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Abstract

The color of Cu-Zn brasses range from the red ppeothrough bright yellow to grey-silver as the
Zn content increases. Here we examine the mechdismiich these color changes occur. The
optical properties of this set of alloys has bealoudated using density functional theory (DFT) and
compared to experimental spectroscopy measuremidrgsoptical response of the low Zn content
o-brasses is shown to have a distinctly differergiorto that in the higher contefit, y ande-

brasses. The responsefdbrass is unique in that it is strongly influendgdan overdamped

plasmon excitation and this alloy will also havsti®ng surface plasmon response.
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1. Introduction

The unique optical properties of the coinage me@ils Ag, Au and their alloys, have been applied
for centuries for a variety of technological andal@tive purposes. Most recently they have been
the predominant materials used for plasmonic apfiins. Although the coinage metals are
normally used in elemental form for such applicagiathere is also some interest in using their
alloys [1]. For example, it has been demonstratatinanoparticles can be fabricated from Cu-Zn
alloys [2-7] and that a surface plasmon resonaanebe sustained [4, 7]. The color of the bulk Cu-
Zn brasses varies with the Zn content, as doeertgyy of the plasmon resonance in nanopatrticles.
This behavior is related to the change in the dtatefunction that occurs with the different
composition and crystal structure of the alloyse Tielectric function is itself determined by the

underlying electronic structure of the material.

A number of Cu-Zn alloys and intermetallic phasesabserved, as listed in Table 1. Inclusion of
vacancies in the structures allows these phasgsaio a finite composition range in the binary
phase diagram. The Cu-Zn system has long beeredtadithe prototypical representative of
materials satisfying the Hume-Rothery rules [8]spite this long history, there is an incomplete
understanding of the connections between the drsfstecture, electronic structure and optical

properties in these materials.

Thea-brass phase is stable when the Zn content is batbowt 37 at.% and it has a disordered,
substitutional, face-centered cubic (fcc) structérgthe Zn content increases the color transforms
from the reddish hue of pure Cu to the bright yellof brass. Associated with this color change, the
optical absorption edges shift upwards in energyh@Zn content increases [9-12]. Tdbrasses
have also been the subject of many theoreticakiiyations where it has been concluded that the
alloying with Zn shifts the valence band features/d in energy [13-16]. This is consistent with the
increase in the energy of the interband transittbatsare responsible for the absorption edge [13].

The correlation between the various features iroffteeal spectra with transitions from the



bandstructure was made by Rao et al. [17]. Thetmighese interband transitions is usually
identified as being from the top of tdeband, but the origin of the features at highergynéas

been the subject of some debate.

For the equiatomic composition and at high tempeesat(above 480°Cfp-brass (Cuzn) is a
disordered body-centered cubic (bcc) solid solubionthis structure is not retained when the alloy
is gquenched and tHg-brass, stable at room temperature, usually F@€8CI structure. The color
and reflectivity changes i-brass (along with other alloys) was measuredfasion of
temperature below the disorder transition by Muldaj#8]. An analogy was drawn between it and
Ag, as both metals display a sharp reflectivity, @vpich is in contrast to Au and pure Cu. It was
proposed that bulk plasmon excitations play an nt@pd role in accounting for this behavior. The
Muldawer data was later used to extract the dieteftinctions for3'-brass which showed that the
real part of the dielectric functios,, crosses zero at ~2.5 eV, which is where thea#diey dip
occurs [19]. However, it was necessary to perfoxtma@olation of the data, including matching to
pure Cu data outside the measured frequency rangejer to perform the Kramers-Kronig
analysis. Later measurements have instead suggestedlthougte; closely approaches zero at

the energy of the reflectivity dip, it does notuadty cross the axis [20].

There have been a number of calculations of therel@ic structure and bandstructureg3ébrass

[15, 21-23] and there were discrepancies in theggngosition of thed-band between the early
results. The main peak in the complex part of tleéedtric function,s, has been attributed to
transitions from the Fermi surface to the unocadigtates [21, 22, 24] but it has been suggested
that transitions from thd-band also contribute [25]. Although the earliep@@ discussed the
important role of the bulk plasmon in the color apdical response ¢f-brass [18, 19], this aspect
has largely been neglected in later papers [2dpdd, the question of whethgrfor 3'-brass

crosses zero at 2.5 eV, corresponding to the ersnghich a bulk plasmon excitation would occur,

does not appear to have been resolved.



The electronic structure gfbrass has previously been studied in order tonstated the phase
stability of this complex intermetallic compound[27] but the optical properties have remained
largely unexplored, apart from a recent experinlesitaly of thin film samples [28]. We are not
aware of any studies of the electronic structuk @ptical properties af-brass. These Zn righ

ande phases do not display the golden hues of the ésaggh low Zn content.

In this paper calculations of the electronic stuetof thea-, 3'-, y- ande-Cu-Zn brasses using
density functional theory (DFT) are presented. Towmpositions (12.5 and 25 at.% Zn) were
studied for thex-phase. From the electronic structure, the digtefiinction and reflectivity were
calculated using the random phase approximatiod\JRFhe calculations are compared to optical
data acquired from thin film and bulk samples. levious work on thei- and--phases, the
connection between the electronic structure anahieal response was only inferred, not
calculated. The calculations presented here reprrése first direct calculation of the optical
responses. For the ande-phases this work represents the first computaltistoay of their optical
responses. By comprehensively studying the sdtmfsathe trends and differences between the

different Cu-Zn brasses were explored and therofitheir properties was established.

2. Material and Methods

Thin film samples were prepared by co-depositirgalements onto a glass substrate by direct
current magnetron sputtering. Substrate surfaces tweroughly cleaned using detergent, water,
acetone and ethanol then dried in nitrogen. The passsure of the chamber was 1.3 % p@

10° Torr) with flow of argon at a pressure of 0.2 B&(mTorr).

Bulk samples were prepared by induction meltin@9% pure Cu and Zn within a carbon crucible
under a flowing argon atmosphere. The resultingmg#ddiameter, ~50 mm long ingot samples

were then sectioned using a diamond saw, groundapped to a 1m diamond polish.



Crystal structures were verified using CyX:-Ray Diffraction (XRD) on a Panalytical ExPert™
diffractometer or a Siemens D5000 X-ray diffractoéeneThe sample compositions were measured
with energy dispersive spectra using a Zeiss EVBIBLSEM with a Bruker EDS Quantax 400. Prior
to optical characterization the bulk samples weltgested to fine grinding and polishing, where
0.05um gamma-alumina suspension was used at the fitighpw. Optical characterization was
carried out using a V-VASE Ellipsometer by J.A. Wam Co.. The resultant data was analyzed

using WVASE ellipsometric software.

Samples for transmission electron microscopy (TEMje prepared from the bulk alloys by the
conventional approaches of mechanical polishingpté grinding and ion beam thinning. TEM

images and diffraction patterns were acquired ugidgOL 2100 LaBTEM.

3. Calculations

The experimental crystal structures for freandy-phases, as given in Table 1, were used in the
DFT calculations. The disordered structurest-uy g75ZNo 125 A-Cly 75Z2Ng 25 ande-Cup 20ZNo 80

cannot be modelled with the methods used here@rdrsthese, a supercell and specific atom sites
were chosen as shown in Fig. 1. Experimental &fterameters from the literature for the two
different compositions of the-phases were used [29]. For #iphase, 3 of the 16 atoms in a

2x2x2 supercell were set to Cu which correspondsZa concentration of 81.25 at.% and the
experimental lattice parameters from the literafarean 81.5 at.% alloy were used [30]. For the

Cuw 75ZNg 25 alloy, a selection of three structures were medetind compared in order to test the
effect of atom positions on the optical respon$égse have been designated A, B and C for

reference as indicated in Fig. 1.

The DFT calculations were performed using the dimeed) augmented plane wave plus local

orbitals method (LAPW+lo) within the WIEN2K softweapackage [31]. This is an all-electron



method that includes relativistic effects. The gatiezed gradient approximation (GGA) of Perdew,
Burke, and Ernzerhof (PBE) was used for the excéanagrelation potential [32]. The numberkoef
points was set sufficiently high that the resultspectral details are not expected to change with
morek-points. The maximum angular momentum for the lagléave functionslg,,y) was chosen as

10 and the plane-wave cut-oR\{rKmay) Was set to 7.0.

The total and partial density of states (DOS) waleulated by means of the modified tetrahedron
method [33]. The complex dielectric function wakcaated using the random phase approximation
(RPA) and neglecting local field effects (LFE) [34he RPA approximates the polarizability of the
system as a sum over independent transitions. Timeemtum matrix elements are calculated from
the electron states and an integration over tleelurcible Brillioun zone is performed to calculate
&(a). Finally, a Kramers—Kronig analysis is performtedbtaing («). LFE are not expected to be
significant in the low-energy spectral regionsrakrest here [35]. It is computationally convenient
to split the calculations of the dielectric funetidue to inter- and intraband transitions into two
separate calculations before summing them to olitaifinal dielectric function. For non-cubic
systems, an appropriate average over the diffe@mponents of the dielectric functiog &y,

&7) was performed. In order to elucidate the conoedbetween the DOS and optical response
functions, the response functions were also caledlaith a subset of band-to-band contributions.
Further details about the calculation of opticalparties using WIEN2k can be found elsewhere

[36].

4. Results
Table 2 summarizes the composition and structutkeo€Cu-Zn samples fabricated in this work.
The low boiling point of Zn makes it challengingreain the Zn content during the fabrication of

bulk samples.



Fig. 2 shows the calculated total DOS for eachhefdrystal structures (but only structure A doer
Cuw.75ZNo 25). Figs. 3 (a) and (b) show the real and imagimenys of the calculated dielectric
functions and Figs. 3 (c) and (d) the corresponédxjgerimental data. Fig. 4 shows the
experimental and calculated reflectivity. Also smow Fig. 2, with a dashed line, is the DOS for
the electronic bands that a band analysis showe tingkmajor contribution to the onset of the
interband transitions for that alloy, as illustdate Fig. 5. This analysis shows that for thérasses
the absorption threshold is associated with treomstfrom the top of thd-band, as is the case with
pure Cu. In contrast, for th, y- ande-brasses it is primarily the transitions from jostow the
Fermi level that contribute to the onset of themaak ins,, with thed-band transitions making a

much smaller contribution.

Fig. 6 shows the reflectivity calculated for theeth different structures of-Cuy 752N 25 It
indicates that the effect of structural rearrangaimen the optical properties is generally smaller
than the effect of a change in composition. Itxigezted that a disordered alloy would show an

optical response that is an average of such cdicnota

Fig. 7 shows images and corresponding diffractiattepns for the bulB-, y- ande-brasses. Thp-
andy-brasses were large grained and indexing a lowxindf&action pattern as shown confirmed
the crystal structures. Tlebrass was quite fine grained showing a more pgsgatline diffraction
pattern. The first ring of spots corresponds to[1®)] d-spacing foe-brass. The TEM images of
the3- ande-brasses show many dislocations and other defdwsaas thg-brass is quite

featureless and defect free.

5. Discussion
For all alloys, the valence DOS is dominated by tigtinctd-bands: the lower energy band
corresponding to the Zn states; and the highertotige Cu states. As expected, as the Zn content

increases the Cdrband becomes smaller and narrower and thé-Eand correspondingly larger



and wider. The top of the Gliband shows a slight shift downwards, relativehe Eermi level
with increasing Zn content. The DOS presented hesreonsistent with results in the literature,

where available [15, 23, 25-27, 37].

As the Zn content in-brass increases, the absorption edge shifts islightvards in energy,
consistent with prior observations and calculatidrs17]. In thea-brasses, the color and
absorption edge onset arise from transitions fioentdp of thed-band with only a small

contribution from the states around the Fermi lewetontrast, for th@-, y—, ande-brasses, it is
primarily the transitions around the Fermi levelttbontribute to the main peakdnwith thed-

band transitions making a much smaller contributidrere is not a monotonic relationship between
the energy of the main peak and the Zn conterthiergroup of alloys, with the-brass having the
lowest energy and strongest interband transitibhey-brass also has the most complex crystal

structure, resulting in a complicated bandstructuite many available interband transitions, which

accounts for this behavior.

Generally, the calculated and experimental reshitsv good agreement in the observed trends as a
function of Zn content. The energies of the peaks (and corresponding dips in the reflectivity)

are well reproduced, particularly for tBe, y—, ande-brasses. However, the shape of the dielectric
function fore-brass does not agree well. The fabricated all@yehaumber voids, defects and

second phases. It was relatively dull in appearandeating significant additional absorption
mechanisms, and this accounts for this discrepbatiyeen the theoretical and experimental

results. Similarly, there is a difference betwdanthin film and bulk results f@-brass which is

most likely due to the differences in microstruetwith these different fabrication methods.

The calculated absorption edge onset fortH@asses is ~0.5 eV below the experimental values.
One of the ongoing challenges in the study of i@enmetals is that the relative energies of the

features in the electronic structure are not wegroduced by calculations using conventional



ground state density functional theory (DFT). TiBiparticularly problematic for the tightly bound
d-states. The inclusion of dynamic quasiparticle&l has been shown to overcome this limitation
[38-41], but such approaches are computationalie glemanding. Notwithstanding this limitation,
interpretation of the origin of various featureshie spectrum and the trends that occur with

changes in composition can still be performed uksg sophisticated approaches.

The calculations here confirm that the color stndm a reddish hue of pure Cu to the yellow color
of thea-brasses is accounted for by the shift upwardsi@rgy of the absorption onset, due to the
deeper lying d-band. The colorless hue ofyth@nde- brasses is attributed to the large number of
low-energy interband transitions around the Feawel, not involving thel-band for these alloys.
Similarly, transitions from thd-band are not involved in the optical responseantar of the(3-
brass, despite this alloy having a brilliant yelloalor. In this case, the reflectivity shows a ghar

dip and then increases again, indicative of a ptesoresponse.

In this work, neither the calculations nor expennta results have; in B'-brass crossing zero at

~2.5 eV, although it approaches very close to g &or the computational results, the spectra are
calculated over an extended energy range (0-5@e#f)s0 issues around extrapolation to perform
the Kramers-Kronig analysis are not important. ®lales such as broadening parameters and k-
point convergence were tested, and although theinéluence the proximity to the axis, none of

the calculations predict a crossing. For the expenital measurements, the use of ellipsometry
techniqgues overcomes the ambiguities due to spestir@polation that occurred in the earlier work

[18].

The existence of a longitudinal bulk plasmon isalisudefined as whes, crosses zero with a
positive slope. Correspondingly, in an electronrgpdoss experiment a peak in the energy-loss
spectrum would be observed at this energy. Thatsiu in3'-brass can be thought of as analogous

to an overdamped spring where here the oscillasistrongly damped by the interband transitions.



Nevertheless, the shape of dielectric functiorffdirass, suggests it would support a surface
plasmon response at around 2-2.5 eV, dependingeoshtape of the patrticle. In this energy range,
& Is quite small (there are few interband transgjoend so quite a strong response would be
expected. This has been observed experimentally\iAjle the addition of small amounts of Zn to
form thea-brasses should improve the plasmonic response,oé¥&n greater improvement would

be expected for the equiatomic intermetallic conmuh3'-CuZn.

6. Conclusions

The trends in behavior of the optical propertiethef Cu-Zn brasses have been successfully
predicted using DFT. The optical response ofatH@asses is shown to be dominated by transitions
from the top of thel-band whereas for tH&, y-, ande-brasses it is transitions around the Fermi
level that are important. In addition, the previamsbiguity around the plasmonic behaviofin

brass has been resolved and it has been showartlmaerdamped bulk plasmon response plays a
role in the optical response. The dielectric fumetior 3-brass shows that this material is expected

to be useful for applications relying on the exoita of surface plasmons.
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Table 1. Crystal structures of the Cu-Zn brassesnthe Inorganic Crystal Structure Database

[42]).
Space Lattice Atomic Coordinates Wyckoff
Group  Parameters (A) X y z Site
Cu Fm-3m a=3.615 Cu 0 0 0 4a
o-CupxZny Fm-3m a=3.62-3.69 Cu/Zzn O 0 0 da
B'-CuZn Pm-3m a=2.959 Cu 0 0 0 la
Zn Ya 7 Ya 1b
y-CusZng [-43m a=8.878 Zn 0.1089 0.1089 0.1089 8c
Cu 0.328 0.328 0.328 8c
Cu 0.3558 0 0 12e
Zn 0.3128 0.3128 0.0366 24g
e-Cl2ZNogo P6G/mMmc a=2.7418 CulZn Y % Ya 2c
c=4.2939

Table 2. Measured composition and lattice pararaéterthe thin film and bulk materials prepared

in this work.

Sample
(Nominal Composition)

Space Group,

Measured Composition

Lattice Parameters (A)

a-Cuy g75ZNo.12sthin film
a-Cuy 752N 25 thin film
B'-Cup 50ZNo 50 thin film
B'-Cup.50ZN0 50 bulk
y-CusZng bulk

€-Cuy.20ZNg g0 bulk

86 at% Cu, 14 at% Zn
76 at% Cu, 24 at% Zn
52 at% Cu, 48 at% Zn
59 at% Cu, 41 at% Zn
38 at% Cu, 62 at% Zn

23 at% Cu, 77 at% Zn

Fm-3m= 3.6446
Fm-3m=3.6718
Pm-3@= 2.9330
Pm-3@= 2.9554
I-43ra,= 8.8621

Béimc,a=2.7414c = 4.2949




FIGURE CAPTIONS

Fig. 1. The supercell-based crystal structures tseaodel the disorderesd anda-Cu-Zn brasses.

Fig. 2. Total electronic DOS for (a)Cuy g75ZNg.125 (b) a-Cug 75Z2Ng 25 (€) B'-CuZn (d)y-CusZns (€)
e-CuwZnie. The dashed line is the DOS for the electronialamhich a band analysis shows make
the major contribution to the onset of the inteb&nansitions (as shown in Fig. 5.). The dashed

vertical line indicates the Fermi energy.

Fig. 3. Real parts, (a) & (c), and imaginary pais,& (d), of the dielectric functiore] for Cu-Zn

alloys as obtained from DFT calculations ((a) &) @)d experimental ellipsometry measurements

((c) & (d)).

Fig. 4. Reflectivity for Cu-Zn alloys as obtaingdrh (a) DFT calculations and (b) experimental

ellipsometry measurement.

Fig. 5. Comparison of the imaginary part of thdeti&gic function €,) calculated using all
interband transitions (solid line) to that calcathusing only the transitions from bands represente

by the dashed line in the DOS of Fig. 2 (dasheg)liGalculated for (a-Cup g75Zno.125 (b) O-

Clo.75Z2No.25 (€) B'-CuZn (d)y-CugZns (€) e-CleZnge.

Fig. 6. Reflectivity calculated for the three dr#at structures afi-Cuy 7520 25 (Structures A, B and

C from Fig. 1).

Fig. 7. TEM images and diffraction patterns frontkieamples of (ap-brass (b)-brass and (&3-

brass.
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Highlights

» Study of the electronic structure and optical resgoof the Cu-Zn brasses.

* Agreement between experiment and calculation otlibkectric functions.

* a-brasses optical response is dominated by transifrem the top of the d-band.
* Inthe other brasses it is transitions around #renklevel.

* [-brass response is dominateed by an overdampé&dlagmonic response.



