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Partial wave analysis together with the qualitative analysis of hybridization in I3'-CuZn is used 
to shed more light on special bonding conditions in which stability of this phase might originate. 
Results support the legitimacy of the so-called polar model of this phase. Analogy to the ordered 
Cu 3 Au alloy is mentioned, the ditference being that the latter stabilizes due to a pure super­
structure effect. Shockley surface states found recently on the (Ill) surface of Cu)Au are to be 
expected on the same face of a -CuZn as well. 

R ecent investigations l 
- 4 of a number of CsCl (B2) type alloys including CuZn, from the point 

of view of the so-called qualitative theory2.5 of Shockley surface states, revealed interesting 
qualitative conclusions on the importance of covalency and ionicity in the binding mechani~'m­
of these alloys, as well as on the role which these two components of bonding can have in the 
formation and stability of the ordered phase. The arguments were based on a systematic analysis 
of pronounced gaps in the band structure, especially those lying near the Fermi energy E F , 

with particular emphasis on the character of bonding for which they might be responsible . 
According to the qualitative theory, a gap in the solid can be either hybridizational (HG) or non­
hybridizational (N HG). We refer the reader to refs2,5 for the definition . According to refs! - ), 
a I-IG is related to the chemical bonding (covalency). especially if it is located around EF and sepa­
rales the bonding states from the antibonding ones, whereas an NHG can be related to the ionicity 
if fa vourable conditions are fulfilled (see below). Naturally, in alloys covalency and ionicity 
can survive only as a residual (or fringe) effect. However. and that was the main point in refs 1 -), 

in the neighbourhood of the disorder-order phase transition, they can become more pronounced 
and start to operate as a triggering mechanism of the transition. Contrary to the metallic bonding, 
they are the only bonding characteristics that change in the neighbourhood and in the course 
of the phase transition. On the other hand, such an electronically driven transition usually occurs 
if this change in the bonding mechanism produces a pronounced dip in the density of states 
II(E) of the ordered phase near EF since then the ordered structure can be energetically more 
favourable than the disordered one. 

Application l
-

4 of the above strategy to various B2 type alloys has shown that two 
pronounced dips in n(E), differing in the character of hybridization, are important 
for 0 ur considerations. At the same time, B2 alloys appeared to be split into two 
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di stinct groups quite different in their stability, according to whether the Fermi 
level EF fell into the low~r or the upper dip , respectively. The first group (lower dip) 
comprises alloys like FeAI and CoAl. For the second group (upper dip), CuZn is the 
beSt known representant. Qualitative analysis has shown that for the lower dip, 
an (sp, eg) and an (sp, t2 g) HG are responsible in both groups of alloys. The upper 
dip in the first group derives from the (sp , t 2g) HG. Similar conclusion has been 
also reached for the upper dip of the second group in ref.2, where partial wave ana­
lysis of ref.6 has been Llsed which is incomplete at energies above EF • However, the 
analysis3 of trends based on more recent data7

•
8 revealed tha t no strong (sp, t 2,) 

hybridization should be involved in the uppe.r dip of CuZn. A part of the present 
new data on partial wave analysis which can be found in the text (Tables I - Ill), 
provides a solution of this question and helps also to clarify the nature of bonding 
and ordered phase stability in CuZn. To enable more detailed comparison with 
refs4

.
6, results on the presently calculated partial wave analysis can be found in 

Tables IV, V. The whole partial wave analysis has been performed for the P' -CuZn 
band structure of ref. 9 which does not deviate too much from that of refs6.to . Our 
partial wave analysis results resemble those of rer. 6

. There is a difference between 
the band structure of refs9

•
11 in the position of Zn 3d band deep below EF which 

can at best introduce a HG unimportant here. 

RESULTS 

The L1 States 

The absence of the (sp, t2 g) hybridization in the upper dip is clearly seen from Table I 
showing the behaviour of partial (s, p, d) charges along the L direction. The critical 
upper dip gap encompassing the Fermi energy EF = 0·59 Ry*, is delimited from 
above by the TIS - Ll - M3 (upper) branch and from below by the T 2S ' - L t -

- M 5' branch . At energies below EF , a broad (s or p, 12g) HG lying between the 
T 25 , - Ll - M s' and the r 1 - Ll - M3 (lower) branches exists, into which 
a narrow TI2 - LI - Ml band of eg character is immersed. 

Our interpretation of the band structure rests on the assumption, that it follows 
from the interaction of the originally non-interacting non-hybridized branches 
TI - LI - M3 (upper) of s character, TIs - L t - M s' of p character, T 2S ' -
- Ll - M3 (lower) of 12g character and T12 - Ll - Ml of eg character. The 
crossings of these branches lead to the opening of HG (the so-called non-crossing 
rule). In comparison with aluminides (FeAI, CoAl), the (sp, /2g) hybridization moves 
to lower energies with respect to EF• This is clearly seen from the fact that M 3 (upper) 
in CuZn has s character, while in aluminides the d character is strong (compare Table I 

1 Ry = 2'178.10- 18 J. 
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TABLE I 

Part ia l wave analys is for four energy bra nches delimiting the gaps in E t states . Irreducible repre-
sentations (lR), energy (El from ref. 9 and the percentage of the wave function character (e) 

in muffin-tin (Cu or Zn) spheres. The "missing" charge (up to 100%) fa lls essentially ou tside 
the muffi n-tin sphe res. Er = 0·59 Ry for J3 ' -CuZn «(j. also Tab le X of ref4

) 

- -------- -- ---_. - - - ---- - - - -

Point: r E (middle) M 

- ------ -- ------ -----~-----.---,--

I R 15 

E(Ry) 1'0645 0·8063 0 ·6985 
C(Cu) % 26'899p 19·20 1s 37 ·17112g 

13'392dQ 

5'327p 
C(Zn) ~;;; 42' 145p 21 ·498s 48'06 1s 

11 ·708p 2'471eg 

5·987d 

IR 25' 5' 

E(Ry) 0' 3633 0'3326 0 ·4717 
C(Cu) % 97'79 1128 93 ·23 1d 2J, '777p 

1·125,\ 
0'163p 

C(Zn) ~-;; 0'9501211 2 '1 39p 36'6 17p 
0·245d 

0 '02 1s 

IR 12 

E(Ry) 0·2977 0'2998 0'3 117 
C(Cu) ~~ 9 1'337eg 89'153d 87 '830eg 

0' 71 6s 2·532s 
0'359p 

C(Zn) ~.~ 2'672eg 1·808d 3'28012g 

1'281p 
0'980s 

IR 

E(Ry) ~~ -0'1 351 0 '0282 0·2269 
C(Cu) ~,~ 26'9 57s 18'877s 68'OO612g 

5'620p 
1'645d 

C(Zn) % 40'385s 33 -4l ls 18·290s 

6'421p 3'837eg 

2· 543d 

II d= ea + (21' 
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of the present work , ref. 3 and the discu ss ion to Table X in ref.4). However, . it is 

obvious from Table J, tha t in CuZn M 3 (upper) is still appreciably influenced by 

the interaction with 12g states . The critical upper gap result s from strongly mixed 

sand p states with Cu and Zn atoms equall y involved so that the division int o 

non-interacting sand p branches is ba sed largely on intuition. 

Th eLJ J and 111 Slales 

According to Table 11 , in the LJ 1 states be low EF one identifies an (sp , eg) HG which 

derives from two non-interacting branches, namely , the 11 2 - LJ 1 - XI branch 

of eg character and the sp LJ 1 branch starting in 1 1 5 ' 

Table III shows that in 111 states below EF an ( sp, 12g) HG exists which is caused 

by the crossing of the non-interacting 12 5' - III - R 2 5 , branch of /2g character 
and the 11 - 111 - R 2 , branch of sp character. One can see fr om ref. 3 and from the 

discllssion of Table IX of ref. 4 that analogous HG exist also in aluminides. 

TABLE II 

Partial wave analysis for two energy branches delimitin g the HG in .11 sta tes (tf. also Table VII 
of rer. 4

) 

Point : r .1 (middle) x 

IR 15 

E(Ry) 1·0645 0 '6668 0·4247 

C(Cu) % 26'899p 13 '588eg 77'036e g 

13 -00 5p 10'016s 
10·5425 

C(Zn) % 42' 145p 22'548p 6'316p 
10-36305 

3-285e g 

IR 12 4' 

E(Ry) 0-2977 0'3018 0 ·1881 

C(Cu) % 91 -33 7eg 
85'012eg 16A43p 

1'728p 
0-224s 

C(Zn) % 2'672eg 2-665eg 47-815s 

1'901p 7-190eg 

1'3605 
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The comparison of the behaviour of the partial wave analysis along the r, Ll and A 
directions reveals the following conclusion important for a better understanding 
of the nature of hybridization in B2 type alloys. As compared with aluminides 
(FeAl, CoAl), the energy levels of CuZn lying in the neighbourhood of EF and above 
it suffer a depletion in d-states as can be seen by looking at M 3 (upper) in Table I 
and the point X I in Table] I of the present work, and the discussion and Table VII 
of ref.4. At the same time, CuZn levels further below EF are enriched in d-states 
as follows, e.g. from results for T 12 , T 25 , in Tables I and II of the present work 
and Tables VII and IX of ref.4. 

These facts justify the general conclusion reached in ref. 3 that with B2 type a lloys, 
the above elrect can be observed when EF moves upwards in the band structure. 
(This represents a deviation from the "rigid band" model based on the same band 
stJructure for all members of a given family of alloys and difrering only in the position 
of EF.) They justify the viewpoint l -

4-12 advocated also in the present paper, namely, 
that the gap critical for the phase transition with aluminides (the lower gap) arises 

TABLE III 

Partial wave analysis for Iwo energy branches delimiting Ihe HG in .If 1 states (ef. also Table IX 
of ref. 4

) 

Point: 

IR 

E(Ry) 

C(Cu) ~~ 

C(Zn) /'~ 

IR 

E(Ry) 
C(Cu) ~.~ 

C(Zn) ~;;; 

r 

25' 

0'3633 
97-791tzg 

0'950t2g 

-0-1351 
26·957s 

40-385s 

.If (middle) 

0'3523 
86-969t2g 

3-883s 
0-685p 
2'561p 
1 -754t 2g 

0'087s 

0-0979 
14-206p 
7-834t2g 
7-054p 

30'936s 
8'406p 
1-502t2g 

R 

2' 

0-8728 

86-650s 

25' 

0-2664 
82-566tzg 

8-913p 
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due to a strong (sp, d) hybridization , while with W-CuZn (the upper gap) such 
a situation is missing. 

DISCUSSION 

Numerical data of the presen t work have provided additional insight into the 
character of the critical upper gap at Er and the nature of bonding in the ordered 
state of W-CuZn . The conclusions reached at are the following: 

'a) Contrary to aluminides, the above gap does not exhibit strong (sp, 12g) hybridi­
zation, although a certain weak hybridization of this type still remains. Hence, 
conditions for the appearance of covalency of(sp, 12g) type are not fulfilled. 

b) Correct understanding of the above gap follows from the special geometry 
of the Brillouin zone (BZ) of the simple cubic* (SC) and BCC lattices 13. Namely, 
point M (endpoint of the direction L on the boundary of the first as well as the 2nd 

(dodecahedral) BZ of the SC lattice) from the neighbourhood of which this gap 
is derived, coincides with the point N (al so endpoint of the L direction) on the 

TABLE IV 

Partial wave analysis for two energy branches delimiting the NHG in L4 states «(/. also Table 
VIII or ref4

, especially the reversed order of Ms' and M2 energy levels) 

Point: r 

IR 15 

E(Ry) 1·0645 
C(Cu) % 26'899p 

C(Zn) % 42'145p 

IR 12 

E(Ry) 0·2977 

C(Cu) % 91'337eg 

C(Zn) % 2'672eg 

L (middle) M 

----------- ------- -

0·7046 
20'923p 

12'455eg 

31'911p 
3'977eg 

0'3167 
87 '087eg 

1·802p 

2'339p 

1'515eg 

5' 

0-4717 
24'777p 

36'617p 

0 '3785 
99'077eg 

Simple cubic BZ is the appropriate Brillouin zone for the 82 lattice as well as for the L12 
lattice of the ordered CU3Au considered below. 
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2460 Tomasek , Pick . Sob 

boundary of the pI BZ of the di sord ered p-CuZn BCe la ttice. As typical high sym­

metry points of BZ boundari es, the points M and N are connected with the existence 
o f gaps in the band structure of the respective crystal phases . The key pro perty here is 
that the gap of M and the gap of N are as a matter of fact identical a nd hence the 

same for both the ordered W(B2) as well as the di sordered NBCC) phase. As to the 
character of thi s gap, it is difficult to prove whether it is a HG or NHG in sp states, 
for reason s mentioned above. 

In connection with superstructure effects to be di scu ssed below, it is important 
to notice that the concept of folding4

,5 of energy band s from BCC into the SC BZ 

is of no use here. An interaction between I and G energy branches is switched o n by 
fo lding at t he point N. Howerer, no gap opens due to this mechanism at EF for CuZn. 
Also at X , the midpoint of the direction LI of the BCe BZ, where such a folding occurs, 
there is no gap in the B2 lattice band structure at EF (although such a gap ex ists 
a t lower energies, compare e.g. Fig. 9 in ref. 12). 

c) At Er , there is no gap (NHG) that would se parate pure d(eg)- from pure sp­
-band s. This was the case with aluminides, where especially the pronounced peak 
in the d- state density at EF was ma inly responsible for a rather pronounced ionicity3. 

TABLE V 

Partial wave analysis for two energy branches delimiting the HG in ,,13 states (cf. also Table XI 
of rcf.4 ) 

Point : r 

IR 25' 

E(Ry) 0 '3633 
C(Cu) % 97'79112g 

C(Zn) % 0 '95012g 

IR 12 

E(Ry) 0 ·2977 

C(Cu) % 91 ' 337eg 

C(Zn) % 2'672eg 

° d = eg + 12 g. 

A (middle) 

0'3398 
95'278do 

0'1I4p 
l'066d 
0'322p 

0'3141 
87·703d 

! ·189p 
3·514p 

1'264d 

R 

12 

0'3792 
99' 196eg 

25' 

0·2664 

82'56612g 

8'913p 
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With W-CuZn, the separation in energy of d- and sp-bands is large and the former 
lie deep below EF • 

d) Although effective charges Dc on the atoms do not follow from our partial 
wave analysis, they have been calculated in ref. 11 . 13 and show a weak ionicity of W­
CuZn ((\ :::::: O·08e, the copper atoms being neg1tively charged). 

e) In principle, this weak ionicity can stem from both types of hybridization 
mixing, (5 , p) and (sp, t2g ), since according to b), there is a little probability that the 
very weak sp covalency, even if present, would compensate for charge transfer 
in sp-states. 

'Naturally, the question remains to be answered, why effective charges of W-CuZn 
are small but still finite. One can argue in two ways. First, since these charges are 
the result of a self-consistent procedure, they are determined 3

, 14 by the amount 
of charge that can ftow through EF during the change of the crystal potential. Due 
to the very small value n(EF) of the density of states at EF in the upper dip, an un­
realistically large change in the potential would be required to carry out a consider­
able charge transfer. Hence, such a situation does not occur. Second, in an alloy 
like CuZn with mainly metallic electrons, the charge tends to be evenly distributed 
throughout the system. Without screening, the effective charges on Zn and Cu atoms 
would be equal 15 to ±O'5 e, respectively. Complete screening would rule them out. 
However, since the density of free carriers at EF is low due to the existence of the 
upper dip in n(E), the screening is not complete and a small amount of charge survives 
on the atoms15

. 

Let us describe the picture of the development of the ordered W phase in the 
CuZn alloy as accepted in the literature I2

, 13 , 16 and as follows from the present 

work. The energy band structure in the region of the upper dip is to a large extent 
characterized by free-electron like sp-bands. The form of the Fermi surface (FS) 
and especially its contact with the BZ boundal ies of the various crystal phases 
in question is of main importance here (see Hume-Rothery rules as interpreted 
by Jones I6

). At low temperatures and low concentration of zinc, the ex(FCC) phase 
is stable. When the zinc concentration increases, FS approache~ the boundary of the 
2nd SC BZ and hence, the W(B2) phase gets stabilized. For a certain range of con­
centrations, it coexists with the original ex phase. Close to and at the moment of con­
tact of FS with this BZ, one has a pure W phase. When further zinc is added, the 
new 'Y phase appears. Naturally, same argumentation could be also applied to the 
high-temperature P(BCC) phase as follows from the discussion of item b) above 
and the fact that the 2nd (dodecahedral) SC BZ coincides with the 1s t BZ of the BCC 
lattice. However, at low temperatures, nature apparently prefers the W-phase since 
by allowing for charge transfer and ionic lattice ordering, energy is lowered. In the 
disordered phase, ionicity is largely suppressed . Namely, for each Cu (or Zn) atom, 
there is always a certain probability to be partly surrounded by the atoms of the 
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same kind . The existence of effective charges (arising due to the difference in atomic 
electronegativities), would then contradict the concept of electronegativity itself. 

The elucidation of the somewhat exceptional position of the ordered W-brass 
among the other investigated phases of binary alloys was the main interest of the 
present paper. Although possible phase transitions from the disordered (a, p) to the 
ordered (P') phase are undoubtedly caused by the change in the character of bonding 
(the appearance of ionicity), reliable information on electronic specific heat or sus­
ceptibility or a theoretical calculation which would show the relevant behaviour 
of n(EF)' seem to be still missing. 

It is interesting to notice that a free-electron like system exists which is in some 
respect analogous to the CuZn alloy, namely the al10y of Cu and Au. At low Au 
concentrations, it also exhibits a disordered a(FCC) phase. Same reasoning about 
FS and BZ as given for CuZn ordering can be applied herel7 (see the touching of the 
Cu 3 Au FS to the 2nd (dodecahedral) SC BZ at Au partial fraction equal to one fourth) 
with the exception, that a BCC disordered phase is geometrical1y and energetically 
improbable here since both copper and gold are FCC metals. Hence, with CU3Au, 
the ordered state is automatically the L12 structure (four interpenetrating SC lattices) 
without the necessity of invoking charge transfer, as was the case for W-CuZn. 
Main difference between the above two systems consists in the fact that with CU3Au 
one deals with a real superstructure effect l7

-
19 which develops when going from 

the disordered FCC into the ordered phase. Contrary to W-CuZn, where the ordered 
phase is not a superstructure of the FCC phase, folding of FCC energy bands into 
the SC BZ brings18 an important physical consequence here. Namely, for the. 1; 

branch folded around the M point, a new gap opens at EF as can be seen from the 
L12 energy band structureI9

•
20. Folding around X' again does not bring anything 

new. (Notice, however, that except for a change in the energy scale, there is a similar­
ity between the band structures6

•
19 of W-CuZn and ordered Cu 3Au for the important 

1: and Z branches around the point M at EF') 
Measurements on the de Haas-van Alfen effect l7 and positron annihilation21 

justify the above picture for W-CuZn as well as for ordered Cu 3 Au. They show the 
existence of a gap in pt-CuZn near M that lies at EF (see ref. 21

) and detect clearly 
the analogous gap in ordered Cu 3 Au arising due to the superstructure effect (see 
Fig. 1a in refP). Besides that, both in Cu3Au (see Fig. 1b of ref. 17) and a-CuZn 
(Figs 1 and 2 in ref. 22) they show a gap around R (endpoint of the (111) direction 
lying on the boundary of the FCC BZ), located at EF• Recent photoelectron spectro­
scopy measurements23 discovered Shockley surface states on the (111) face of ordered 
Cu3 Au which apparently stem from this gap. As with the Cu(111) surface, this gap 
must be a HG. Similar search for Shockley surface states on the (111) face of a (but not 
p or W!)-CuZn seems very promising, particularly because these as well as Tamm 
surface states are well known with a-CuA!, where they exist for other crystal faces 
as we1l24

• 
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