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Summar

A useful classification principle in chemistry is given by valence rules based
on electron numbers indicating a bonding type so that phases with the same
bonding type form i3odesmic sets of phases, and expectations may be expressed
on the stability of isodesmic phases in a new mixture. For metallic phases va-
lence rules related to valence electron numbers have been found by Zintl, Hume-
Rothery, Grimm&Sommerfeld and others. A unifying model comprehending these
rules and introducing additional rules is the two-correlations model. It
assumes a lattice like spatial correlation in the ensemble of valence elec-
trons with the cell b and a lattice like spatial correlation in the ensemble
of the peripheral core electrons with the cell c and these correlations are
commensurable to the crystal cell a so that a simple commensurability exists
also between b and c. The correlation types and the gflg_commensurabi1ity re-
present a bonding type and are named a binding. The binding may be analysed
in homologous classes of alloy systems by simple methods. In the following,
mixtures between T10 elements (Ni, Pd, Pt), or Bl,(Cu, Ag, Au), or BZ,(Zn, Cd,
Hg) on the one side and 32 elements on the other side are interpreted, (brief-
1y BG"ZBﬁ, M=undetermined mole number). Since stable structures must have a
low energy bonding type, one may claim to have found a confirmation of a
crystal chemical rule when a low energy binding commensurable to the crystal
cell is verified to be possible, In fact the two-correlations model yields a
coherent interpretation of the BO"ZBﬁ phases. A surprising result is, that
two-factorial isotypic bindings (CC2, BB2, UU2, FF2) are so frequent, that
their stability may be used to define the brass like property of a mixture.
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Introduction

The knowledge of the crystal structuresin brass like mixtures BO"ZBﬁ is
fairly complete thanks to the work of A.J.Bradley, A.Westgren and other
investigators. Reviews on this knowledge have been written by W.Hume-Rothery
and others [1,2,3,4]. Stability arguments for the different structures have
been taken from the band model [5] but were doubted later on [6]. This in-
stability of interpretation must bé caused by the fact that the band model

is an approximation for stability, corresponding to a series which does pre-
sumably not converge sufficiently fast. For this reason it appeared worth
while to start from the density matrix formalism and try first a conceptual
approach to the crystal chemical problem of these alloys L?]. It became ap-
parent that the valence problem of alloys (which phase forms in a mixture?)
could be separated from the stability problem (which energy has an alloy?)
[8]. The solution of the valence problem is desirable for any chemical field
since this solution is easier than the solution of the stability problem. It
is probable that a solution of the valence problem is also of interest for

the further development of the stability problem. The result of this approach
was the two-correlations model [8]. To investigate the validity of this model
and to contribute to its further development it is desirable to discuss chemi-
cally homologous sets of alloy systems as a whole with respect to the struc-
tures of the intermediary phases. Many authors have contributed to analyse
these structures; unfortunately their valuable contributions cannot be ¢ited
fully here for the sake of brevity: instead the Structure Reports reference is
given from which the author and journal references readily may be found. Also
for the description of the particular structures reference must be made toc re-
views [7,9] on alloy phase structures. The method how to arrive at a binding,
i.e. at a classification of the bonding, has been described earlier [7,8] A
short review of the symbols used and of an instruction how to find a binding is
given in the appendix. It is helpful to visualize the different commensurabili-
ties by consideration of the available structure drawings and by sketches of
the fitting of the spatial correlations of the electrons. Also calculating the
d(Né) diagram (db=sma1lest distance in the b cell, dc=smallest distance in the
c cell, Né=mo1e fraction of the second component) helps to learn the method of
analysis of the bonding type. We shall now consider the interpretation of the
empirical material.
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NiZny. The CsCl structure of NiZn.h (high temperature phase of the compound
NiZn) obeys Hume-Rothery's rule (number of valence electrons per atom N6A=1A5)
because of the temperature dependent valence electron contribution of the
Ni atoms [7p.62]. A binding which yields this rule has been found for AuCd.r
[8,22], as this superstructure of AuCd.h (CsC1 type) gives evidences for the
electron correlations which are not so apparent in AuCd.h because of the qua-
drouple twinning of the correlations which introduces a greater structural
symmetry than in AuCd.r so that the indications of the binding become less
distinct. If a is the cell of AuCd.r and a' the cell of AuCd.h then the fol-
lowing linear relation between the cell edge vecters holds: ffii‘zié*ié’
ge=gi*§é—2gé, 33=3i+§é+gé. This may be abbreviated using matrix notation to
Aucd. rm3nucd. p(1:1:1:-2,1,131,-2,1) and the binding in AuCd.r is expressed
by the equations EAqu.rZEBH(2;7/3)=£BH(2;7/3)(2)’ where b is the cell
matrix of the valence electron correlation, ¢ is the cell matrix of the pe-
ripheral-core electron correlation, BH is the second matrix index (the first
being omitted) and indicates additionally the bodycentered cubic correlation
in hexagonal aspect, and the following brackets contain the commensurability
matrices abbreviated as ekp]ained in the appendix. Since (2;7/3) may be de-
vided out of the last equation, EBHngH(Z) holds, so that the binding may be
named a BB2 binding where b, c, H have been omitted and from (2) only the
first eigenvalue has been retained. It is easily verified that the smallest
distance in by, is dy=la'p oo 13/4 (where |a’|-lattice constant of AuCd.h),
and this db value may be plotted in a d(Né) diagram as it has been explained
earlier [8].

1t should be appreciated that the correlation cells are a description of
what has been named cybotactical areas in liquid theory. The commensurabilities
describe energetically favourable relations between the correlations. The in-
direct proof for the reality of such correlations is given by many correspon-
dences between the model and features of the empirical data. The b correlation
just mentioned comprehends Hume-Rothery's rule for CuZn homeotypes {like NiZn.h)
since the number N/ﬁ of b places per atom is N/ﬁrl.SS so that because of the
occupation rule |31 the empirical valence electron concentration rule follows.
The binding comprehends also Bradley's rule for partial atomic occupancy in iso-
types and homeotypes of CuZn [7], as the factoriality of g'lg favours nen-
occupancy of places of the less valence electron rich component [8,10]. Finally
the binding comprehends the Cu52n8 type of vacancy array in CuZn homeotypes
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ﬂd as will be seen below for NiZn3.r. If the partial occupancy is only

a consequence of the factorial commensurability of the binding (which occurs
also in closed packed structures, like AuSSn, see below) it appears questio-
nable why partial occupancy occurs only in CuZn homeotypes and not in Cu or

Mg homeotypes. The cause for this lies in the fact that in CuZn homeotypes

the neighbour atoms of a vacancy may move onto the vacancy without diminishing
a smallest atomic distance while this is not the case for Cu homeotypes. About
700°C the phase NiZn.h transforms into NiZn.r(CuBu type) which shows a BU2
binding (Table 1). While the number of c correlation places per atom in AuCd.r
(and therefore also in NiZn.h} is Nh=12.4 it is in NiZn.r only NJA=12.0; this
corresponds to the decrease of the valence electron concentration,going from
NiZn.h to NiZn.r, by the rule of place numbers [8].

At the composition NiZn3 an orthorhombic vacancy homeotype of the [quZnB type
becomes stable [10],and at slightly greater Zn mole fractions a cubic homeo-
type of CugZng is found which was refined |11] for the composition NiyZngq al-
though this composition lies a little outside the homogenous field of the phase.
The wellknown commensurability ENiZZnII:ENiZn.h(3) is compatible with the num-
ber of non-occupied atom places per cell NﬁCSZ‘ Why has the Cu52n8 family
more than 40 members [10] while for instance for Ni3Ga4(SR34.137) no isotype

is known? The answer to this question is given by the BB2 binding of NiZn.h
which is to be assumed in NiZn3 and Nizlnll also. The BB2 binding may be ex-
tended to valence electron concentrations NGA>1.5 by the homeotypism of Bradley
partial occupation of a places [8], i.e. by N(C>0. It is easily understood that
the commensurability of the BBZ binding to NiZn.h and N1'21n11 produces a stress
field which favours just NéQ:Z: A great subset of the vacancy places of NiZanl
is selfequivalent by the translation group of AuCd.r (see Tab.2, c¢f.also
[12Fig.4]). Since the BB2 binding of AuCd.r produces also a little strain in
the direction of the hexagonal axis, it must be assumed twinned in NiZanl in
such a manner that its trigonal axis points statistically into all four |111J
directions of Nizznll. Since in AuCd.r the BB2 binding is untwinned (or as
might be said singly twinned) it is conceivable that cases are found of double
twinning (orthorhombic NiZn3 and homeotypes) and triple twinning causing rhom-
bohedral symmetry and «>90°, for instance in CUFHgB(SR34‘77)‘ The circumstance
that a binding is twinned has not been considered by earlier bonding models,
nevertheless it appears to be quite frequent. An ancmaly of the lattice con-
stant in Ni,Zn;; found by Schramm [10] could be interpreted by a particular
vacancy mechanism [13] in Cu52n8 homeotynes. Jince the neighbour atoms of a va-
cancy may freely move onto the vacancy and the second near neighbours follow
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TABLE 1: Binding in the phases of T BM mixtures.

Designations see appendix,

NiZn.h(CsC1,SR4.241)2.914A+aH=H7.138;5.047A=bBH(2;7/3)=cBH(4;14/3)
NiZn.r(CuAu,SR6.186)2.747;3.190A=bB(1;1.2)=cl(2;3)
NiZn3(Q72.208,JLCM1980)33.33;8.87;12.50A=hdm NiZn.h
Ni2Znll(~Cu5Zn8,5R33.108)8.92A>aH=bBH({2,2,0;-2,4,0;7/3)
Ni3Zn22(N3.22,SR37.117)12.46;7.47;~4.86,0,T.GSA:bB(S 33
Pd2Zn(Ni251,5R26.225)5.35;7.65;4.14A=h(C(2;2.75;1.5)=cB(
PdZn.h(CsC1,5R15.112)3.05A=idm NiZn.h
PdZn.r(CuAu,SR15,113)2.91;3.34A=1idm NiZn.r
Pd2Zn3.h(CsC1,SR15,113)3.05A=hdm NiZn.h
PdZn2(Q8.16,5R44.87)7.525;7.363;12.30A=bB(2.5,1,0;-1,2.5,0;4.5)=cBK' (2)
PdZn4(NiZn3,  )34.0;9.0;12.7A=1dm NiZn3
Pd5Zn21{~Cu5Zn8,5R15.114)9. 10A=1dm 'Ni2Znll
PdZnll.h(Mg,SR15.114)H2.77634.331A=hdm CuZnd
Pt3Zn{Cu3Au,SR16.132)3.893A=bB(1}=cB(v8;2.8)
Pt3Zn2(CuAu,SR16.132)2.84;3.56A=hFU(1;1.8/2)=cU(2;3}
PtZnl.7.h{~B2A1,SR16.132)H4.11;2.74A
Pt7In12(014.24,5R34.120)28.79;6.94;2.76A=bB(10;2.5,1)=cB{20;5;2)
PtZn3{»Cu5Zn8,SR16.132)

Pt3Zn10(~Cu5Zn8,5R35.90)18.113A

PtZn5.5(Ni2Znl11,5R35.56)9.08A

PtZn8{  ,SR16.132)

b=c(2)
2,0,3)=cFU{7;6;-4,0,6)
SaDid

45.53)

Ni11Cd12(F11.12,5R30.33)11,39A+H8.05;19.73A=bCH(¥5. 3;14/3-cBH(4;48/3)
Ni2Cd5 (~Cu57n8,5R19.80)9,675A%aH=H13.682;5. 379A=bBHK " / 2=cBH(/43,20/3)
NiCd5 (ACu5Zn8,SR35.40)9.788>at=H13.842;8, 476A-bBHK" /2=cBH (/48 ;21/3)
Pd3Cd2 (Cuu,SR15.28)3.01;3.57A=idm Pt3Zn2

pdCd.h{  ,5R15.28)

Pd2Cd3.h(W,5R15.28)3. 24A=idm Pd2Zn3.h

PdCd3 i Cu5Zn8, SR15. 29)

PdCd4 fmCu5Zn8,SR15. 30)

PA5Cd21{CuSZn8,5R15.29)9.96A=1dm NizZnll
Pt3Cd(Cu3Au,SR16.39)3.97A=idn Pt3Zn

PtCd(Culu,SR16.39)2.95;3.81A=idm NiZn.r

PtCdZ {»B2AT,SR16.40)

Ptacd7 - Cu5Zn8,SR16.40)

PtCd3(wCu5Zn8,SR16.40)

PtCd5{Cu5Zn8,SR16.40}9.90A=1dm Ni2Znll

NiHgd{B1.4,5R17.225)6.02A=bB(2)=cB(4)

PcHg (CuAu,SR24.181)3.02;3. 71A=idm NiZn.r

PdHZ (mB2A1 )

Pd2Hg5 (Mn2Hg5,SRI0.6619.4633.03A=bB(V10;1)=cBK" (2)

PdHg4

PtHg(Cuhu,SR17.226)2.79;3.83A=idm NiZn.r
PtHg2{T1.2,5R17.226)4.687;2.91A=bB(1.5,0.5,05-0.5,1.5,051)=cBK' (2)
PtHgd (NiHg4,SR17.227)6.187A=idm NiHgd
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this displacement, around a vacancy atom clusters form which may be used to des-
cribe the displacement homeotypism of these structures to CuZn or W.

In Ni3Zn22(N3‘22) a dilatation of the c correlation is caused by the vacan-
cies.A change to the ce correlation could decrease this stress. Also the ex-
pansion of the d shells of the Ni into the structure favours a c. correlation.
Curiowly enough the ¢ correlation is fully occupied. This assumption could be
mitigated by choosing the binding 5;98(5;3;-2,0,3):EFU(7.5;6;—4,0,6) which im-
plies a Tittle distortion (~) of ¢ but affords a better ¢ "b commensurability
and allows an influence of the spins. The binding described in Table 1 seems
to be the first argument in favour of the stability of the phase richest in
Zn in this mixture.

At this occasion the binding of Zn{Mg,SR1.38) E;H2.665;4.9473 should be
reconsidered. The long axial ratio occurs only for Zn,Cd, and Zn3Hg (7], evi-
dently the 82 homologous class is necessary for it. The neighbourhood of two
opposite spins occuring in this class permits a correlation type which is non
isometric and may be described [14] as a UH correlation which is compressed in
the direction of the pseudohexagonal axis so that the layer distance is d//2
(d=distance in the hexagonal basal plane of UH); this non-isometric correlation
may be named UH. It may be applied to Zn: g;gﬂH(J(4/3);3/2)=c'HK'(2); where
K'=gflg. Asalittle disadvantage appears the low occupation Nzg =0.63, so that
instead of SN also ¢, Cy» Or ¢y might be considered. It is seen how very hid-
den the binding may be in a simple phase like Zn.

EQZHM‘ The structure of PdZZn(NiQSi, drawing [7]p.322) is a displacive ordering
homeotype of the Cu structure. The proposed CB2 binding is a forerunner of the
BB2 binding and this is responsible for the stability of Pdin.h, Pd22n3.h,

Pdan, Pdan and PdSanl. A1l these phases may be understood following Tab.l as
different adaptations of the BB2 binding to the crystal. This confirms that the
BB2 binding is energetically favourable; it incidentally shows that very different
structures may be formed by different commensurabilities of one and the same
binding.

A new binding appears in Pdanl.h (Mg type) which may be understood by con-
sidering the binding in CuZn4 below.

EEEEM. The phase Ptszn has a BB/8 binding 1ike Pt itself, while Pt3Zn2 is homeo-
desmic to NiZn.r: the undistorted bp correlation (Tab.1) explains the unusual
homogeneity range of the phase since it yields only N£?=].8. The compound PthL7
shows structures related to the 52A1 type with ordered vacancies in the Zn partia
structure. The Pt atoms which formed in Pt32n2 quadratic nets are arranged here
only in chains parallel to a3, and the In too are so arranged; even the vacancies
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of the Zn partial structure form chains parallel as. Since in Pt72n12 the num-
ber of vacancies per atom place Nﬁp=4/42=0.095 is greater than that for the
CuzZng homeotypes, Ny =2/54=0.037, a BB2 binding seems improbable when the number
of ¢ correlation places Npﬂ&lz like in Cu52n§Ahomeotypes. But just this is not
the case. The BB2 binding of Table 1 gives Npu=10.5, and this corresponds to
the place number rule [8] which states that low NGA and great atomic weight
of the components favour small N/ﬂ. The structure of Pt72n12 exemplifies that
also a certain value of Néﬁ may stabilize a structure. The Tow N/ﬁ T donee
cessary condition for the extension of the BB2 binding to low NGK
structure of Pth1'7.h is a disorder variant of Pt72n12.

For the phase bundle of the CuS'Zn8 homeotypes in the mixture PthM similar

rules as in NiZny, and PdZnM must be assumed [10].

values. The

yiggM. The phase NiMCd12 (F 11.12) is not a CuBu isotype but is a vacancy
homeotype of TizNi. The family of homeotypes of T12Ni has been discussed
thoroughly [15] . A homeotypism-commensurability is ETiENi=9w(4)’ where W=
Wolfram. The structural class F16.8 of T12N1 suggests to consider the H cell

of the structure, it4is compatible with a CHBH/3 binding which is twinned here
as in Cu52n8. This binding is a forerunner of the BBZ binding. The number of

c correlation places pgriatom was Néﬁ=12.5 in Cu52n8 while it is Néﬁ=11.1 in
NiIICdIZ' ThisAis just what is to be expected by the place number rule [8]

for smaller Ny values. The good commensurability of the c correlation is an
argument for the vacancies in the Nillcd12 structure. The cubic nhases NiZCd5
and NiCdg both belong to the CugZng family; (also a phase with |a|=19.545R

has been reported, SR19.80). A similar duplication of phases has been found
for the FeSi type [16] and could be interpreted by a little finite rotation

of the binding about a trigonal axis giving two neighboured whole number com-
mensurabilities. For N12Cd5 and NiCd5 an analogous interpretation is possible.
The determinants of K" in the hexagonal basal plane are following Tab.1l 43

and 48. Net far from the v43 correlation comes the ¥36 correlation which oc-
curs for Ni,,Cd;, and NiHg, (Tab.1). This fact confirms the assumption of a
small finite rotation of the binding between N1'2Cd5 and NiCdS. No other valence
model has discussed this remarkable phenomenon.

fgggM. As in PthM the CuAu type phase is stable near the composition Pd3Cd2,
which is stabilized by an undistorted by correlation. As in PdZny, [17] meta-
stable phases seem to exist.For the homeotypes of Cu52n8 see [10].

PtCdy. The phases are isodesmic or homeodesmic to phases discussed earlier.
Nikgy. In NiHg,(B1.4) a BB2 binding is simply comensurable with NJh=12.8. This
fairly great number explains why Nng4 is stable down to N1‘25Hg75 where Néﬁrl?.
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The composition NiHg is no more possible in this binding since Né":B would
be too small. In NiZn.h is found Né"-lz 4 which is greater than the value 12
of Nng3, this corresponds to the place number rule [8] that a heavy atom
decreases Néﬁ. The essential feature is that in a cell comparable to Cu52n8
the place number per cell of the Nng4 structure is smaller.

PdHgy. The phase Pd HgS(MnZHgS, drawing [7] p.289) has a BB2 binding with
Néﬁ 11.4. The binding is to be assumed as twinned since in the untwinned state
it is only well adapted to half of the Hg atoms.

EEEEM' PtHg(CuAu) has the pre-BB2 binding of NiZn.r and PtHg4 has the BB2 bin-
ding; for PtHgE a remarkable cRmmensurab111ty of the BB2 binding must be
assumed (Table 1). It gives Np"-13 3, which hints that some more Pt are in
the cell. Also Né.—s is somewhat great for N/

Mixtures BlBa

QEZEm- In the marginal phase CuZnQ (Q=0...0.6), near Cu32n a shear homeotype
of CujAu @u3Au.S structure) is not confirmed but instead a maximum of the in-
ternal friction [18] , and other effects [19] have been found, indicating

that some transformation is to be expected at lower temperatures. It may be
mentioned here that the interpretation of the shear homeotypes of Cu3Au gave
the first proof that the coherency radius of the b correlation in these alloys
is about 50R [7].The interpretation of shear homeotypes of CujAu by the two-
correlations model [7,20] explains more facts than the band model interpre-
tation [21], and it is not weakened by the pseudopotential-arguments against
the band model explanations [6].

Since the model[7] frr the CujAu.S structures implies a tetragonal contraction
of the b correlation it is natural that in CuZn the BBZ binding is found, the
commensurability of which to the crystal cell was first analysed for AuCd.r
|22]. As has been mentioned the binding causes the Hume-Rothery rule, the
Bradley partial occupancy of the component with Tower valence electron contri-
bution [8] , the well known homeotypism aCu52n8=aCuZn(3)’ and structures as Oxlna
of Tower symmetry ﬁO At higher temperatures a hexagonal structure CuZn .h
with non-occupancy Nj'=0.1 (for CugZng N =0.037) has been found. A mgher
non-occupancy is to be expected from the interpretation of the Bradley pheno-
menon, however, it must be kept in mind that the number of vacancies per sub-
structure position is also dependent on the commensurability of the binding
to the structure. It seems that the BB2 binding is no more present in CuZng.h
(Tab.2).

The binding in CuZn4 must be related to the binding in Zn. Although for Mg
a CC2 binding is probable (_Mg —CH(I 4/3)= —CHK (2)) 123] itis not acceptable
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TABLE 2: Binding in phases of BlBﬁ mixtures

CuZn.h({W,SR1.533)2.997A~aH=H7.33;5. 18A=bBH(2;7/3)=cBHK' (2)
CuZn.r(CsC1,SR1.76)2.951A=idm CuZn.h

Cu2Zn3(  ,SR2.694)=hdm Cu5Zn8

Cu5Zn8(B10.16,5R1.499)8.87A=idm CuZn.h
CuZn3.h(H(0.7).2,5R37.73)H4.275;2,.590A=bH(2;1,2)=cUH(2,2,0;-2,4,0;1.7)
CuZn~4(Mg,SR1.533)H2.738;4.294A=b0H(/(4/3);2.6/2)=cUHK' (2)
Ag~2Zn.r(H6.3,SR15.120)H7.636;2.820A=bBH(2;3.6/3)=cBHK"' (2)
AgZn.h{W,SR1.76)3.163A+aH=H4.47;5.48A=1dm AuCd.r
Ag5Zn8(Cu5Zn8,5R1.499)9.341A=idm Cu5Zn8
AgZn~4{Mg,SR1.552)H2.826;4.485A=idm Culn-4
AudZn(Cu3Au.SS,SR21.110)4.026;6x4.034;5%4.062A=hdm Au3Zn.hl
Au3Zn.h1(ZrA13,S5R19.159)4.003;4x%4.096A=bF (1;5)=cB(v8;11.5)
Au77In23.r(U24.8,S5R23.155)5.586;33.41A=hdm Au74Zn26
Au74Zn26.r(Q12.4,SR22.107)5.585;5.594;16.649A=bFU(2;5)=cB(4;12)
AuSZn3(P40.24,SR22.107)11.022;5.511333.616A=bB(4;2;11)=cB(8;4;24)
AuZn(CsC1,SR1.76)3.13=1dm AuCd.r

AudZn5

Au32Zn68(Cu5Zn8.SR1.560)9.241A=1dm CubZn8
AuZn3(C8.24,5R15.81)7.91A=bB(3)=cFU(639/2)

AulBZn82

AuZn8.h(Mg,SR1.560)H2.82;4.38A=idm CuZnd
Cu2Cd(Ni2Mg,SR27.106)H5.012316., 21A=bFH(2;8/3)=cUH(4;18/2)
Cu4Cd3(F160.121,5R32.36)25.871A=bHT(11;~13.3)=cHTK' {2}
Cu5Cd8{Cu5Zn8,SR33.72)9.589A=1dm Cu5Zn8
Cu3Cd10{H6.20,JLCM1S80)H8.12;8. 75A=bHK" /2=cH(¥49,7.6)
AgCd.h2(W,SR1.556)3.32A,aH=H8.12;5.74A=idm CuZn.h
AqCd.h1{Mg,SR1.556)H2.99;4.82A=bFH(2//3;2.3/3)=cFHK' (2)
AgCd.r(CsC1,SR28.42)3.33A=idm CuZn.r
AgCd.1(Aul.05Cd0.95,5R21.63)3.116;4.890;4.778A=idm Aul.05Cd0.95
Ag5Cd8.h({Cu5Zn8,SR1.556)9.98A=1dm Cu5Zn8

Ag5Cd8.r

AgCd3(Mg,SR1.556 }H3.07;4.82A=idm CuZn4
Au3Cd(ZrA13,5R19.161,3032)4.117;16.524A=1dm Au3Zn.hl
Au2Cd.h{Mg,SR8.41)H2.92;4.82A

Au2Cd.r{ ,JPCS31.1970.77,dPSJ22.1967.1509,27.1969.80)
AuCd.h(CsC1,SR2.702)3.327A=idm CuZn
Aul.1Cd0.9(LiSn,SR45.46)7.17;3.10;-1.98,0,4.90A=bHK" /2=cH(2,0,4;7,0,0;0,1.25,0)
Aul.05Cd0.95(02.2,5R2.11)3.15;4.86;4.76A=bHK"/2=cH(1.5,4,0;3,0,0;4)
AuCd.r(H9.9,SR43.38)H8.109;5.80A=bBH(2;7/3)=cBHK" (2)
Au5Cd8.h3(~CubZn8, )10.03A=idm Cu5Zn8
Au5CdB.1h2 (~CubZng, )10.00A=idm Cu5Zn8
Au5Cd8.hl
Au3Cd5(W5513,5R45.46)10.728;5.352A=bHT(v¥20;2.6/2)=cHTK' (
AuCd3(Cu3P.r,SR43.39)H8.147;8.511A=bH(V12;3.6)=cUH(6;7.2
AuCd-5(  ,JLCM51.1977.225)
Cu7Hg6(~Cu5Zn8,SR34.77)a=9.402A alpha=90.425Grd, hdm Cu5Zn8
Ag5Hg4 (Mg ,SR26.248)H2.99;4.84A=1dm AgCd.hl
Ag3Hg4(Cu5Zn8,S5R3.611)10.033A=1dm Cu5Zn8

AudHg(H ,JLCM13.1967.1)H8.7459.58A superstructure of Au3Hg
Au3Hg (Mg,SR21.125)H2.91;4.81A=bFY{/1.15;2.2)=cFH}(2)
AuzHg(H12.10,5R35.66)H6.994;10. 148A=bUK(2,1,0;-1,3,0;4.5/2)=cUHK' (2)

2)
)

TABLE 3: Bindings in the phases of BZBﬁ mixtures

InCdM nic - 5
In8Hg3{Mg,SR11.165)H2.713;5.480A=bUH(¥(4/3)33.3/2)=cUHK" (2)
In3Hg2

(dHg{Cuhu,SR18.181)3.92;2.88A=bB(v2;1.04)=cF(2;1.5)
Cd2Hg.1(MoSi2,AM14.1966.285)3.913;8.676A=idm CdHg
CdHg2.1(MoS12,AM14.1966.285)3.965;8.607A=idn CdHg
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for Zn since in the 32 elements an occupation of the ¢ correlation of NéP.=O.B
is probable while in Mg N.P=0.5. In order to find the binding of CuZn, it is
helpful to consider a superstructure of the Mg type: Aussn.r(H15.3,[24]) has
the cell 3;H5.09;14.34E and yields the binding EFEFH(2;7/3)=EFH(4;14/3) which
is a FF2 binding and confirms the important rule that many brass-like phases
have a two-factorial isotypic binding. A11 Mg homeotypes with N6A=1.5 have
probably the FF2 binding. However, CuZn4 has N6A=1.8 and following Lohbergs
rule |25,26,27) with increasing N/" the axial ratio |a,|/|a;| decreases. This
may be interpreted as follows. For Néﬁwl.S the FF2 binding of AuSSn.r holds.
With increasing N#A the commensurability in the basal plane remains but the
type of the correlation is compressed gradually from the FH type to the UH
type mentioned before. At the valence electron rich border of CuZn4 the DH
type is reached so that no more compression of the b correlation is possible.
Therefore a stmng increase of the axial ratio begins [27¢| until the value of
In |a,|/a;|=1.856 is reached. Since the U correlation is not an isometric
correlation, (the shortest vectors span the whole lattice), the spin correlation
is of influence and it is now clear that Zn isotypes have been found only for
Zn homologues as only for these atoms the good spin ordering is possible.
Also the isotypism of Zn to the H2 type becomes now clear: The atom in 0,0,0
and the atom in 0,0,1 get induced the same electrodipoly component parallel a3
because of g=gﬂH(/(4/3);3/2), therefore they attract one another. It appears
satisfactory that also in CuZn, a two-factorial isotypic binding may be as-
sumed. It may therefore be stated that brass like alloys are definded by the
preponderance of two-factorial isotypic bindings.

ESZEM' The structure of AgZZn.r could have served to find the BBZ binding be-
fore AuCd.r [éz]was analysed, but the a, axis did not give such a conspicious

Ag2zn.r~2ucd, r(130-5) must be
caused by a stronger translatoric twinning of the binding which introduces a

commensurability as E3(A“Cd-r)- The fact that a

higher crystal symmetry. The remaining phases are isodesmic to phases in CuZnM.
AuZn,,. The structure of Au42n (drawing |7]p.97) is a double shear homeotype of
Cu3Au (briefly CuaAu.SS) analogous to Pd30{2um(Cu3
system [7 p.98] with shear density NS =0.210°1/5 (U=substructure cell) extra-
polates well into the general shear density in function of mole fraction re-
lation [7 p.94,98|, while the abnormal shear system with Néu=0.171 serves to

produce the off stoichiometry and incidentally reduces the energy of the array

Au.SS). The normal shear

of the electrit dipoles generated by the valence electron correlation. A simple
shear structure is found in Au32n.h1 while Au742n26.r is formed by a displacive
transformation caused by the fact that the Zn core is essentially smaller than
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the Au core. The correlation g=£8(4;12) shows that the commensurability K"

is impro ved by the stress caused by the b correlation. While for Au3Zn.r

the commensurability element ratio Kés/K§3=5112, for Au51n3 is found Ké3/K§3=
11/24, just as the last step before the BB2 binding of AuZn. The phase
Au322n68 is similar to CUSZ"S and belongs therefore also to the BB2 binding.

The structure of Au2n3.r(drawing 17] p.136) may be compared with a Cu
structure: a=a. (2), no vacancies are contained in the structure so that the
BB2 binding is noc more probable. A post BBZ binding 1ike the BFUl binding
must be considered. As in NiZnM phases rich in Zn show a (2 correlation.
EEEQM' The phase CuZCd(MgNiZ) is only homeotypic to MgCu2 although it is
homologous. From this must be concluded that CuEMg and Cu2Cd are only
homeodesmic. A FHUHZ binding seems to be realized (Tab.2); it is caused by
NéA=10‘O as opposed to NéA=9.3 for CuMg. The observation CuZnCd{Cu,Mg) [28]
indicates that the great volume of Cd favours the FHUH2 binding, while
CuZnCd accepts the FF2 binding.

In Cuch3 an HH2 binding seems to be the cause of stability, but the
great size of the cell permits no certain analysis. This binding should be
assumed twinned similarly as the BB2 binding in CUSZnB' For Cujtdloa.HHZ bin-
ding may be assumed.
ggggM. In the marginal phase AngQ {Q=0...0.5) anomalies of the partial molar
entropy of Cd in dependence of the mole fraction Néd seem to lie at whole
nunber values of the shear length [7 p.101] of a shear system which has not
yet reached its critical temperature. However superstructures have been postu-
lated by other authors [29].

The compound AgCd has two phases of the W family, one phase of the Mg
type and a low temperature phase of the A”l.USCdD.QS type. The phases of the
W family together with the Ag5Cd8 phases have the BB2 binding while Ang3
and Cd have the UU2 binding which is related to the FF2 binding of Ang.hl.
BHEQM' The phase Au3Cd,r(2rA13) is a shear homeotype of Cu3Au and further
phases have been described which are collected in Tab.2 under the name Auzcd.r
[30,31]. The phase AuCd.h (isodesmic to CuZn) transforms depending on com-
position into three different superstructures permitting inference of the bin-
ding. AuCd.r gives the BB2 binding already mentioned; the curious value K53=
7/3 suggests that the binding is translatorically twinned to some degree in
the a; direction, so that no structural superperiod is found which makes K33
a whole number. The fact that the b correlation gives N/F=28 places per cell
while the conventional offer of valence electrons is only NVC=27 confirms the
anomalous valence electron contribution NGA”=1‘1, [7].



- 64 -

Surprisingly for AUI‘OSCdO.QS a HH2 binding is found; it may be conjectured
that lower electrons find a good possibility of correlation into this bin-
ding. Satisfactorily Aul.ICd (M3.3) too allows the HHZ binding with N/9=8.8
(N/C=8.9).
Conspiciously near Au2Cd3 at high temperatures a BB2 binding is found
and lower temperatures a HH2 binding, this supports the assumption of parti-

0.9

cipation of lower electrons in the binding.

In the phase Aqu3 a two-factorial binding is no more possible; the pro-
posal of Tab.2 shows that starting from HH2 the ¢ b commensurability is made
smaller in the hexagonal basal plane, but since the discrete step is too great,
the ¢ correlation is compressed to a UH correlation.

LuMgy. It is satisfactory that the stable BBZ binding is realized in a Cuging
type phase (instead of in a CsCl type phase) since this type is better adap-
ted to the binding than the CsCl type, because of the vacancies, which allow
displacements of the atoms giving a better fit to the binding. If the compo-
nents had the electron contribution Cul, ng
pected for Cungs following Hume-Rothery's rule N6A=1.62. However similarly
as to Au [7] also to Hg a greater valence electron contribution should be

then the compound should be ex-

attributed. For ng'3 the composition would be Cu53ng7, and from the experi-
ment Cu7HgG=Cu54Hg46 is reported.- The translation group is rhombohedral with
a >90°, this is caused by the binding: For AuCd.r is found |53|/\31|=0.716
while the ideal ratio for cubic substructure is 0.707, and the ratio for

ideal binding 0.714. Since 0.716>0.714>0.707 it must be concluded that the
binding is favoured by an additional strain of the cell which is made possible
by the chain shear of the structure. Since for Cu7ng 2>90° it must be as-
sumed that the correlation is twinned not in 4 directions but in 3 only.
Agﬂgm. The electron contributions Agl, H92'1 explain the shift of the CuSZnB
type of the phase to Ag3Hg4.

AuHgy. For Au,Hg the commensurability g;gﬂu3Hg(3;2) is reported |32]. In

Au3Hg a FF2 binding might be present. This binding has been discussed for
AuInM alloys [36]. The composition of Aqug or Au6Hg5 is not yet settled, the
structure permits a UU2 binding which is in favour of the composition Aqug
presupposing the electron contributions Aul‘l, ng'l. Compounds AungB,Aqugs,
Aqu4 do not exist following |32|, but it remains open whether these authors
anealed their samples long enough.
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ZEEQM' No intermediary phases have been found in this mixture as no expan-
sion energy of the valence electrons is available; a continuous series of
mixed crystals does not occur because of the qreat difference of the atomic
radii.

;EHSM' The axial ratio of the marginal phase ZanQ (Q=0,...) increases with
increasing Hg content (SR11.165). This is compatible with the binding under
the assumption that the valence electron contribution of Hg Nvg>2. In the
phase ZnBHQB(Mg) the axial ratio |33|/|34|:2‘019 is found, what means that
K§3 has jumped one unit. The valence electron contribution must be assumed
as NéHg=2.5 in this mixture.

CdHgy. The phase CdHg(CuAu) has a broad homogeneity range at room tempera-
ture with decreasing axial ratio for increasing mole fraction Nﬁg B3,34,3ﬂ.
It is found, that the two correlations stress each other so that the change
of the axial ratio is an expression for the change of elastic coefficients
of the correlations which are as yet unknown.

Concluding remarks

The present analysis shows that the correlation energy must be a marked part
of the energy of formation, therefore the correlation type and its commen-
surability to a may be used for the classification of phases. The spatial
correlations of electrons are of influence on the valence problem similarly
as atomic radii, discussed in the past,are of influence. Therefore as the
system of atomic radii has been found by the analysis of the empirical data,
the laws for the spatial correlations may be found also by the analysis of
the empirical data. The model of two correlations in a crystal structure is
also of mathematical interest: The influence of two electron correlations
on the lattice energy has not yet been investigated. Also an influence on
the structure type is effective as has been shown for the Cu3Au shear homeo-
types. The present analysis of the spatial correlation of the electrons gives
new insight into the constitution of the TloBﬁ, BlBS and BZBﬁ alloys. The fre-
quency of two-factorial isotypic binding suggests to identify this kind of
binding with the brass-like character of an alloy. The customary planely em-
pirical attitude towards the formation of intermediary phases in alloys may
be replaced now by the expectation of a certain binding and by the search for
additional parameters determining the stabilisation of a certain structure.
This analysis need not be taken on trust: the bindings may be checked by
elementary calculations from the data given in the tables; the d(Né) curves
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may be calculated and it may be veryfied that they satisfy the rules [8];
even better binding proposals may be found which possibly have been over-
looked in the present first attempt. Also the conclusions which are drawn
from the binding with respect to stability are not speculations since it is
evident for instance that a factorial binding is of low energy.

Also "predictions" are easily possible, if for instance a new ternary
mixture shall be studied then on the basis of the present analysis expec-
tations as to the extension of a binary phase or stabilisation of a ternary
phase may be derived from the rules the bindings are subjected to. Another
facility similar to prediction is that the present analysis directs the at-
tention to important new experimental problems. The fact that the bindings
cannot be measured as yet is in common with many models, which remained sup-
ported only by indirect evidence for an extended period.

A surprise of the present analysis is, that such a simple model gives
the possibility to understand many complicated structural phenomena for
which no idea of explanation was available before. The simplicity of the
model reflects a fundamental simplicity of alloy formation. However, al-
though new understanding is opened, also the number of new problems with re-
gard to stability posed by the model should not be overlooked. These problems
will certainly be attacked at some time, but analysing further mixture classes
with respect to binding should first fasten the ground for this future in-
vestigation.

Appendix: Review of notation and analysis method
Structure types are indicated by prototype. Prototypes themselves are indicated
by Bravais group and numbers (seperated by a point) of component atoms in the

primitive cell. The symbols for the Bravais groups are [7]:

C.BsF =cubic primitive, -body centered, -face centered,

T,U =tetragonal primitive, -body centered,

H,R =hexagonal primitive, -rhombohedrally centered,

0,P,Q,S =orthorhombic primitive, -body-, -one face-, -all faces centered
M,N,Z =monoclinic primitive, -face centered, triclinic.

The two-character symbols [9] cannot be taken as they must be used in the bin-
ding description here.
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Citation is given by SR1.1=Structure Report A Vol.l,page 1, or LB=Landolt
Bornstein. Inafew cases journals must be cited; AM=Acta Met., ACA=Acta Cryst.A,
M=Metall, JPCS=J.Phys.Chem.So1., JPSJ=J.Phys.Soc.Jap., JLCM=J.Less-Com.Met.,
IK=Z . Krist..
Correlation kinds: a, b, ¢ correlation=correlation of atoms, -valence electrons,
peripherical core electrons. Cell matrices for a, b, ¢ correlation are a, b, c.
Isometric correlation types: C, B, F, U, H =cubic primitive, -body-, -face
centered, tetragonal body centered with I§_3[/l§1\:0.816, hexanormal. Aspect
affives: H,U,T =hexagonal, tetragonal body centered, tetragonal primitive. Non
isometric correlation U: a H layer is stacked with distance dH//Z.
Matrix notation: 31L=(a11,a12,a13;a21,a22,a23;a31,a32,a33) where i (mostly
omitted) refers to an orthonormal coordinate system and L numbers the vectors
and incidentally designates the phase or type. An H before a numerical matrix or
behind the last index of a symbolic matrix indicates that i refers to hexanormal
coordinates, a Mg® refers to a monoclinic normal coordinate system with angle 8.
dbbreviatlons: (a1140:0i851s855:855305440555835)= (81113574859 2543231 4 25p4833)s
(au,0,0;0,322,0;0,0,a33)=:(all;a23;a33),(au;au;a33)=:(au;a33),(au;all)=:(an).
For brevity a matrix b=(2,1,03-1,2,0;0,0,1) may be written as (v5;/5;1) or even
shorter (¥5;1). 5 is ticdéterminant of b and a rotation matrix is omitted, further
values of whole numbered determinants are collected in [8]
Commensurabilities: b'1a-*K' 'la*‘K" An equation a=bK'=cK" is named a binding.
A quotient a 1 an =K is a homeotypic commensurabﬂ1ty between the lattices L andL'.
N/C /C o/C o/C

Derived properties: h > V s NC s N

a places, per a cell. N/ > Né. , N(,.. =number of valence electrons,-b-, -c- places

per atom. dy, dczsmallest distances in b-,c correlation. In Tables 1,2,3 the

=number of atoms, -valence-, -core electrons,

phase name, structure type, reference, cell and binding are given for mixture
classes. An A behind a numerical matrix means ﬂngstr'cim. The symbol ~ stands for
approximately. Blanks indicate missing information. The symbol M at the end of a
chemical formula indicates a mixture. idm=isodesmic, hdm=homeodesmic, nic= no
intermediary compound.

How to find a binding: Draw as abscissa the mole fraction N‘Z=O,...,1 of the se-

cond component over 10cm. Draw as ordinate the average electron distance begin-

ning with d=1% so that Ad=0.2R corresponds to lcm. Plot for N,=0 the values of
dy(0),d.(0) of the first component, plot for N5>=1 the values dy(1).d;(1) of the
second %omponent The marginal d values, produced by an analysis of structures of
chemical elements [23] are cited also in [7,8]. For an empirical compound assume
dyy2 values interpolated corresponding to earlier curves. Insert these values in-
to the possible [7,8] correlation types to get p?s.ﬂble b and ¢ cells. Check by
slide rule different commensurabilities b~la, c~‘a [8]; for the different com-
mensurability cases check the fulfillment cﬂ" the ru'Ies [7 8] The best fit to the
rules affords the probable binding.
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