va 0 th V% _V% _VM
o] 0 0 Vm; Vom 0 0 0 0 i ’Vom an. 0 %0 Va': 'Vn'- Va': _Vv-'n
JREIN BERE AR REIA AINEA A NAAINAN
4 RN BA RN R LA LA AEAANEAEATAIAEA
il I R N L LA AN AR AN
JAREIA LEEERIARE R AN EAEAIAEAEARZ
h.c.p: transforms ||Wg§(k)|l. As shown by Sanchez, Gratias &
—op o8 _ ) de Fontaine (1982), Khachaturyan (1978, 1983),
Re w5, (K)/Im wg, (K) = —cotan 7ks; (16)  Solov’eva & Shtern (1990) and Zhorovkov (1993), the

where Re and Im mean the real and imaginary parts of
the complex quantity, respectively.

6. Matrices of the mixing-potential Fourier trans-
forms for the high-symmetry points of a reciprocal
lattice

Under the statistical-thermodynamic analysis of the
stability of ordered structures within the method of
concentration waves, it is necessary to know the normal
concentration modes of the structural instabilities that are
specified by the eigenvectors of matrices of the Fourier

concentration modes can be found using the information
on independent elements of this matrix.

The specific place in such an analysis belongs to the
Lifshitz points* of the reciprocal lattice since these points
correspond to the stable ordered structures, which have a
wide range of existence in the phase diagrams of solid
solutions and are most often observed in experiment
(Sanchez, Gratias & de Fontaine, 1982; Khachaturyan,
1978, 1983). Therefore, it seems to be useful to construct

* By definition, the wave-vector group of the Lifshitz point contains
the symmetry elements intersecting at one point (Landau & Lifshitz,
1980; Khachaturyan, 1978, 1983).
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the matrices of the Fourier transforms of mixing energies
also for the Lifshitz points. The results of such a
consideration are shown in Tables 8(a)—(c), 9(a)(c) and
10(a)-(f) for the disordered solid solutions with f.c.c.,
b.c.c. and h.c.p. lattices.

Each of these tables presents the fragment of the
matrix ||W;5(k)|| at some given «, S and given vector k,
which corresponds to one of the Lifshitz points of the
structure under consideration. The convenient designa-
tions introduced by Bouckaert, Smoluchowski & Wigner
(1936) for the high-symmetry points of reciprocal lattices
are used. The symbol V is used for the designation of the
real quantities. The additional requirements on matrix
elements ng (k), as in the case of the non-Lifshitz points,
are (12) and (13). Note that for the Lifshitz points all
matrix components ﬁzf,‘g(k) necessary are real or
imaginary. Moreover, the elements belonging to the
same types of position (one of m, o and f) must be real.*

The analysis carried out in this work concerns the
symmetry properties of the mixing potentials of the
lowest orders (unary and binary) in disordered structures.
Similarly (on the basis of the approach proposed in paper
1), the study of mixing potentials of higher orders and/or
for ordered structures can be performed.

*The block ||ﬁ’,,.,.,,.,. (k)| of the Fourier transforms of the mixing
potential corresponding to the sites of a disordered h.c.p. binary solution
was obtained by Sanchez, Gratias & de Fontaine (1982) and Zhorovkov
(1993) both for arbitrary and for the high-symmetry points of reciprocal
space. The same results for the block ||W,,, (K)Il corresponding to the
octahedral interstices of disordered b.c.c. binary solution were given by
Khachaturyan (1978, 1983) for the cases of some high-symmetry
points.
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Abstract

Structural classes (SC) are very useful for the description
and consideration of molecular arrangements in crystals.
The distribution of 19642 organic homomolecular
crystals among SC has been investigated. 305 SC
having very unequal frequencies were discovered. A
full list is given.
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Introduction

The concept of structural class (SC), proposed by Zorky,
Belsky, Lazareva & Porai-Koshits (1967), has proved to
be very convenient for describing the general features of
molecular arrangements connected with space symmetry.
We sometimes say that the SC reflects ‘the topology’ of a
molecular crystal (Zorky 1991). The meaning of this
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