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The crystal structures, atomic distributions, and theoretical electronic structures of five different Cus_,Zng. y-brass
compounds (x = —0.59(3), —0.31(3), 0.00(3), 0.44(3), and 0.79(3)) are reported with the goal of identifying chemical
influences on the observed phase width. These structures have been refined by both neutron and X-ray powder
diffraction to obtain accurate crystal chemical parameters. All compounds crystallize in the space group 43m (No.
217) (Z = 4), and the unit cell parameters are a = 8.8565(4), 8.8612(5), 8.8664(3) , 8.8745(4), and 8.8829(7) A,
respectively, for CusseZn;.41, Cus31Zn769, CUs00ZNg00, CUss6ZNg4s, and Cug1ZNg79. The results indicate specific
site substitutions on both sides of the ideal composition “CusZng”. In all cases, the 26-atom cluster building up the
y-brass structure shows a constant inner [CusZn,] tetrahedral star with compositional variation occurring at the
outer octahedron and cuboctahedron. First principles and semiempirical electronic structure calculations using both
a COHP and Mulliken population analysis were performed to understand the observed compositional range and to
address the “coloring problem” for the site preferences of Cu and Zn atoms for this series of compounds.

Introduction

Reinvestigation of the CtZn binary system in the-brass
region, i.e., between 57 and 68 atom % Zn, is motivated by
the relationship between the cubjebrass structure and
various quasi-crystal approximart3? y-Brasses are in-
cluded among HumeRothery electron phases, which achieve
their stability by the interaction between the Fermi surface
(a sphere with radiuks in reciprocal space in the free
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Figure 1. Representation of the GtZn binary phase diagram in the range
30—-80 atom % Zn and between 773 and 1273 K. Composition limits for
the 8 andy brasses are noted, as well as theZby compositior?’-28
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electron model) and the Brillouin zone (the convex polyhedra
with faces located at planes perpendiculakt®, wherek
a reciprocal lattice vectof}:*? According to Hume-
Rothery’s principles of electron compountdg? the cubic
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Table 1. Compositions, Unit Cell Parameters, Refined Compositions, and Refinement Statistics fZrgu, (x = —0.59,—0.31, 0.00, 0.44, and
0.79)

loaded composition GlsoZN7.41 Cus31ZN7.69 Cus.00ZNs.00 Cu.56ZNg.44 Cuw.21Zng 79
(%) (CwaZnsy) (CusrZnsg) (Cusg ZNs1.9) (CussZngs) (Cus2.5ZN67.9)
EDX composition Cule2(3¢N7.38(3) Cus.303ZN7.703) Cus.99(3¢N8.01(3) Cus 584 N8.42(4) Cus.22(5¢N8.78(5)
X-ray Diffraction
a(h) 8.8562(6) 8.8605(3) 8.8674(2) 8.8747(5) 8.8835(6)
Ry 3.78% 3.47% 3.03% 4.02% 3.61%
Neutron Diffraction
refined composition Gibo(2ZN7.40(2) Cus 36(12N7.64(1) CusZng Cu 552¢Ng.45(2) Cu.212£N8.79(2)
a(d) 8.8565(4) 8.8601(5) 8.8664(3) 8.8744(4) 8.8829(7)
X2 2.083 1.656 1.682 2.077 2.046

y-brass phase is preferred for a valence electron concentratiora declining slope of the density of states curve at the Fermi
(vec= number of valence s and p electrons/number of atoms level }7:1%-22 Unfortunately, existing arguments based on the

in the chemical formula) of 1.6% 21/13 s and p electrons/  nearly free electron model and other related approaches of
atom. In the Ce-Zn binary system, this concept leads to electronic structure for metals do not address the chemical

the “ideal” composition of “CeZng”, i.e., 61.5 atom % Zn.  structure of these intermetallics, that is, how the various
However, a wide range of composition has been observedatoms are arranged:26

around both sides of this concentration, although no detailed ] )
reports on the distribution of Cu and Zn among the various " this paper, we report the crystal structures of five
sites in the crystal structure exist. different Cu—xZne. samples forx = —0.59(3), ~0.31(3),
Within the nearly free electron theory of electronic 0'00(3_)' 0.44(3), and 0.79(3) with the cubtdrass str_uctur(_a,
structure for metals, the composition range in—-n as refined by both neutron and X-ray powder diffraction.

y-brasses is nicely explained by an argument presented byTNiS range corresponds to the existence of fhbrass
Jones and Mo#16They constructed a large polyhedral zone, Structure (57-68 atom % Zn) in the CaZn phase diagram,
called a “Jones zone”, from the 3830+ and{411 planes shown in Figure 1. Our crystallographic work focuses on
in reciprocal space, planes which give large structure factorsthe “coloring problem® of Cu and Zn atoms among the
for the y-brass structure and could show that the space different crystallographic sites. Given the similar X-ray
enclosed accommodates 1.73 “free” valence electrons perscattering factors for Cu and Zn, a combination of X-ray
atom?’ This zone is nearly spherical, and an inscribed sphereand neutron diffraction is necessary to obtain accurate
(i.e., a sphere just touching the polyhedral faces) holds 1.54structural chemical information in these €#dn phases.
free valence electrons per atéfin this picture, the valence  X-ray and neutron diffraction studies of €&l and Cu-
d electrons are treated as tightly held by the nuclei and do Al—Zn y-brasses have already been successful at distin-
not contribute to the free electrons; these are assigned to theyuishing site occupancy patterns and structural distortions
valence s and p electrons. In the Mott and Jones model, thegyer the observed composition rarf§é The factors influ-
spherical Fermi surface will be distorted when it approaches encing one atomic arrangement over another in a solid-state
the faces of the Jones zone, opening energy gaps in the bandrcture are defined by energetic contributions originating
structure near these positions in reciprocal space and providrom the site potentials and pairwise interatomic potentials.
ing some energetic stabilization relative to other structures tpage are, respectively, tsite energyand thebond energy
(e, other translational periodicities). _ which can be assessed by a population analysis of the
There remains, however, some controversy regarding thecg|cylated electronic structufe Within the tight-binding

origin of the stability of they-brass phases. Paxton et al. approximation, the band energy can be decomposed into
assign its stability to a lowering of the density of states

around 1.7 electrons per atdfhFurthermore, they assign

gaps opening throughout the Brillouin zone as arising from (19) El;/gzg%ni, U.; Asahi, R.; Sato, H.; Takeuchi, Philos. Mag.2006

Scattering frorr{3.30}., {411} a$ Wel! as{42(}, {332.' and (20) Asahi, R.; Sato, H.; Takeuchi, T.; Mizutani, Bhys. Re. B: Condens.
{422 planes, while it is the distortion of the atomic planes I~ Mat.hMater. Physzoosk 57%] 125102. o )

; _ ; i~ (21) Asahi, R.; Sato, H.; Takeuchi, T.; Mizutani, Bhys. Re. B: Condens.
with respect to the body-centered cub!c (bcc) structure in Mat. Mater, Phys2005 B71 165103,
real space that enhances the scattering from {thEl}, (22) Mizutani, U.; Takeuchi, T.; Sato, H. Non-Cryst. Solid2004 334
especially, and 330 planes. Subsequently, Mizutani et al. & 335, 331.

23) Takeuchi, T.; Sato, H.; Mizutani, U. Alloys Compd2002, 342, 355.
have analyzed the free electron bands and argue that th 243 Schubert. KZ. Metallkd.1989 80, 783. Y pe2002 342,

{330 and{411} planes have the dominant role in creating (25) Johnson, OBull. Chem. Soc. Jpri973 46, 1929.
(26) Bradley, A. JPhysical949 15, 170.
(27) Massalski, T. B. IBinary Alloy Phase Diagram®2nd ed.; Massalski,

(15) Jones, HProc. R. Soc. London, Ser. 1934 144, 225. T. B., Okamoto, H., Subramanian, P. R., Kacprzak, L., Eds.; ASM
(16) Mott, N. F.; Jones, HThe Theory of the Properties of Metals and International: Materials Park, OH, 1990; Vol. 3, p 3068.

Alloys Clarendon Press: Oxford,1936. (28) Amar, H.; Johnson, K. H.; Wang, K. Phys. Re. 1966 148 672.
(17) Mizutani, U.; Takeuchi, T.; Sato, Hrog. Mater. Sci2004 49, 227. (29) Miller, G. J.Eur. J. Inorg. Chem1998 523.
(18) Paxton, A. T.; Methfessel, M.; Pettifor, D. Broc. R. Soc. London, (30) Kisi, E. H.Mater. Sci. Forum1988 27—28, 89.
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the sum ofsite energyandbond energyterms according to
eql

Egand= Esie T Egona = (z ai%)sie T (z PiBi)Bond
I I¢J (1)
wherea; and 5 are coulomb and resonance integrajs,
values are the orbital occupation numbers, pndalues are
the overlap populations involving orbitdlandj. To analyze
these contributions in the GtZn system and to identify the
chemical parameters consistent with the specific ordering,
tight-binding, linear muffin-tin orbital calculations within the
atomic sphere approximation (TB-LMTO-AS&have been
carried out on the series €347n7 41, Cs 3177 69, Cls 06ZNs.00,
Cus6ZNg 44 and Cuy21Zng 76 We also performed similar ab
initio calculations on the3-brass Cuzn phase in order to
interrogate the phase diagram boundaries betweef dmel
y phases. We believe this combination of structural and
theoretical analysis provides some new insights into the
behavior of these HumeRothery phases.

Experimental Section

A. Synthesis and Chemical AnalysisFive different Cu-Zn

samples were targeted by combining the pure elements, copper

(powder, Fisher, 99.999%) and zinc (powder, Fisher, 99.999%), in

the Zn atomic percentages of 57.0, 59.0, 61.5, 65.0, and 67.5. The

alloys were annealed at 1073 K in evacuated silica tubes for 2 days,

then slowly cooled to 900 K, and finally quenched in water to

prevent any formation of superstructure or long-range ordering at Figure 2. (a) Observed and calculated X-ray powder diffraction patterns

lower temperature®:34 Indeed, in the similar ZrPd system we  of Cuu21Zng7o for the 2 range 5-90°. The intensity scale is normalized

recently observed that long-range ordered modulated structures ingstgﬁIl’g?rs;tggeo”nsfh;ezgg:g’gggg ?S)d){(“r;]})-ow deeﬂ?fﬁzﬁﬁncugfeﬁs .

thesey-brass systems might be synthesized by slov_v coGlifg. the 2 range 42-50° observed for .Cy5an7_4)1l, %ls_slznma CLb.ooans.oa

The Cu-Zn samples are stable upon exposure to air and water. cy, .7ng 4, and Cu 2:Zns 76

Electron microprobe analyses were performed using a JEOL JXA-

8200 and with the pure elements as standards to obtain quantitativefive y-brass phases. All five intermetallic phases have the bcc space

values. These analytical results are summarized in Table 1, whichgroup,143m, with four formula units per cell. Table 1 summarizes

shows excellent agreement with both the loaded compositions andthe unit cell parameters and refinement results; Table 2 lists the

those refined from subsequent diffraction experiments. refined atomic positions and equivalent isotropic displacement
B. Crystal Structure Determination by Powder Diffraction. parameters.

B1. X-ray Diffraction: X-ray powder diffraction patterns of these B2. Neutron Diffraction: Since the scattering factors for Cu

phases were recorded on a Rigaku Ultima Il diffractometer and Zn may not permit distinguishing these atoms by X-ray powder

mounted on a sealed tube generator with a Cu target, using K diffraction (just one electron difference), neutron powder diffraction

and Ko, radiations. Data were collected at 0°G2eps for 5 s/step was carried out on these compounds. Indeed, the elastic neutron

over the @ range 5-90°. Figure 2a shows the observed and cross sections for Cu (7.728 10724 cn?) and Zn (5.680x 1024

calculated patterns along with the difference curve fox £2ng 7o cn) are significantly different to allow us to refine site distributions.

Figure 2b shows the five diffraction patterns in th2range 42- Time-of-flight (TOF) neutron diffraction data were collected at

50°. The slightly shifting diffraction peaks as the composition ambient conditions on the Neutron Powder Diffractometer (NPDF)

changes indicate the changing unit cell sizes along the series. Onat the Manuel Lujan Neutron Scattering Center of Los Alamos

the basis of the structural arrangement known from the literature National Laboratory. This instrument is a high-resolution powder

for they-brass Cu-Zn phas€>37 the unit cell parameters and the
atomic positions of CikeZN7.41, Clb 31ZN7.60, Clb 0oZNg.00. Clls 56
Zng 44, and Cu 21Zng 79 Were successfully refined with the Rietveld
method, using the JANA2000 program with 61 parameteihis

diffractometer located at flight path 1, 32 m from the spallation
neutron target. The data were collected at 295 K using thé&,148
119, 9¢° and 46 banks, which cover d-spacing range from 0.12

to 7.2 A. Figure 3 illustrates the observed and calculated neutron

confirms the symmetry, space group, and cell parameters of thesediffraction patterns for CipiZng 79 as an example.

(32) Andersen, O. KPhys. Re. B 1986 B34, 2439.

(33) Morton, A. J.Acta Metall.1979 27, 863.

(34) Morton, A. J.Phys. Status Solidi A974 23, 275.

(35) Brandon, J. K.; Brizard, R. Y.; Chieh, P. C.; McMillan, R. K.; Pearson,
W. B. Acta Crystallogr., Sect. B974 30, 1412.

(36) Von Heidenstam, O.; Johansson, A.; Westmar\cga Chem. Scand.
1968 22, 653.

(37) Bradley, A. J.; Thewlis, Proc. R. Soc. Londo926 112A 678.

The structure was refined using the General Structure Analysis
System, a Rietveld profile analysis program developed by Larson
and Von Dreelé? The starting structural models for each composi-

(38) Petricek, V.; Dusek, MThe Crystallographic Computing System
JANA2000 Institute of Physics: Praha, Czech Republic, 2000.

(39) Larson, A. C.; Dreele, R. B. V. GSAGgneralized Structure Analysis
SystemLANSCE: Los Alamos, NM, 2004.
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Table 2. Fractional Atomic Coordinates, Site Occupation Factors
(SOF), and Equivalent Isotropic Displacement Parameters for
Cus—xZng+x (x = —0.59,—0.31, 0.00, 0.44, and 0.79) As Refined by
Neutron and X-ray (intalics) Powder Diffraction

sites SOF (Cu/Zn) X y z Ug
Cus56ZN7.41

M1(8c) 1/0 0.82789(7) 0.82789(7) 0.82789(7) 0.0127(2)
0.82878(5) 0.82878(5) 0.82878(5) 0.0154(4)

M2 (8c) 01 0.10797(6) 0.10797(6) 0.10797(6) 0.0128(3)
0.10791(5) 0.10791(5) 0.10791(5) 0.0162(5)

M3 (128 1/0 0.35581(8) 0 0.0156(4)
0.3600(4) 0.0182(5)

M4 (24g) 0.10(2)/0.90(2) 0.31162(4) 0.31162(4) 0.03666(7) 0.0177(3)
0.31111(5) 0.31111(5) 0.03644(5) 0.0199(4)

ClUs 3:ZN7.69
M1 (8c) 1/0 0.82690(5) 0.82690(5) 0.82690(5) 0.0130(3)
0.82725(6) 0.82725(6) 0.82725(6) 0.0147(3)

M2 (8c) 0/1 0.10792(6) 0.10792(6) 0.10792(6) 0.0137(2) .. . ! .
0.10775(5) 0.10775(5) 0.10775(5) 0.0163(6) Figure 3. TOF neutron powder diffraction patterns fixspacings between

0.25 and 2.75 A for CipiZng 7o taken from data obtained with the 46
M3 (12¢)  1/0 g '33753(25()6) 0 0 0(')0011‘:’%2) bank detectors. Observed data are represented by crosses; calculated results

M4 (24g) 0.06(1)/0.94(1) 0.31190(6) 0.31190(6) 0.03680(7) 0.0167(4) Afe rePresented byhe rec ine. The intensity scale uses arbitrary units. The
0.31073(5) 0.31073(5) 0.03667(5) 0.0202(4) Ifference curve Is lllustrated In blue on the same scale.

Cus 0ZNg.00
M1(8) 1/0 0.82774(6) 0.82774(6) 0.82774(6) 0.0125(2)
0.82804(5) 0.82804(5) 0.82804(5) 0.0144(3)
M2 (8) O/1 0.10781(7) 0.10781(7) 0.10781(7) 0.0142(2)
0.10787(4) 0.10787(4) 0.10787(4) 0.0166(6)
M3 (128 1/0 035579(9) o 0.0177(2)
0.3582(5) 0.0187(6)
M4 (24g) O/1 0.31156(7) 0.31156(7) 0.03674(9) 0.0186(1)
0.31061(4) 0.31061(4) 0.03683(6) 0.0201(4)
Cly 56ZNg 44
M1(8&) 1/0 0.82805(6) 0.82805(6) 0.82805(6) 0.0101(2)
0.82799(5) 0.82799(5) 0.82799(5) 0.0161(6)
M2 (8c) 0/ 0.10744(5) 0.10744(5) 0.10744(5) 0.0102(3)

0.10749(4) 0.10749(4) 0.10749(4) 0.0165(4)

M3 (12e) 0.85(2)/0.15(2) 0.3573(2) 0.0147(2) . T . .
0.3569(2) ° 0 0.0175(5) Figure 4. Variation in unit cell parameters for the cubiebrass phases
M4 (24g) 0/1 0.31088(6) 0.31088(6) 0.03687(6) 0.0153(4) CUs—xZNs+x (x=—0.59,—0.33, 0.00, 0.45, and 0.77) with Zn composition,

0.31059(5) 0.31059(5) 0.03677(5) 0.0169(5) represented as percent composition Zn, as refined from powder neutron
diffraction data. The dashed lines identify the limits of the composition

Cl 21Zng 79 : :
range where the/-brass phases in the €Zn diagram are observed.

M1(8) 1/0 0.82827(6) 0.82827(6) 0.82827(6) 0.0087(2) o : ‘ !

0.82814(5) 0.82814(6) 0.82814(6) 0.0168(5) Standard dE\{IaéIOHS for the atomic occupation and the unit cell parameters
M2 (8) 01 0.10737(6) 0.10737(6) 0.10737(6) 0.0097(2) &re represented.

0.10743(5) 0.10743(5) 0.10743(5) 0.0142(4) ) )
M3 (126) 0.73(2)/0.27(2) 0.3569(1) 0 0.0181(3) compression for these binary €dn phases as compared

0.3570(1) 0.0178(4) ; it
M4 (249 O/ 031032(7) 0.31032(7) 0.03651(7) 0.0141(2) to a linear variation of volume based upon the pure elements

0.31041(6) 0.31041(6) 0.03654(5) 0.0193(6) Cu and Znt° In addition, there is a linear variation in the
valence s, p electron density with composition for these
tion came from the X-ray refinements. Each model was refined y-brass phases according to the expresgigne /A3) =
using the four banks simultaneously (24819, 90°, and 46 0.0807+ 0.0668;,, wherefz, = fraction of Zn in the sample.
banks) for unit cell parameters, atomic positions, and equivalent These linear relationships corroborate the refined site oc-
isotropic displacement parameters. Background coefficients, scalecypancies and resulting compositions and argue against
factors, isotropic strain terms in the profile function, and sample vacancies in these structures according to our synthetic
absorption were also refined for a total of 61 parameters. In order dures
to elucidate the arrangement and concentration of Cu and Zn, Weproce .' . . .
. . . The cubicy-brass structure is a relatively complicated one
allowed the occupancies to be refined. After relaxation of the . . . . L
occupancies, the refinements smoothly converged to solutions wherehavIng 52 atom_s in the unit cell. Varlous.d_escrlptlons have
specific mixed Cu/zn sites are listed in Table 2. The refined O€€N proposed in the past. The most traditional one involves
chemical compositions are generally within 2 atom % of the loaded the 26-atom cluster constructed from successive polyhedral
composition and microprobe analyses. The unit cell parameters,shells: (a) an inner tetrahedron of M2 atoms; (b) an outer
atomic positions, isotropic thermal displacement parameters, andtetrahedron of M1 atoms sitting above the faces of the inner
refined sites occupancies are listed in Table 2. tetrahedron; (c) an octahedron of M3 atoms lying above the
edges of the outer tetrahedron; (d) a distorted cuboctahedron
of M4 atoms placed above the edges of the octahedron
The five Cy—xZng+x Specimensx = —0.59,—0.31, 0.00, (Figure 5). These polyhedra adopt a bcc packing; this
0.44, and 0.79, crystallize in the cubjiebrass structure, and  classical description begins from a modifiedx33 x 3
their cubic lattice parameters vary linearly with composition, superstructure of a bcc packing of atoms, i.e., fHgrass
as shown in Figure 4. These data also reveal a typical volumestructure, as pointed out in the introduction.

Structural Discussion

254 Inorganic Chemistry, Vol. 46, No. 1, 2007
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Figure 5. Representations of the cubjebrass structure of GuxZngx (x = —0.59,—0.33, 0.00, 0.45, and 0.77): blue spheres, Zn atoms; red spheres, Cu
atoms. (top left) Representation of the 26-atom cluster that forms a bcc-type packing, emphasizing the different polyhedra. (top right) Feed conden
M1-centered icosahedra. (bottom) Local environment for each of the four atomic sites)ebthss structure.

Another description of this structure involves the local 12 2, Inestomic Diances b Guzre. (- 059 031
environments at each of the four distinct crystallographic at 298 kK

sites, which are illustrated in Figure 5 using a distance cutoff
of 2.9 A. The M1 and M2 sites are coordinated by distorted
icosahedra, whereas the M3 and M4 sites show 13-atom an
11-atom coordination environments, respectively. Four M1 mgggg g-gg;ig; gg;ggg; g-géﬁ‘g; g-ggzgg; g-gggzggg
sites forming the outer tetrahedron in the 26-atom cluster vz (x3) 27007(7) 2.7074(5) 2.7037(9) 2.7135(11) 2.6976(8)
and their coordinating icosahedra create another possibleaverage  2.6098(8) 2.6346(7) 2.6319(9) 2.6329(9)  2.6315(8)
fundamental building block for the-brass structure: four — m2—-m3  2.5781(6) 2.5804(7) 2.5465(9) 2.5952(9)  2.5402(8)

. . _ . - ( 3)
interpenetrating M1-centered icosahetfrayhich can be Ml(xxs) 26074(8) 2.6207(7) 25881(8) 2.6083(7) 2.6015()

formulated as [M1(Mg@sM33:M4e2)]s. A survey of the  wa(x3) 26277(7) 2.6327(8) 2.6114(8) 2.6289(7) 2.6077(8)
interatomic distances, listed in Table 3, indicates that the M2(x3) 2.7046(8) ~ 2.7048(8) 2.7043(7)  2.6968(6)  2.7129(7)
two icosahedral sites, M1 and M2, have shorter average 2/¢/29¢ ~ 26294(®)  26131(7) 2.6126(8) 2.6148(9) 2.6156(8)
distances to their coordinating atoms than those for the M3 M3—X“é'4 2.5444(6)  2.5417(6) 2.5477(8)  2.5328(10) 2.5423(13)
and M4 sites. Likewise, the M1 and M2 have lower iSOtropic w3 (x1) 2.554(1)  2.5534(8) 2.5572(11) 2.5526(8) 2.5640(7)
displacement parameters than the M3 and M4 sites (see TabléflMi Exg %-%g%gg; %-gg%g; S-ggig% 5322288 %-g?ggg
2). The relative complexity of the atomic structure and the |, (x4) 2.8063(4) 2.8102(6) 2.8091(6) 2.8086(6)  2.8062(7)

presence of these icosahedra highlight the quasi-crystalms4 (x2) 2.8517(6) 2.8505(6) 2.8561(8) 2.8589(11) 2.8676(8)
approximant character of this phase. average  2.7022(8) 2.7042(6) 2.7055(8) 2.7083(9)  2.7095(9)

For the ideal composition G#ng, the M1 and M3 sites 'V'4(—'\{|)3 2.5440(8)  2.5417(7) 2.5465(9) 2.5445(8)  2.5402(8)
. X
are fully occupied by Cu atoms, whereas the M2 and M4 w1 (x1) 2.5444(6) 2.5466(7) 2.5477(8) 2.5526(10) 2.5640(9)

sites are fully occupied by Zn atoms; i.e., the 26-atom cluster m; (Xi) 2-22;3(3) g-g;;g(g) g-ggﬂ(go) ;-gggg(g) ;-gggi(g)
is formulated as{[Zn,Cw](Cu)e(Zn):zt. This distribution M4E§4; 2:639957; 2:6406%8; 2:6433%12)) 2..6487((8; 2'.6527((9;

pattern leads to shorter (on average) heteronuclearZou M3 (x2) 2.8063(4) 2.8102(6) 2.8091(6) 2.8086(6) 2.8062(7)
distances and longer homonuclear @u and Zr-Zn M3(x1) 2.8517(6) 2.8505(6) 2.8561(8) 2.8589(12) 2.8676(8)
distances in GiZng. As the chemical composition varies, average  2.6662(7) 2.6665(7) 2.6692(8) 2.6718(8) 2.6748(8)
our neutron diffraction results indicate that substitutions are
restricted to either the M3 or M4 sites, with the specific
tendency depending upon how the composition changes

ClsseZn7.41 Cls31ZN7e0 CUs0oZNgoo ClyseZNgas Clu21ZNg 79
JMMa 25006)  25066(7) 258100) 25M5(8)  2.5947(9)
(x3)

there is no redistribution of Cu and Zn among the M3 and
M4 sites. With respect to the 26-atom, “classicatbrass
cluster, the inner and outer tetrahedra are completely

(40) Lord, E. A.; Ranganathan, $. Non-Cryst. Solid2004 334 & 335 occupied by Zn and Cu atoms, respectively, creating a-[Zn
121. Cuw] tetrahedral star core; variations in composition occur
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Figure 6. Energy bands, total and partial Cu (red) and Zn (blue) DOS curves, and COHRrnQued) and Zr-Zn (blue) curves for CsZng in the cubic
y-brass structure. The Fermi level (dashed line) is the energy reference. Fermi levels for upper and lower composition ligit&ng, C(x = —0.59 and
0.79) are indicated by the gray region. In the COHP curves, bonding interactions ocet€@P > 0 and antibonding interactions occur felCOHP <
0.

at the outer regions of this cluster, i.e., the M3 and M4 sites, determined by this procedure were 1.42 A for Cu and 1.53
exclusively. The 26-atom cluster can be formulated{as A for Zn. The basis sets included 4s, 4p, and 3d orbitals for
[Zn,Cw](M3)e(M4)12}. Relative to CeZng, Cu-rich species  Cu and zn. Thek-space integrations to determine self-
give {[Zn,Cu](Cu)s(CuZn:-u)12} and Zn-rich species give  consistent charge densities, densities of states (DOS), and

{[ZnsCu)(Cus-,Zn,)s(Zn):z}. Closer examination of the  crystal orbital Hamilton populations (COH®)were per-
interatomic distances associated with the M1 and M2 sitesformed by an improved tetrahedron metffodn grids of

rgveals an !nterestlr?g_ relat|onsh|.p betwegn atomic distribu- 400-600Kk-points of the corresponding irreducible wedges
tions and distances: in the Cu-rich speciess(GiZNs—qy),  the first Brilloui

Cu substitutes at the M4 sites, which have the shortest® M€ fIfSt Briiouin Zones.
distances to the M1 (Cu) sites and the longest distances to y-Cus_«Zng.x: Figure 6 illustrates the energy bands and
the M2 (Zn) sites; in the Zn-rich species (CyZng+3,), Zn the DOS and COHP curves for €&Zn, Cu—Cu, and Zn-
substitutes at the M3 sites, which have the longest distanceszy, interatomic contacts of Gzing in a 14 eV energy window

to the M1 (Cu) sites and the shortest distances to the M2 ,15nding the Fermi level. The partial DOS curves of the

(Zn) sites. Cu and Zn contributions are represented in red and blue,
Electronic Structure Calculations respectively. The 4s and 4p orbitals of Cu and Zn form broad,
nearly free electron-like energy bands. A large peak around

To understand the relative stability of thebrass phase 7.5 eV below the Fermi level mainly arises from Zn 3d states

from a chemical perspective as well as the specific site . . .
substitution patterns for Cu and Zn and composition range overlapping with Cu 4p wavefunctions, whereas between 2.5

in Cus_,Zne+ phases, electronic structure calculations have and 4 eV below the Fermi level, a br.oader. peak is identified
been carried out on varioysbrass angs-brass models in to be mostly Cu 3d states overlapping with Zn valence 4p
the Cu-Zn system with TB-LMTO-ASA? using the LMTO, orbitals. Between 0.5 eV below and above the Fermi level,
version 4.7, prograrft. In this approach, exchange and the DOS curve shows a significant reduction in value, i.e.,
correlation were treated in a local density approximatfon. a pseudogap that is primarily caused bypdhybridization.

Al relativistic effects except spiorbit coupling were taken ~ Assuming a rigid-band approximation, we have located the
into account using a scalar relativistic approximatidmhe Fermi levels for CuseZn; 41 (150.4 €; vec = 1.570, 57.0
radii of the Wignet-Seitz (WS) spheres were obtained by atom % zn) and CibiZns7e (151.8 €; vec = 1.676; 67.6
requiring the overlapping potential to be the best possible 515 o4 Zn) on this DOS curve by the gray window. These
approximation to the full potential according to an autom_atic boundaries correspond very well with the limits of the
procedure; no empty spheres were necestare WS radii pseudogap and also identify the upper and lower limits for

(41) Krier, G.; Jepsen, O.; Burkhardt, A.; Andersen, O.Tight-Binding the existence of the-brass structure in the CtZn diagram

LMTO, version 4.7 Max-Planck-Institut fu Festkoperforschung: (see Figures 1 and 4)_
Stuttgart, Germany, 1997.
(42) von Barth, U.; Hedin, LJ. Phys. C: Solid State Phys972 5, 1629.
(43) Koelling, D.; Harmon, B. NJ. Phys. C: Solid State Phy%977, 10,

3107. (45) Dronskowski, R.; Blohl, P. E.J. Phys. Chem1993 97, 8617.
(44) Jepsen, O.; Andersen, O. K. Phys. B: Condens. Mattd995 97, (46) Blochl, P. E.; Jepsen, O.; Andersen, O.Rys. Re. B: Condens.
645. Matter 1994 B49, 16223.
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Table 4. Various Atomic Arrangements for GZing within the Cubic interactions less than 2.90 A indicate that the high energy
y-Brass Structure and Their Relative Total Energies per Atom¥eV) arrangemenB creates significant repulsive (antibonding)
M1 M2 M3 M4 energy/atom Zn—Zn interactions between the M1 and M4 sites, the
space group(M1') (M2) (M3) (M4) formula  (eV) distances of which are two of the shortest in the entire
é :gm gu én gu %n (guozme)z 8028 structure. In the observed arrangeméntthese Mt+M4
C Py an Gy an gcggﬂigz 0.010 contacts are C4Zn and attractive (net bonding). Thus, there
B Zn  Cu Cu Zn (CuoZng) is an importanbond energycontribution to the “coloring”
Zn Zn Zn Cu  (CuxZnia) .
E  P43m Cu Cu Cu Zn (CeZny) 0.025 On the other hand, the TB-LMTO-ASA method is not
_ Zn  Zn  Cu Zn (CusZngy) well-suited to address thate energycontribution due to the
F P43m gﬂ éﬂ %2 é’; (((é‘;fznﬁi) 0.001 tails of the wavefunctions that contribute to integrated
G  P43m Zn  Cu Zn Zn (CuZny) 0.012 “charges” within each WS sphere. We can analyze the
_ Zn  Cu Zn  Cu (CueZMo) significance of this term, however, by utilizing semiempirical,
H P43m Zn Zn Zn Zn  (CyZnge) 0.022

extended Hakel theory (EHT) to calculate relative atomic
Mulliken populations’—50 Relative atomic Mulliken popula-
tions for each crystallographic site in a structu®{— Qsite)
are evaluated by setting the atomic orbital parameters to be
In the energy band structure, significant band gaps acrossthe same for every site in the crystal structure and calculating
the Fermi level for CsZng are mostly seen at the high the difference between the calculated site population at each
symmetry points N¥(z, 1/, 0) andrI (0, O, 0). In the PetZn site Qs and the average value overall sit&®[j for a range
system, we have observed the existence of lattice modulationsf valence electron counts. In this way, when the relative
along the [110] directions, which suggests that the fraction atomic Mulliken population at a site is negative, then the
of occupied states along tHeN direction in the Brillouin  site is attractive for greater than average valence electron
zone significantly influences the observegebrass struc-  density; when it is positive, then the site is attractive for
turest® Furthermore, the upper bound of the pseudogap lower than average valence electron density. For this
corresponds to the bottom of parabolic (“free-electron-like”) calculation on the CuZn y-brass structure, we do not
bands at points N and H/§, =/, /). The Cu-Zn COHP include the valence 3d atomic orbitals on Cu or Zn because
curve identifies the upper bound point as the energy (Fermi poth are formally filled as seen in the DOS curve in Figure
level) that optimizes heteroatomic pairwise interactions; this 6 but, rather, utilize just the 4s and 4p atomic orbitals, which
energy corresponds to 151.8 valence s, p, and e are expressed as singleSlater-type orbitals in EHT.
formula unit, i.e., CuzZngze While the heteroatomic  |ncluding the valence 3d orbitals changes the quantitative
interactions are optimized at this electron count, both the put not the qualitative results of the calculations. Diagonal
Cu—Cu and Zn-Zn interactions remain weakly bonded. Hamiltonian matrix elements are given by valence state
Therefore, increasing substitution of Cu by Zn insGidng orbital energies derived from atomic spectra for Zn; off-
will eventually populate CtZn antibonding states first in  diagonal Hamiltonian matrix elements are approximated by
the y-brass structure and lead to structural instability. the weighted WolfsbergHelmholz approximatiof® The
Regarding the lower limit (Cu-rich side), the argument is atomic parameters are as follows: Zn Hg,= —12.41 eV,
less clear, although we observe that the-Za and Zr-Zn & =2.01; Zn 4pH; = —6.53 eV,&; = 1.70. With the use
interactions are strongly bonding at ca. 0.7 eV below the of the monatomic model, the relative Mulliken populatfn®
Fermi level. Depopulating these bonding states by continuing for the four crystallographic sites are plotted in Figure 7 as
to increase the Cu concentration will also lead to structural a3 function of vec; such plots were valuable for predicting
instability. Thus, the range of the pseudogap in the DOS for sjte preferences for Mg, Zn, and Al in quasi-crystal approxi-
CusZngix can be attributed to significant changes in mant Bergman phasé&s52For the range of observedbrass
pairwise orbital interactions. structures, the M2 and M4 sites clearly attract the greater
Before considering various substitution patterns on the valence electron density, while the M1 and M3 sites attract
y-brass structure, we address the distribution of Cu and Znthe lower valence electron density. Within the approximation
atoms in stoichiometric GiZns. TB-LMTO-ASA calcula-  offilled 3d orbitals at both Cu and Zn for these intermetallics,
tions on various distributions within the cubic cell, listed in  zn has greater valence electron density than Cu, such that
Table 4, give the lowest energy arrangemeh} in exact
agreement with structural characterizations: Cu in M1 and (47) Hoffmann, RSolids and Surfaces: A Chemist's View of Bonding in
M3 sites, Zn in M2 and M4 sites, space grol43m. The Extended Structure$/CH: New York, 1988.
highest energy config_uration is also bee but with Cu_and Zn Eigg gg{g‘gg”g Ilzéhgr?l?crgl ggrﬁ}r?gaiansgbl%g%z.ford University Press:
atoms switching the inner and outer tetrahedron sites, M1 New York, 1995.

- i i i (50) Ammeter, J. H.; Bigi, H. B.; Thibeault, J. C.; Hoffmann, R. Am.
and M2 @). Another low-energy configurationF] is a Chem. Soc1978 100, 3686.

primitive cubic arrangement that maintains [2uy] tetra- (51) Lee, C. S.; Miller, G. 3. Am. Chem. S0@00Q 122, 4937.
hedral stars at the corners and center of the unit cell but(52) Lee, C. S.; Miller, G. Jinorg. Chem.2001, 40, 338.

e PP (53) Nordell, K. J.; Miller, G. JAngew. Chem1997, 109, 2098.
modifies the distribution of Cu and Zn atoms at the M3 and (54) Haussermann, U.; Amerioun, S.: Eriksson, L.: Lee, C. S.: Miller, G.

M4 sites. The integrated COHP values for all pairwise J.J. Am. Chem. SoQ002 124, 4371.

Cu Cu Zn Cu  (CuoZne)

aModels adopting th@43m space group have two inequivalent sets of
sites.
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Table 5. Site Occupation Patterns and Relative Total Energies for
Substitutions on GiZng

CueZnzs (modeling Cu.21Zng.79)

models Znl Zn2 Zn3 Zn4 Zn5 Zn6
sites Mi1b M3at M3b M3a+M3c M3a+M3d M3a+M3e M3a+M3f
Aevl 0 —0.026 —0.027 —0.045 —0.027 —0.026

atom
ClpaZngg (Modeling CseZn7.41)

models Cul Cu2 Cu3 Cu4 Cu5 Cu6 Cu7
sites M2a Mda M4b M4c M4ad M4e Maf
Aevl 0 -0.141 -0.141 —0.141 —-0.216 —0.141 —0.216

atom

(Zn fully occupies all M2 and M4 sites). Notice that our

study is not exhaustive of all the possible cases but is just

representative. According to the relative total energies, the
Figure 7. Relative Muliken populations[QU— Qsi) for the four — additional Zn atoms definitely prefer to occupy the M3¢)L2

crystallographic sites in thg-brass structure as a function of vec. Positive it in th bic struct hich ith ¢
values indicate sites for more electropositive elements; negative values SIt€S IN heé cubiC Structure, which agrees with our neutron

indicate sites for more electronegative elements. The gray region marks diffraction experiments.
the range of observed vec values forsGZn:. The shapes of the calculated DOS curves for the various
Scheme 1 models (not presented here) are quite similar to the one in
Figure 6, so the factors distinguishing the different models
are quite subtle. The major justification of the observed site
preference is to strengthen the-€2n and Zn-Zn interac-
tions by occupying additional bonding states. -&Iu
interactions also become more attractive, but the best model,
Zn4, minimizes the number of nearest neighbor—Qu
contacts while maximizing the number of €dn interac-
tions. The Zr-Zn contacts become less repulsive; the filled
Zn 3d band creates a net antibonding-=Zn interaction, as
indicated by its integrated COHP value. Previous studies on
factors influencing metal atom distributions in polar inter-
metallic compounds indicate that heterometallic interactions
are favored over homometallic ones, especially when elec-
tronegative metals like Ni, Zn, or Au are involveth*5658
because these elements tend to develop filled valence d and
. . s bands. The site energy also influences the substitution
irr: dwgldl?obfhzri;ir(;?]tclja:\lzgagﬁ?e& tz;niee?ﬂ;p?)rlliga'\ggnsslti? patte_rn; the relative Mulliken populations for the Ml_ and
the relative Mulliken populations. the electronegativities of M3 sites _suggest that the M3 site is the better glternatlve for
the atomic constituents were use('j as a guide but do not workzn’ as this site attract_s a lower electrqn _densny._
for the Cu-Zn system: Cu is more electronegative tharfZn y-CUsseZ 741 (CU-RiCh Cases):In a similar fashion, we
which can be attributéd to the filled 3d levels of Zn not foun’d havg calculated the total energy of seven models of hypo-
thetical “CuwaZnyg” to explore the site preferences for

Itgafl;.f gﬁw_ﬁ\]/j;’ :Esrgzg%t::,[:r;?y Ofnigoliolloe\:/\r,lirr than replacing Zn atoms with Cu. These results are also listed in
' ' g & Table 5, and the preferred M4 sites show a larger relative

factors contributing to the observed distribution of Cu and stability than we observed for the Zn-rich cases. The

Znin the observed/-prass phas.es. ) observed substitution pattern also serves to maximize the
y-CUs2Znes (Zn-Rich Cases):From the atomic arrange- 1y mher of heteroatomic GtZn contacts and lowers the

ment in stoichiometric GZne, Zn can replace Cu at either  \,mner of zn-zn contacts. Although the COHP value for
the M1 or M3 sites. To understand the site preference for y,o 7171 interactions is bonding near the Fermi level, it

the additional Zn, the total energies of six different models g ot antihonding due to the filled 3d orbitals. Furthermore,
of a hypothetical “CisZnsg” ("Cu4Zng” @s an approximation — yhe nattern maximizes the number of-€0u contacts. The
t0 Cu 21Zng.79) compound were calculated. To conduct this  copp cyrves for CCu and Zn-Zn contacts indicates that
study, all calculations were performed in the space group lowering the Fermi level by Cu substitution will make the

P222, a subgroup d3m, and the WS radii for Cu_ and Zn o cyand Zn-Zn interactions less bonded (more repulsive
were kept constant. Scheme 1 shows the correlation between, .o case of ZrZn: less attractive for CuCu).

the various Wyckoff sites of the space groug8m and
P222. Table 5 lists the different models of “gHnszs” by (56) Gout, D.; Benbow, E.; Gourdon, O.; Miller, G.ldorg. Chem2004

i ifvi i i iti 43, 4604.

Identlfymg the sites OCCUDIed by the additional Zn atoms (57) Han, M.-K.; Morosan, E.; Canfield, P. C.; Miller, G.Zl.Kristallogr—
New Cryst. Struct2005 220, 95.

(55) Mann, J. B.; Meek, T. L.; Knight, E. T.; Capitani, J. F.; Allen, L. C.  (58) Gout, D.; Barker, T. J.; Gourdon, O.; Miller, G.Ghem. Mater2005
J. Am. Chem. So00Q 122, 5132. 17, 3661.
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L CuZng | CuyZng
(||BCC||) |

(y-Brass) |

Figure 8. Relationships between thiebrass (left),y-brass (right), and a
3 x 3 x 3 -brass-type superstructure (middle) that is related tgtheass
structure.

M13 T

(y-Brass)

M13 7
(leccu) i
y-Brass vsfp-Brass: The y-brass phase is closely related

to the 3-brass phase, which corresponds to a bcc structural

arrangement with randomly distributed Cu and Zn atoms. V)2 g
Indeed, we can generate thebrass arrangement of atoms -
by starting from a 3x 3 x 3 superstructure of thi§-brass -6
bcc packing of atoms followed by removing 2 atoms from -8
the resulting 54-atom supercell (one from the corner, one -10
from the center of the supercell) and then shifting the 12

remaining atomic sites to the resulting coordinates (see Figurerigure 9. Total DOS curves for four models based upon Herass and

8). However, this construction involves only the positions p-brass structures. Dashed line indicates Fermi level forvéd1 electrons

of atoms and does not address the distribution of elements:P&" atom; dotted lines indicate Fermi levels for upper and lower bounds of
‘vec observed in the CtiZn system.

the S-brass phase is completely disordered whereas the

y-brass phase typically shows ordering among the different the range of vec observed in the €Zin phase diagram.
crystallographic site$1%3537 |n addition, Paxton et al. have Clearly, they-brass structure creates a deeper pseudogap in
shown that from an electronic structure perspeétieere the DOS curves near these vec values than the 8x 3

is no basis for this description It is, perhaps, important to sypercell of bee packing does. The chemistry, however, also
note here that the cubig-brass structure remains unknown cqontributes to deepening that pseudogap even further when
for any monatomic system (pure element), although there ishe corresponding GHns and Mg curves are compared.

a recent report of a ké cluster found in a Li-Na—Ba phase  Therefore, we conclude that the pseudogap is associated with
Li1dNageBayo that corresponds to the cluster building up the the structure itself and the atomic arrangement enhances the

y-brass structur _ gap and through interatomic interactions provides a justifica-
The nearly free electron model accounts quite well for the tjgn for the atomic distribution.
observed compositions and vec ranges of the becfiypass To further explore the relationship between the bcc-type

structure and the complex cubjebrass structure in Hume  g_prass with the -brass structures, the relative total energies
Rothery alloys."*® The tight-binding model, which offers  of various Cu_.Zn, models were evaluated via a tight-
some chemical interpretations, is also successful in sorting binding approach (TB-LMTO-ASA) and compared. Four
these two structures within second-moment scaling proce- gitferent cases were probed: (Bybrass (bcc-type); (2)
dures®®®? The general conclusion of these studies is the ,,_prass (52-atom cubic unit cell over 4 crystallographically
importance of the DOS with the-brass structure showing  jstinct sites); (3) 2x 2 x 2 superstructure of the bcc
a distinct lowering of its DOS at the Fermi level for a vec  grrangement with vacancies at the corners and center of the
value near 1.7 valepce S, p electrons per atom. To furthergg| (14 atoms); and (4) & 3 x 3 superstructure of the bcc
for four distinct models of-brass: (a) the observed structure of the cell (52 atoms). Models 1, 2, and 4 are depicted in
for CusZng; (b) CusZng in the defect 3x 3 x 3 supercell of  Figure 8; model 3 represents an intermediate periodicity
bee packing (see Figure 8); (c) a monatomigshh the between the two observed structural motifs. To account for
y-brass structure (MZn); and (d) Mg in the defect 3x 3 ¢hanges in vec and atomic volumes, the average atomic
x 3 supercell of bcc packing (see Figure 8). These DOS yolumes were modified to reflect the experimental results,
curves are illustrated in Figure 9 with Fermi levels indicated \yhereas the WS radii for Cu and Zn remained constant.
for vec= 1.57, 1.61, and 1.68, values which correspond to Figyre 10 illustrates the relative total energies of these models
(59) Smetana, V.. Babizhetskyy, V.. Vajenine, G. V.. Simon /shgew for compositions between 100% Cu to 100% Zn relative to
Chem., Int. Ed2006 45, 6{%’1. v T ARgew: the total energies of the compositionally weighted average
(60) Burdett, J. KChemical Bonding in Solig©xford University Press: from the hypothetical monatomig-brasses, “Ci” and
Oxford, 1995. W 0 Thi ; o
(61) Hoistad, L+ Lee. SJ. Am. Chem. S0d991 113 8216. Zny3'. This choice of reference specifically probes the bec-
(62) Lee, SAcc. Chem. Red991, 24, 249. related structures and the coloring of Cu and Zn through-
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the 3x 3 x 3 superstructure never becomes a competitive

arrangement. Thus, this tight-binding approach provides an
excellent separation of the two brass-type structures and also
distinguishes them from reasonable bcc-related models.

Summary

Structural characterization of a series of sGidng«
compoundsX = —0.59,—0.31, 0.00, 0.44, and 0.79) with
the y-brass structure shows a specific site distribution pattern
around the ideal composition of €4ng. Of the four
crystallographic sites, the two that are surrounded by an
icosahedral environment and that form [uw] tetrahedral
stars around the corners and centers of the unit cell refuse

Figure 10. Relative total energies for four models of CiZny: (black chemical substitution for the observed compositional range.
line) y-brass structure; (red ling}-brass structure; (blue line) 8 3 x 3 This particular substitution pattern has been investigated by
superstructure of the bcc arrangement; and (green lined 2 x 2 . . . . .
superstructure of the bcc arrangement. The reference is the compositionallyleIecn‘Orllc structure cglculatlons. These Calcmat.'c’ns 'dent'fy
weighted average of total energies for hypotheticéirasses, “Cy” and influences from botlsite energieandbond energiesn the

“Zny3.” Vertical dotted lines indicate observed compositional width for the  ghserved coloring of this structure over the entire composi-
Cu—Zn y-brass structure and dashed lines the-@n j-brass structure. tion range
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