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Structure of ordered and disordered a-brass
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Alloys of copper and zinc¢bras$ have been widely used since Neolithic times due to the discovery that
unlike regular copper this alloy can be worked “cold” around a 3:1 copper-to-zinc ratio. While it is now
known that the as-grown system is a disordered fcc solid solution, no 3:1 ordered phase has yet been directly
observed even though the negative mixing enthalpy of the disordered alloy suggests ordering tendencies.
Moreover, neutron scattering experiments have been deduced that this disordered alloy contains peculiar chains
of Zn atoms. We have expressed the first-principles calculated total energy of general Cu-Zn fcc-lattice
configurations using a mixed-space cluster expansion. Application of Monte Carlo—simulated annealing to this
generalized Ising-like Hamiltonian produces the predicted low-temperature ground state as well as finite-
temperature phase diagram and short-range order. Wéifitttat at low temperature the disordered fcc alloy
will order into the DQ; structure (ii) the high-temperature short-range order in close agreement with experi-
ment, and(iii) chains of Zn atoms in th€001] direction, as seen experimentally. Furthermore, our model
allows a detailed study of the influence and importance of strain on the phase stability.
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. INTRODUCTION scattering around thé120) and symmetrically equivalent
) . positions in the Brillouin zone. Such peaks suggest that the
~ Alloys of copper and zin¢bras$ have been widely used gisordered alloy is developing nonrandom composition
since Neolithic times when accidental mixing of copper andyayes which could signal its propensity to order crystallo-
zinc ores was pr_o_bably the reason for the d|scove_ry of 'tﬁraphically at lower temperatures. It is clear, however, from
malleability, ductility, and ability to process even in cold e short-range orddSRO pattern that the structure that is

. 1-3 . . . .

cr?nd|tt|)ons.4 (\)LVthe‘ |th.hasl,) bee,|:1 rr:lstolrlmal_ly long klr(mgn being developed near GuZn, ,5 composition isnot one of
that above 45% “white brass”) the alloy Is notworkable e fecordered structures at tgB composition; for ex-
either hot or cold, at lower Zn concentrations brass is mal-

leable. Near 50% Zn we have the phase now krfowrhave ‘ém%ej’ Z |sMn ot ;\Tlgtl_lcfr 'tsrt];ucgge Si:i:i?fgﬁgiagférgt%
the disordered bcc structurgg{orasg above ~460°C and AU, AgsVIg, ® 2

of, e.g., TiAk, NizV, Pd;V. Finally, Reinhardet al*® noted

the ordered CsCI structure at lower temperatures. Betweeh t the hiah-t i truct f their disordered all
45% and 38% Zn we have the brass that can be worked only'2" 1€ high-temperature structure ot their disoraered alloy
onsists of unusudD01] chains with three to five Zn atoms

in hot conditions and is not very ductile, but is rather strong.
This brasscurrently used widely for manufacturing of deco- Whose abundance exceeds that expected from a random al-
rative faucetsis now known as orthorombic 9R structure !0y- These too suggest a propensity for some ordering.
which can be formally derived from a face-centered tetrago- A number of attempts have been made to theoretically
nal structure by introducing stacking faults on each thirdPredict the structure of- anda’-brass. Hume-Rothetyas
plane® Below 38% Zn we have the historically most-widely Noted that Cu-Zn belongs to a class of compounds whose
used form of brassthat has excellent “cold working” prop- structure' correlates .Wlth the electron-per-atoeia) ratio.
erties and is ductile. This &-brass,” which is the subject of The basic concept is that alloys between tés' noble
this paper, is now knowhto have at high temperatures the Mmetals(Cu, Ag, A and elements to the right of them in the
disordered fcc structure. Since it is known that the disordere@eriodic table(i.e.,d'°s*pY elements with fulld bands occur
bce alloy (8) orders at low temperatures, it has long beendt characteristic electron per atom rattddn these systems
suspectetithat the disordered fcc alloya) will also order at thed band of the solute atoms lies far below the Fermi level
might terma’) was never detected, possibly due to a low@lloying. During alloying the kinetic energy of the free elec-

. . o trons is lowered due to the formation of a gap in the Bril-
order-disorder transition temperaturg® .

. ) louin zone boundary by the introduction of an extra period
Although we know that-brass is a d|sor_d(_ared fcc alloy, characteristic of the ordered formed compound. Since this
there are definite clues that suggest that it is noaradom

. o mechanism depends only on the valence electrons, the struc-
alloy. First, measuremenrts of the mixing enthalpy of the ture formed is uniquely defined k®/a.

alloy show that it is negative, suggesting the tendency of the Following this idea, Sato and Tdfhshowed in 1961 that

Cu and Zn atoms to order crystallographically below SOMe; o considers a superlattice 1)y /(L 1,) s of periodM

temperaturd ¢“ . Thus, immediately above this temperature ,aqe of the_1, and a displacedi 1, cell as candidate struc-

one might expegt nonrandom disorder. Second, measurg;res for Cuyzn, then the perio is given by thee/a ratio
ments of the diffuse neutron scatter”rﬂgof a sample  gnd the ratiot between the actual Fermi-surface diameter
quenched from high temperatur@ T ) exhibit defini-  along (110 and the diameter of an equivalent free-electron
tive deviations from randomness, manifested by peaks of thEermi surface. If the peak of the measufe8RO can be
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interpreted as an image of the Fermi surface al6ht), SRO. Nevertheless, the calculated SRO of Tumthal 122
then according to Reinhaset al° t=0.94. Using this value signaled the propensity of developing at lower temperature
and e/a=1.25 yields, using the Sato-Toth model, the some long-periodic superstructures.

ground-state structure with peridd~ 2. While highly sug- Given that the questions of the structure of disordered (
gestive, such Hume-Rothery concepts focus but on one pie@d ordered ¢’) phases of brass are yet-unsolved funda-
of the total energy of the solidthe sum=Fe; of single- mental problems in alloy theory, we attempt here a solution.

. . . b We use an approach that incorporates in a natural manner the
part!cle energies up to the Fermi Ie)gaheglecthg |_nterelec- presently recognized factors that affect alloy stability. The
tronic (Coulomp, ex.change, and (?orrelat)amd lonic term_s. total energy is described via the local-density approximation
Also, the atomic size-mismatch-induced stré@mcoded in

: o (LDA), including both single-particleX;e;) as well as inter-
the full total energy is neglected. It is important to empha- gjactronic and interionic terms. Charge-trangféiadelung

size that this approach does not predict the stable structutg, 4 energy-lowering atomic displacements are fully in-
(out of many possible candidate configuratiprisut rather ) ,qed. The configurational degrees of freedom representing
assumes it at the outset. Already early experimentajiiary degrees of deviations from randomness are treated
studies™™ found deviations from ideal Hume-Rothery be- i3 3 Monte Carlo simulation of the above-mentioned energy
havior in Cu-Zn; e.g., Mssbauer mves_tlgatlo?‘FSreporteq & functional. To facilitate intensive Monte Carlo samplings, we
stronger increase in the electron densityiebrassifcc solid  gynang our energy functional in an Ising-like series, so that
solution) than in that of3-brass(CsCl structurg when pres-  he energy of each configuration can be rapidly computed.
sure is applied, while according to the Hume-Rothery rulesg,,c, cluster expansion formali§?® generalized by
the opposite should be ftrue, because the number of outefynchez Ducastelle, and Grafasllows, e.g., a fast and
electrons per atom is higher jB- than ina-brass. reliable ground-state search in a huge parameter space with
More quantitative attempts to predict the structurexef guantum-mechanical accuracy. Our mixed-space cluster
anda’-brass were carried out recently. Johnsol 1° were expansiof® (MSCE) casts thel =0 LDA configurational en-
able in 198 with further details given in 199(Ref. 16] to ergy (used by theT #0 Monte Carlo simulationsas a linear
calculate the total energy of perfectly ranqlom alloys usinGseries in both pairwise and many-body terms, designed to
the full (local-density total energy expression, rather than 4ccyrately reproduce the directly calculated LDA total ener-
theEfFei single-particle term alone used by Hume-Rotfiery gies of simple-ordered configurations.
and by earlier practitioners of the coherent potential approxi- The main results of the application of our MSCE method
mation (CPA).*"8 Johnsoret al. were able to calculate the to fcc Cu-zZn alloys are the following:(i) The low-
equilibrium lattice parameter of fcc-disordered ;CyWZn,  temperature ordered phase is identified as thg;B@ucture.
(finding a small deviation from Vegard's ryland a mixing  The order-disorder transition temperature Tis= 140 K at
enthalpy of AH(CuggsZNg 39 = —55 meV/atom, compared x,,=0.10 and T=295 K at x,,=0.33. (i) The high-
with the measured valudH=—82 meV/atont:®* No at-  temperature SRO scattering exhibits:0) peaks, in close
tempt was made to introduce SRO effects in the deSC”pt'o'&greement with the neutron experiment of Reinhetrel 1°
of the random alloy or to predict the ordered low- i) Real-space imaging of our short-range order exhibits
temperature phase. Since this calculation neglected atom 01] chains of Zn atoms in the disordered phase, as seen
displacements, assumed a spherical muffin-tin apprOXimatio@xperimentally.(iv) The calculated alloy mixing enthalpy
to the atomic potential, and, as was latter discovéf@mit- ' t” SR is in close agreement with experiments
ted unwitir_lgl_y the ion-ion Madelung interactions, the accu-e_g_, AH(x=0.3, T=773 K)=—81.1 meV/atom compared '
racy was limited. Subsequently, Johnson and Pifisidded /i) the measured value of 77.8 meV/atom, and predicts a
the previously missing'’*® Madelung term, finding temperature dependence: Short-range order leads to a strong
that AH(CupesZNo39 changes from—55 meV/atom to  decrease in the mixing enthalpies of the alloy) We de-
—80 meV/atom, in much better agreement with experimentscribed the impact of the previously neglected strain energy
A rather complete theoretical study of the phase stabilityon the phase-stability and finite-temperature properties, find-
of Cu-Zn alloys was conducted by Turadtial?~**They use jng that without strain terms the mixing enthalpies of the
the perfectly random alloyas modeled via the CPAas @  random alloy are up to about 20% too low and the order-
starting point for a perturbative expansion of the energy. Thejisorder transition temperatures are about 20 K higher than

unperturbed CPA energy was given just by the singlethose obtained from calculations including strain.
particle term X;¢; without interelectronic Coulomb, ex-

change, and correlation, or Madelung terms, while the per-
turbation about the CPA medium was expressed as an Ising- Il. METHOD

type cluster expansion ovécomposition-dependenpair- In the MSCEZ any configuration is defined by speci-

only _intera_ctions. Atomic_displacements a_nd the en?‘uriUQying the occupations of each of th lattice sites by a Cu
elastic strain energy were neglected. Despite these simplifi-

cations the authors were able to calculate a realistic SRG©M (_spm indexS=—1) or a n atom §:=+1)..The
diffuse scattering map, the phase diagram and the fcc mixin rmation enthalpy of any conf|gurat|am at its atomically
enthalpyA H (Cuy ¢ZNg 39 = — 53 meV/atom. Because of the '€laxed state is conveniently given by

limited accuracy, the stable structure obtained fogZuat

T=0 wasL 1,2 which is inconsistent with the measut&d AHce(0) =Epair(0) + Emany-body(0) + Ecs(0). (1)
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The first term Ep,(0) inc!udes aII_ pair figures, where AHLDA(U)zE“’t(Aqu,a)—xE}ft(aA)—(1—x)E‘B°‘(aB).
Jpair(kK) and S(k,o) are lattice Fourier transforms of real- (7)
space interactions and spin-occupation variables:

_ Here,a, andag are the equilibrium lattice constants of the
Epair(0) =2 Jpair(K)|S(k,0)|?. 2 -8a AN0as

pair o par | | bulk elementsA and B, and ElX'(a,) and EX'(ag) are the
total energies oA andB, respectively. As shown earli¢see,

The second SUMEmanynoay( ) includes many-body interac- e.g., Refs. 28, 26, and 29t is essential that the calculated

tions and runs over symmetry-inequivalent clusters ConSiStformation enthalpies correspond to tgeometrically full
ing of three or more lattice sites: P P y tully

relaxed configurationi.e., the structures have to be opti-
MB _ mized (consistent with the symmetry of the structuseith

Emanybody(a)=2 D:JIIs(0). (3 respect to unit cell vectors, cell-internal atomic displace-
f ments, and the volume of the unit cell.

Here,D; is the number of equivalent clusters per lattice site, We obtainAH, pa(os) using the pseudop_otentlal total-

— . ___'energy and force methald.The pseudopotentials were gen-
andIl;(o) are structure-dependent geometrical coefﬂuent%rated using the prescription of Troullier and Marfhdhe
(spin products These first two terms include all the infor-

. ) . .__exchange correlation term was treated by the local-densit
mation about strength and importance of different chemical 9 y y

) | . : . . pproximation of Ceperley and Ald&rin the parametriza-
interactions characterized by effective cluster interactiong " ¢+ pardew and Zungé?. A plane-wave basis with ki-

Jpair @nd J;. It does not consider the energy necessary 19 otic energy cutoff of 80 Ry and a total of 22X 12
maintain coheren_cy b_et\{veen_ the Cu and_ fce Zn matri quivalentk points* is necessary to converge the formation
caused by the lattice misfit. This part is considered in the la;inthalpies. The pseudopotentials were carefully tested and
termEcg(0): successfully used in an earlier work on Al-Cu and Al-Zor
1 R details, see Ref. 35
Ecgo)= yvar) > AESY(K,x)|S(k,0)|2. (4) We have computedH,  for Ng=23 ordered structures
. defined by their composition and layer orientation in Fig. 1.

This term involves theconstituent strain energAESY,  Fitting these energies to our expansion of Ef) yields
which is defined as the strain energy of bulk Cu and fcc ZniJpair(K)} @nd{J;}. Structures marked by an asterisk in Fig.
required to maintain coherency along an interface with ori-- Were not used for the fit, but represent actual predictions.
entationk. For this, the bulk element€u and foc Zi are The average prediction err¢t.63 meV/atomis also shown

. P . on the top of Fig. 1. The unusually small maximum error of
deformed from thelr. equilibrium lattice gonstarg@u and 2.3 meV/atonfprediction ofAH(Y2)] permits us to study in
az, to a common lattice constaatperpendicular td. Then,

detail the delicate energy balance being essential for our

AEc(0) is given by expandindd EEY(x,k) as® ground-state seardisee Sec. IIl A.
. Once we have a converged cluster expansion, we can cal-
AEcq(o) =2, Jes(x,K)|S(k,a)|%, (5)  culate theT=0 ground state and the finite-temperature SRO
k

by using our cluster-expansion Hamitonian in Monte Carlo
(MC) simulations. The SRO behavior of the system for a
given temperature and concentration can be quantified in
AE?;qS(x,ﬁ) terms of Warren-Cowley SRO parameter which will be de-
m. (6) scribed in Sec. Il E. For the ground-state search, we anneal a
randomly generated configuration for a given concentration

Consequently AEES, and thereforeEc(o), does not in-  Starting with a temperature high abovéhere Toiar
clude information about the strength of chemical interactions= 700 K) the coherent phase boundary. When equilibrium is

between Al and Zn atoms, but is a function of composition "€ached, the temperature is reduced by a certain amount
and directionk only 27 (typically 10 K steps The procedure is repeated as long as

For each configurationr (designated by the spin values spin flips take place betwgen Cu and Zn atoms. The resulting

i R ) i — crystal structure aT —0 gives the ground state of the sys-
on each lattice siteit is possible to readily calculatédi(o),  tem. We repeated carefully the process using different MC
D¢, andS(k,0). Given these three quantities, as well as thege|ls and number of MC steps per temperature, as well as
AEZY(x,k) obtained from simple LDA calculations on end- different temperature grids for the annealing process. This
point compounds, the unknowns in EGB)—(4) areJ,; (k) kind of ground-state search is not restricted to formation en-
and J;. These are obtained by fitting a sefH pa(os);S  thalpies calculated directly via the LDA, but scans about
=1,... Ng} of directly calculated LDA formation enthalp- 10%°690 of different configurations. This technique has the
ies for Ng ordered configurationss to the cluster-expansion advantage that the ground state is not only identified by
expressioMHcg(o). The formation enthalppH, pa(o) of its correlation functions which we store for the final
an orderedA,B, bulk compound is defined as the energy configurations, but also by the real-space atomic arrange-
gain or loss with respect to the bulk constituents at theirment. Thus, there are no ambiguities as to what is the final
equilibrium lattice constants: stable structure.

with

‘]CS(X! k) =
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Cluster-Expansion of Cu-Zn (a-brass): 21 input structures

Average fit error (CE, 21 structures): 0.12 meV
Average prediction error (4 predictions*): 1.63 meV

Maximum error: 2.30 meV

Direction
Stoich. TzZn (100) (110) (111) (201) (311) others others
Cu 0.0 Fee
direct: 0.0
CE: -0.1
CusZn  0.111 N_zZ?f_\gb“ FIG. 1. Cluster expansion fit
-43.5 for a-brass. The compounds are
CurZn 0125 D7 sorted by sup_erlattlce direction
-39.1 and composition. Compounds
-39.3 marked by an asterisk are not in-
CusZn 020 D1% p_ut st_ructures of the cluster.ex_pan-
-66.2 sion fit, but represents predictions.
-68.4 While the “average fit error”
CusZn 025 z1 vi Vi D0aza w1 L1, gives the stan.dard deV|§1t|on of
-50.4 -62.7 -32.9 -77.1 -63.8 -87.4 cluster expansion formation en-
-50.4 -62.8 -33.0 -77.1 -63.7 -87.3 thalpies of input structures, the
CusZnz 025 D023a | SQS14a “average prediction error” repre-
-88.1 -55.0 sents the standard deviation of all
-88.0 -55.0 predicted structures. The “maxi-
CusZns 0.25 LPS3a | LPS21a* mum error” is the largest devia-
-87.2 -85.6 tion between the cluster expansion
-874 -85.9 and LDA values.
Cu2Zn  0.333 Bl ¥1 al
-76.9 -92.3 -49.0
-77.0 -92.4 -49.0
CuZn 0.50 L1, L1,
-116.0 -83.1
-115.9 -83.1
CuzZna  0.50 Z2* Y2* V2* | CH(40) | W2 5QS8a | SQSsb*
-86.6 -66.2 -112.6 -103.7 -89.0
-84.9 -63.9 -70.8 -112.6 -103.7 -89.0 -82.0
Zn 1.00 fee
0.0
0.0
lll. RESULTS ) ]
tally as an ordered phase in £4n, presumably because it
A. T=0 ground-state structure of fcc Ctp75ZN¢.25 disorders at low temperaturé¢see Sec. I D.
Figure 2 shows the lowest-energy structure obtained by
MC-simulated annealing of our LDA energy functional of B. Energetic stability of the T=0 ground state
Eq. (1), out of about 1€° %% possible configurations. The and its competing structures
structure can be identified as DX CugZn,), also pointed Our calculation reveals delicate energy balance between

IlO |2l

out by Reinharcbt al™" and Turch_iet als* This structure_ IS the various CyZn competing phases:
described in Table I. It can be viewed as a superlattice be-

tweenL1, and a translated. 1, structure {15), shown in M=0, AH(random=—55.0 meV/atom,
Fig. 3: DO,; can be constructed frorhl, by forming an

antiphase boundary after every two lattice constanf®@i] M=1, AH(DO)=—77.1 meV/atom,
direction; i.e., the modulation peridd of the structure with

respect td_1, is M=2. This modulation wavelength can be M=2, AH(DO,3) = —88.1 meV/atom,

noted by viewing our ground-state structure as shown in the B B
lower part of Fig. 2. Table Il compares the pair- and M=3, AH(LPS3=—87.2 meV/atom,
multibody-correlation fun.ctions found by our grounq-state M=o, AH(L1,)=—87.4 meV/atom. ®)
search and those for an ideal BGtructure. They are iden-

tical, proving that the found ground-state structure is indeedVe see that the energy difference between, P =1)
DO,;. This predicted structure was not observed experimenand L1, (M=) amounts to only 11 meV/atom. Turchi
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Ground state for Cuy;sZn,,s ©
DO,; [Cu,(white)Zn,(gray) ]

[001]

FIG. 2. Result of the ground-state search by Monte Carlo an
nealing: The found ground state represents a perfeck B@perlat-
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D023 LPS3
O I |
e} o)
o} e} o] o}
o L | ./0‘7
i ° ; o}
T © o
0 o) 0 o}
0 0
o} o
o} o) e}
e} e} o o ) o}
e} o) o}
/o ) o)
M=c M=2 M=3

FIG. 3. Schematical pictures of the compounds, (Cuz;Zn),
DO,; (CugZny,), and LPS3 (CyZng). The latter two long-periodic
superlattices can be constructed frarh, by antiphase boundaries
parallel to[001] with modulation wavelengtivi=2 and M =3,
respectively.

figures of the structurell =2, 3, and~. We see thafi) for
thei=1,5,9,15 order pairs, the correlation functioids(M
=2)=1II;(M=3)=0, so pair interactions of this type do not

tice which can be, e.g., identified by a modulation wavelength ofgjstinguish theM =2 from M =3 structurefii) for i = even,

M =2 between antiphase boundaries alp0g1].

et al?*??2 ysed the lowest order in the generalized perturba

tion method(GPM) to calculate the energy difference be-
tween the simplest LPS, D, andL1,. The model was

restricted to six pair interactions and no multibody interac-

tions were taken into account, leading to an energy differ
ence of about 24 mJAnRef. 22 betweenL1, and DG,.
Our corresponding LDA value is 22.8 mJmin excellent
agreement with the GPM result.

Since the formation enthalpies ff=2,3, andee are all
within 1 meV/atom, it is important to observe how this en-

ergy balance comes about from the qualitative physics. Fig

ure 4a) shows the spin producid;(o) for the various pair

TABLE I. Number of nearest neighbors, distarigeunits of fcc
lattice constanjs and number of neighbor pairs consisting of dif-
ferent chemical species fdrl,, DO,,, DO,3, and LPS3 struc-
tures.

Neighbor Total numbeDistance Number oB atoms aroundA

of neighbor

atoms (@ L1, DO,, DO,; LPS3
First 12 2z 12 12 12 12
Second 6 1 0 2 1 1
Third 24 J32 24 16 20 20
Fourth 12 J2 0 8 4 4
Fifth 24 JB5I2 24 24 24 24
Sixth 8 J3 0 8 4 4
Seventh 48 J712 48 48 48 48
Eighth 6 2 0 0 2 1

09420

we havell;(M=®»)=1, so these pairs do contributeltd.;
(iii) all other pair interactions, starting from=2 can distin-
Quish the structured =2, 3, and=. Figure 4b) shows the
real-space pair energig8®'". We see that for=1 (nearest
neighboj the interaction is strongly “antiferromagnetic”
(Cu-Zn attraction, while fori=2, 3, it is strongly “ferro-
‘magnetic” (Cu-Zn repulsion We also see that regarding
long-range (>>3) pair interactions,i=5,6,8,10 have the
largest magnitude. In Sec. IlI F, we will see that the “ferro-
magnetic” interactioni =5 and the “antiferromagnetic” in-
teractioni =8 are responsible for the creation of Zn chains
along the[001] direction in disordered Cu-Zn fcc alloys.
Figure 5a) shows the contributio;ITP*"JP#'" of the ith
pair to the total energy differencey,,— E.. between either
M=2 (DO, or M=3 (LPS3 and the referencé/ =
(L1,) structurelhorizontal line in Fig. §a)]. We see that the
curves forM=2 andM =3 show an oscillatory behavior.
However, most of the shells lead to negative energy differ-
ences with respect tM = and therefore to a preference of
DO,;and LPS3 ovel 1,. The only exceptions are shell Nos.
2 and 11. Because of this oscillatory behaviorgf—E..
with the shell index, it takes many shells to establish a clear
energetic winner. Thus, six patfs”?may not be sufficient to
describe the physical properties of the system correctly. This
is demonstrated in Fig.(b) that shows theaccumulative
effect /D, TIP3 JP?'" of all pair interactions up té on the
energy differenceE,,—E.,. The first entry {(=0) in Fig.
5(b) describes the effect of the many-body terms alone,
which are seen to prefél =3 overM =2. As we add shells
of pair interactions, thél =2 structure energies are a winner
past thel =10th nearest-neighbor shell.

Although our search clearly finds D@ as the low-
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TABLE Il. Pair- and multibody-correlation functions resulting from the ground-state search for
Cuy 75ZNg 25 Via Monte Carlo annealing. As can be seen, the values found are identical to those,nf DO
identifying this compound as low-temperature groundelbrass.

PAIR-IA I1P3"(DO,y) I1P3"(MC) MB-IA I1"(DO,y) I1"°(MC)
J, 0.0000 0.0000 J3 0.5000 0.5000
J, 0.8333 0.8333 K3 —0.3333 —0.3333
Js 0.1667 0.1667 L3 0.3333 0.3333
Ju 0.6667 0.6667 M3 —0.5000 —0.5000
Js 0.0000 0.0000 J4 —1.0000 —1.0000
Js 0.5000 0.5000 K4 —-0.1667 —0.1667
J; 0.1667 0.1667 L4 -0.8333 -0.8333
Jg 0.6667 0.6667
Jo 0.0000 0.0000
Jio 0.3333 0.3333

temperature ground state af-brass, the discussion above  C. Comparison of T=0 long-period structures of CusZn
makes clear that a consideration of fewer than ten pair inter- and CuPd

actions would lead to an incorrect answet, would then Figure 6 compares the energies of the long-period super-
be the low-temperature ground state of;Zu, in disagree- lattices Ey vs M for CusZn and CyPd. Values for CyPd
ment with experimental SRO studi&sFurthermore, we see are taken from Luet al®® In excellent agreement with the
that a consideration of at least 15 pair interactions is nece§-pa calculated formation enthalpies of §Zn (shown as
sary to reach convergence in the energy differences betweqﬂ)en squaresour prediction locates a minimum fod =2,

the structures wittM =2, M=3, andM =c. Actually, the - rresnonding to the DR structure. Luet al3® found for
consideration of such a large number of interactions distin-

guish  our  approach  from  earlier theoretical ————————r ———r

investigation'4?°~2%on a-brass. 191 —
(a) (I1°- 1,9 Ji
T T T 1] E 5 1 T
4 [<}
10 I W AUR .
S & SECS
4 [-]
0.8 2
§ O]
=1 08 1 o o M=2
0.4 -10 1 A M=3
02 T -15 T 1 L 1 L L L 1 L L L 1 L 1 L L (L 1 1 L [l
)
0.0 1 T 1 1T T 1 |() ()I L L
|(b) ("2 - T )i 4
T T T T T T T T T T T T T ) J7T T T T 1]
200 4 (b) D, J; |5 32 34
Q 0 T T T T
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_ FIG. 5. Energy difference betwednl, (M=) and onL1,
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Formation enthalpies of the L1, -based a-brass: Coherent Phase Boundary between
LPS for Cu; Zn and Cu, Pd solid-solution and long-periodic superlattice
DDz, DO LFS3 320 4
-76 - A L] + T T T T T T  —— 0
—e— AHge
—e— Cu,Zn: CE —o— MM~ AEG
-78 - o Cu,Zn:direct | 280 A
\ A Cu,Pd: direct
-80 \ —v-- Cu,Pd: CE < y
—_ 5 240 Disordered /
£ 82 2
= <
(1] i
> &
qE-’ -84 g 200
~ -
E -86 - M = 2 superstructure
160 1
-88
-90 1 1 120 . ; . . .
Cu.zn Cu.Pd 0.05 0.10 0.15 0.20 0.25 0.30 0.35
-92 x : Zn concentration x,

0o 1 2 3 4 5 6 7 8 9
. FIG. 7. Coherent phase boundary dtbrass calculated with
Modulation Wavelength M (solid line) and without(dashed ling taking the constituent strain
FIG. 6. Direct(LDA) and via cluster-expansion calculated for- €NergyAEcs into account,

mation enthalpies for the LPS group of £Zim and CyPd.

has a maximum at the critical temperatlre Repeating the
CusPd theM = 3 structure as the most stable structure of theannealing process for different concentrations leads to the
LPS group. It is interesting to note that following the work coherent phase boundary. The resulting curve is given as
by Sato and Toth? a modulation wavelengtM =4 is ex-  Solid line. The important result of Fig. 7 is that is very
pected for CyPd instead of the LDA valud =3: The use oW on the scale of growth temperatures. Thus, it might be

of a ratio t=0.94 (already introduced in Sec) nd e/a  difficult to detect the ordered phase directly. _
—0.75 for CyPd gives e/a=0.70 for M=3, but e/a In order to study the importance of the constituent strain

—0.74 forM=4. energyEcs, EqQ.(4), we switchedE¢ off, and repeated our
Since in CyZn the T=0 stable structure isM=2, Monte Carlo annealing to determifie. The resulting curve

whereas in CyPd it is M=3, we expect to see “finger- for T, is shown as a dashed Iine.in Fig. 7. We see that

prints” of these differences on the SRO diffuse scattering2Hce— Ecs léads to about 20 K higher transitions tempera-

Since the fundamental reciprocal space wave vector of longures, andii) the two curves are practically parallel; i.e., the

periodic superlattices is given b= (1 1/2V 0) with M be- temperature d|fferenc_e between them dc_)es not depend mu_ch

ing the modulation wavelengtfsee, e.g., Refs. 36 and)37 ©ON the Zn concentration. The behawpr is understandable in

SRO peaks should appear at different positions in the diffusérms of the ordering energiei,q, given by

scattering patterns of Gdn and CyPd. While C4Zn with

DO,; (M=2) as ground state should show SRO intensities 0Eora=AHorg—AH ang- 9

at k=(130) and symmetrtically equivalent positiongn

agreement with the observatipnCu;Pd with LPS3 M

=3) as ground state should show SRO intensitiesk at

Here,AH,,4 and AH,,,q are the formation enthalpies, Eg.
(7), of an ordered compound and a random alloy, respec-
L _ _ N 7 tively, at the same composition. As shown by Zuneeal %
=(150) and symmetrtically equivalent positions. This iS {ha tormation enthalpy of a random allogH, g, can be

discussed in Sec. IllE. successfully described by quasirandom structufesled
SQS structures For the following estimation, we will use

D. Finite-temperature boundary between the ordered low- the formation enthalpy of SQS&4(CusZn,) as formation
temperature structure @’ and the disordered alloy & enthalpy of the random alloy fox,,=0.25. Using our

We next study finite-temperature effects. The solid line inClUSter-expansion Hamiltonian, E(f), this leads to an or-

Fig. 7 shows our calculated phase diagram, delineating thd€ring energy

orderedM =2 superlattice from the disordered alloy. This

phase boundary can be identified by Monte Carlo—simulated ~ 6Eora=AHpo,,~AHsqg4= —33.1 meV/atom,
annealing, recording the specific heat as a function of

temperature. Being the response function of the enargy, while a neglect of constituent strain energies leads to
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SEord(no-strainy = [AHpo,,~ Ecs(DO23)] Short-range order in a-brass: T = 473K, x,, = 0.31
_ [A H sQS4a— Ecs SQSlla)] (a) Experiment (Reinhard et al.)
020 ‘ 220
=—39.4 meV/atom. 5 /
]
So neglecting strain leads to a more negative ordering energy X —
and, therefore, to a more stable BOstructure. Conse- <) @& s Lot
quently, the coherent phase boundary will shift to higher 5 A<
temperatures. @m )
' 200
E. Short-range order diffuse scattering in the 000
high-temperature disordered a-brass (b) Calculated

. . 020 220
Having calculated thd =0 stable phase of Gén (Fig. / S

2) as well as the finite temperature at which this structure
disorderegFig. 7), we next study the properties of the dis-
ordered high-temperature phase. TB®O can be described

in terms of the Warren-Cowley SRO parameters which are
given for shell (mn) by

A(B
Plr’r(m)

Amn(X)=1— X (10

where P{8) is the conditional probability that given ah

atom at the origin, there isBatom at {mn). The sign ofa
indicates qualitatively whether atoms in a given shell prefer
to order (@<0) or cluster ¢>0). The SRO parameter may
be written in terms of the cluster expansion pair correlations
as

000

- FIG. 8. Short-range order intensity pattern @fbrass forT
<H|mn>_q2 =473 K andx,,=0.31 resulting from(a) neutron diffraction ex-
, (11 periments(Ref. 10, (b) our MSCE. In both cases, SRO peaks

around(l%O) are visible, favoring DG, as the low-temperature
ground state.

Amn(X) = 1_—qz
whereq=2x—1 and(ﬁmn) is the pair correlation function

for shell (mn). In diffraction experiments the portion of

diffuse scattering due to SRO is proportional to the lattice ' OF @ duantitative comparison of SRO with experiment
Fourier transform of;y(X): we calculated the Warren-Cowley SRO parametgy,, Eq.

(11), for the first 22 shells of a GuysZNg311 alloy at T

R =473 K and compared our values to those obtained from
a(x,k)zz (X)X Rimn, (12 neutron scattering experimertfsThe comparison is shown
Imn in Table Ill. Considering the fact that the experimental error

of aggp amounts to being already 8% and that the authors
give about the same error also for all further parameters, the

obtained from neutron diffraction studies by Reinhard . .
et al’® The experiments were done for a Zn concentration ofgreement bet"”eef‘ our predicted values and e>_<per|mentally
) determined values is reasonable. We see(that; 1 is nega-

31.1% Zn, being very close to the _transition concentration[ive indicating that Zn atoms prefer Cu atoms as nearest
betweena- and B-brass. The experimental pattern clearly nei ,hbors andii) all i hile alk
g y 2000 are pOS| Ive, wnile al (2n-1)10

shows SRO intensities arourd=(150). Figure 8b) gives g0 negative.

the corresponding calculated SRO pattern in two different The concentration dependenaé the SRO intensities for
presentations resulting from our calculations. For this, wWehe temperature abovd & 473 K) is shown in Fig. 9. For a
used the Hamiltonian, Eqé1)—(4), in Monte Carlo simula-  concentrationx,,=0.311, this temperature is already rela-
tions for a given Zn concentrationand temperaturd. I tively close to the critical temperatuf, (T~ 1.55T) com-
agreement with earlier experimental wdfkwe find SRO  pared with the other concentrations in Fig. 9, so characteris-
peaks around130) (and symetrically equivalehpositions.  tic SRO peaks arounfL10] become visible. Furthermore,
Since the fundamental reciprocal-space wave vector of aghe intensity maxima are elongated most al¢n@0] which
ordered long-periodic  superlattice is given bk  can pe already interpreted as a hint for the observed chains of
=(11/2M0) (see, e.g., Refs. 36 and Band M=2 for  4i0msl® with decreasing Zn concentration, this effect van-
DO;; (see Fig. 3, the corresponding SRO peaks should be ajshes: however, also the “temperature distance” to the co-
k=(10), in agreement with observation. herent phase boundary increases, so that SRO becomes less

Figure 8a) shows the measured SRO pattern teibrass
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TABLE Ill. Warren-Cowley SRO parametes,,,, resulting Temperature-dependence of SRO in Cu-Zn (xz, =0.31):
from our parameter-free model and from experimental studres. T= 150K 330K 473K
10) for Cuy ggNg 311 at T=473 K. )
- A - 1\ \ P 0
(Imn) afn! alher ) * f | o
000 1.0831 1.0000
110 —0.1373 —0.1689
200 0.1490 0.1863 020
211 0.0196 0.0196 ’
220 0.0358 0.0883
310 —0.0404 —0.0453
222 —0.0077 0.0371
321 —0.0036 —0.0132
400 0.0296 0.0279 e <R LRE-
330 —0.0134 —0.0211
411 0.0141 0.0306 FIG. 10. SRO pattern and corresponding contour plot for
420 0.0050 0.0825 a-brass aboveT=473 K,330 K) and belowT=150 K) the criti-
332 —0.0005 —0.0050 cal temperature. The latter is the pattern of an ordered;B@uc-
422 —0.0050 —0.0050 ture.
431 0.0068 0.0148
510 —0.0107 —0.0186 different temperatures are shown in Fig. 10. Going from
521 —0.0019 —0.0092 =473 KtoT=330 K the SRO intensity becomes more con-
440 —0.0050 ~0.0104 centrated in the peaks characteristic for JOHowever, we
433 0.0038 0.0092 are still in the region of the solid solution in the phase dia-
530 —0.0066 —0.0057 gram, i.e., above the corresponding critical temperature.
442 —0.0084 —0.0145 Crossing the coherent phase boundary the long-periodic su-
600 0.0130 0.0017 perlattice DQj is formed (T=150 K), indicated by sharp

peaks af 130] and symetrically equivalent peaks.

Figure 11 compares fot,,=0.20 the SRO pattern calcu-
important. Forxz,=0.20, the SRO peaks are no longer ex-lated by Turchiet al?* using the concentration wave method
actly on[1:0] positions, but are displaced fd:0]. This
could be a consequence of “missing” Zn atote®ncentra- (a) Concentration Waves
tion is smaller than 25%) so that on the average the modu- _ _
lation wavelengthVl has to be increased and, therefore, the (T =106 T, x5, = 0.20)
SRO peaks are shifted towards tkgpoint.

For studying theemperature dependencé the SRO in-
tensities, we chose again a concentratigp=0.311 and a
starting temperatur@ =473 K. Intensity patterns for three

220

Concentration-dependence of SRO in Cu-Zn (T = 473K):

ve "

i

? &

Soy\weu / (jo\‘

= (PN YD
O RN - o

A& I AEBE

0

FIG. 9. SRO pattern and corresponding contour plot for Cu-Zn FIG. 11. Comparison of SRO pattern inbrass resulting from
solid solutions with different concentrations. (a) concentration wavegRef. 21) and(b) this work.
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[001]-chains of Zn-atoms in the a-brass Random alloy: mixing enthalpy
solid solution (T = 473K) observed via 0 : : :
Diffuse neutron scattering Calculated 20 4 1

40 4 i

-60 =

AH (meV/atom)

—e— Exp. (T = 773K) Exp. (T = 773K)

_8g 4 —— CPA (no Madelung)

—a— GPM (no Madelung)

—a— CPA (with Madelung)
) T

0.0 0.1 0.2 0.3
Zn-concentration X,

(100)-plane

(100)-plane

FIG. 12. Visualization of 4100 plane ofa-brass(cut through
the crystal for T=473 K. While the left picture results from a FIG. 13. Comparison of mixing enthalpies resulting from ex-
model crystal based on diffuse neutron scattering experintBets periment(Ref. 4, GPM (Ref. 2, CPA without(Ref. 16, and with
10), the right picture is the result of MC simulations usif\¢fl ¢ . (Ref. 20 consideration of the Madelung energy.
In both cases, chains of Zn atoms ald0§1] can be seen, indicat-
ing that SRO is present and, therefore, the observed solid solutio&:’qeaﬂy shows that charge transfer is making a big effect on
cannot be described by a random alloy. the results. It can be seen that the corrected CPA of Johnson
_ ) ) ) and Pinskd® agrees very well with experiment, although
with that obtained from the Monte Carlo simulations of our grQ s neglected in the calculation. In order to study the
LDA g:luster expansion. UnIik_e our calculation,.the patterninfluence of SRO on the mixing enthalpy, Fig. 14 compares
resulting from th_e concentration wave Ca|Cl.lJ|atI0n shows AH,..(x,T) for different temperatures, starting from the ran-
number of satellite spots arourkd=(1*¢, ~3, 0) which  gom alloy (T— =) and cooling down to temperatures where
might lead at low .temperatures to ordering of a dlffergntSRO sets in. Comparing the energy curves for the random
structure than we find (D£;M = 2). Unfortunately, Turchi - anq the disordered alloy, we see that the calculation neglect-
et al“* did not anneal their alloy in order to determine theing SRO leads to much higher mixing enthalpies. Moreover,
corresponding ground-state structure, so a direct comparisqf can be seen that especially for higher Zn concentrations
with our predicted low-temperature phase is not possible. good agreement between experiment and calculated mixing
enthalpies can only be reached, if SRO is taken into account.
F. Appearance of Zn chains ina-brass We do not have an explanation why the CPA calculations
shown in Fig. 13 lead to reasonable mixing enthalpies with-
out consideration of SRO.
The observed decrease A, with decreasing tem-
perature can be discussed in terms of individual effective

Real-space imaging of the measured SRO in high
temperature quenched-brass showed001] chains of Zn
atoms'® As discussed by Reinhaet al.!° these chains are a
direct consequence of the observed SRO behavior of the sy
tem: While all SRO parameters described bymf)
=(2n;0;0) arepositive (see Table I), all SRO parameters Temperature-dependence of mixing enthalpy
described by (2—1;1;0) arenegative. This should lead to 0 ' ' '
chains of Zn atoms along tH@®01] direction. The authors
studied this assumption using an fcc model crystal which  -20 4 -

—_

was fitted to the experimental SRO parameter of Table III. E
Figure 12 gives a comparison between the real-space strucg
i = -40 4 (1) 7
ture deduced from experiméfiand from our parameter-free 3
model: In both cases, chains of Zn atoms are visible alongE To1PK ]
[001], indicating that short-range order is essential for a _8 -60 1 Eng;m“K (3 ]
guantitative correct description of the physical properties of < (3) T = 3000 K 4)
the disordered solid solution ef-brass. -80 Eg; E;ggOKK Exp. (T = 773K) m
(
G. Effect of SRO on the mixing enthalpy ' ' '
0.0 0.1 0.2 0.3

Figure 13 compares experimental mixing enthalpies as
function of Zn concentration with earlier theoretical studies
for the random alloy; i.e., no SRO is taken into account. The FIG. 14. Calculated mixing enthalpies efbrass for different
experimental values were taken from Ref. 4 and were meaemperatures resulting from our MSCE and comparison with ex-
sured afT=773 K. As discussed in the Introduction, Fig. 13 perimental valugRef. 4.

Zn-concentration x;,,
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TABLE IV. Correlation function of the first two nearest- AH¢y AHg - AE¢g
neighbor interactiond; , J,, and of the four-atom interactiai# for A N
Xz,=0.3 as function of temperature. — -
£ 810

Temp.[K] 1T, 1T, Iy, 3: 1 1010
E 8801

100 000 0.157 0.161 0.003 &

100 00 0.133 0.170 -0.013 ] —+ -102.0

3000 0.095 0.202 —0.030 =890

1500 0.059 0.258 0.060

773 0.017 0.366 —0.156

FIG. 15. Energy difference in the formation enthalpied. a5,

) ) ) DO,;, and LPS3 with and without taking the constituent strain
cluster interactions. For this purpose, we chose a concentrgnergy into account.

tion xz,=0.3 and study the contribution of each cluster prob-

ability IT; as a function of temperature. Going back to Fig.andM =3 is only connected to extremely low-energy differ-
4(b), we see that the first pair interactida>0 is “antifer- ~ €nces. Therefore, there exist a large number of excited states
romagnetic” (Cu-Zn attractioh while the second and third (in form of LPS with complex sequences of antiphase bound-
interactionsJ,,J;<0 are “ferromagnetic” (Cu-Zn repul-  aries being only about 0.1 meV/atom higher in energy than
sion). We find that the decrease inH,;, with decreasing the true ground state D@. So the contribution of strain is,

temperature is caused by the elimination of the first-neighbolndeed, a stabilizing factor in order to get the correct ground
= state, but does not change the physics: Neglecting strain still

Jeads to D@3 as ground state for Gién.
(Hz becomes more negatDleThiS is shown in Table IV. Figure 16 ShOWS&HCE andAHCE_ Ecs for the random
Physically, this means that as the temperature is lowered, thgloy (T=100000 K). The calculation with and without
alloy prefers to have unlike atoms as first nearest neighboktrain only leads to a small shift to lower energy values in the
and like atoms as second nearest neighbor. This automathixing enthalpies. The subtraction of the constituent strain
cally givesL1,. Regarding multibody interactions, the most energy was donafter the Monte Carlo simulation, so that
important contribution comes from the four-atom interactionthe difference between the two curves gives the magnitude of
J4 consisting of four nearest-neighbor atoms. Siddeis  strain for the found equilibrium configuration as function of
positive(ordering is preferred the change in the sign &, Zn concentration. We conclude that strain does not lead to
by lowering the temperature frofi=1500 K toT=773 K  qualitative changes in Cu-Zn.
(also shown in Table 1Y leads to a strong decrease in
AH,ix. Again, the negative sign af4-1I1;, shows the ten-
dency of formingL 1, cells. ,. We have used the MSCE approach to calculate from first
In summary, the alloy is stabilized at low temperatures by inciples the phase stability ef-brass. We find the follow-

deviating systematically from randomness: It eliminatesmg: (i) The low-temperature ordered phase is identified as

unlike-atom first-neighbor pairs and enhances unlike-atomy,e pQ,, structure. (i) The order-disorder transition tem-
second-neighbor pairs as well as tetrahedra made of unlike

atoms. Random alloy: Influence of E_; on AH

piirs (T,—0) and enhancement of second-neighbor pair

IV. SUMMARY

H. Role of strain T T T

0 AHcEnam‘lt:am _

random random
AH ™™ - E¢

Following the general statement that Cu-Zn is an ideal
Hume-Rothery alloy! strain should not play much of arole = 4 4
in the detailed description of the physical properties of the g
system. This assumption is supported by the small misfit§ -20 1
between Cu and Zrtof about 4%) as well as by the quali- g
tively successful descriptions of the solid solution using an "‘:..;
unrelaxed random-alloy modé&f* (see successful calcula- L 40 -
tion of AH in Fig. 13. In this section we will test how far
this approximation is justified fot-brass.

Figure 15 shows that the neglect of the constituent strain g, . : :
energy leads practically to complete, energetic degeneracy 0.0 0.1 0.2 0.3
betweenL1,, LPS;, and DQ;. Although DO is still the
lowest-energy structure, the difference between,pénd
L1, amounts to only about 0.1 meV/atom. The degeneration F|G. 16. Mixing enthalpy of the random alloy witksolid
of L1,, DO,3, and LPS3 means that the creation of periodiccircles and without(open circles considering the constituent strain
antiphase boundaries with modulation wavelengihs- 2 energy.

Zn-concentration x5,
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perature appears at relatively low temperatures which i20% too low mixing enthalpies of the random alloy and to
probably the reason that the ordered structure was not yetbout 20 K too high critical temperatures.

detected experimentally: for,,=0.10, T,=140 K and for Our theoretical study via LDA-based predictions on fcc-
Xzn=0.33, T.=295 K. (iii ) The high-temperature SRO scat- based Cu-Zn alloys shows that this system does not present a

tering exhibits(110) peaks, in close agreement with the perfect random alloy: Neglect of short—rapge order !eads,
neutron experiment of Reinhaed al° (iv) In the disordered €9~ t0 much too small values for the mixing enthalpies of
phasdg001] chains of Zn atoms exist, as seen experimentallythe solid solution. The ideal random alloy as a model to
(v) The calculated alloy mixing enthalpy with SRO is in descr_lbe the physmal properties @fbrass is also unable to
close agreement with experiments, e.gz\H(x=0.3,T exp!am experimental results, e.g., the appearancg@f] _
=773 K)= —81.1 meV/atom compared with the measuredCha'”?‘ of Zon atoms as observed by neutron scattering
value of —77.8 meV/atom(vi) The disordered alloy shows experiments!
a temperature dependence: For a given concentration, the

mixing enthalpyAH,,x becomes as more negative, as lower

the temperaturel; e.g., atxy,=AH,,, decreases from

—54.6 meV/atom to—81.3 meV/atom as the temperature  This work was supported by the Office of Science, Basic
decreases fornT=100000 K (random alloy to T=773 K  Energy Science, Material Science Division, U.S. Department
(disordered alloy: (vii) Neglect of strain leads to up to about of Energy under Contract No. DE-AC36-99-G0O10337.
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