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Anomalous behavior of lattice parameters and elastic constants in hcp Ag-Zn alloys
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The observed:/a lattice parameter of hcp solid solution AgZn, shows anomalous behavior in both
€ (0.68<x<0.87 and n (x>0.95 phases. We investigate the nature of these anomalies by perfoahing
initio exact muffin-tin orbitals total energy calculations for hcp,Ag@n, random alloys. The peculiar features
in crystal structure and elastic constants are mapped out in detail, and where experimental data are available
they excellently agree with the theoretical results. The sharp variatiofaiobtained forx=0.87 is explained
by an almost zero resistance dba variations at constant volume, giving a deformation path with a very low
energy barrier connecting theand » phases. The rapid decreasecoé in Zn-rich alloys, on the other hand,
is found to have a band energy origin.
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The crystal structure gives the key to many properties otlastic constants we show that tlkeand » phases remain
solid materials. Unusual structural properties that can be submechanically stable around and slightly beyond the phase
tly tuned by chemical composition or external conditions aréboundaries. Within the two-phase-field region these phases
of great interest-® Most elemental metals crystallizing in the are in thermodynamic equilibrium with a deformation path
hexagonal close packeticp lattice have an axial ratio/a  between them having a very low energy barrier. This
that is close to the “ideal” value 1.633 obtained in a stackingsuggests that at these compositions the hcp phases of the
of rigid spheres. Zn and Cd are exceptions, witla=1.86 Ag-Zn alloy are close to mechanical instability.
and 1.89, respectively. Here we focus on the striking varia- Our total energy calculation is based on the density func-
tions in c/a on alloying, as exhibited in the Ag-Zn solid tional theory’ The one electron equations were solved using
solutions. The hcp structure is the thermodynamically mosthe recently developed exact muffin-tin orbitaEMTO)
stable phase of Ag,Zn, in two separate regions: in the ~method®™'% and the generalized gradient approximation
phase from about=0.68 tox=0.87 and in the; phase when (GGA)!' was used for the exchange-correlation term. The

x>0.95. Experiments® show thatc/a decreases very rap- 20

idly on alloying in then phasgFig. 1). In the e phasec/a is

somewhat lower than the ideal valtiirst slowly decreasing 3'2‘ ® present study
as a function of Zn content, followed by a sudden and pro- T gm:':'s:?ski
nounced upturn close to the phase boundary. Contrastin 8 3.0 A Pearson
this, the volume per atom varies slowly and monotonically in ;4] = Bl

the hcp Ag-Zn lattice, with values for the intermediate 28 0720 40 60 80 100

phase agreeing well with a simple interpolation from pure at-%Zn

Ag to the Zn-rich» phase.
It is our purpose in this report to demonstrate that modern ideal (1.633)

computational quantum mechanics is able to describe ant g e

(cla),

predict the anomalous concentration dependence of lattice ? 3

parameters and elastic properties of low symmetry structures T 197 © g e e

We give a detailed account of how the crystal structure of = 156 "

hexagonal Ag-Zn varies with the composition, and relate this 155 v %

variation to peculiarities in the elastic behavior. Since theo- 14

retical calculations can be performed on metastable phase: 0 20 40 At~ Z:f.o 80 100
" /0

we cover the entire composition range from pure hcp Ag to
pure hep Zn, thus obtaining a complete picture of the struc- g1, 1. Concentration dependence of the theoretipatsent
tural and elastic anomalies. We find that the sharp increase @fudy) equilibrium axial ratio(c/a), in hcp Ag_.Zn, alloys. The
c/ain the e phase is related to the change of the compressgpper inset shows the calculated equilibrium atomic ragiias a
ibility mechanism. As opposed to this, the rapid decrease ofunction of Zn content. In the lower inset the rapid upturr{@fa),
c/a in n phase on adding Ag is governed by the kineticnear 82% zn is illustrated. Experimental data are from Mat&ed.
contribution to the total energy. Based on our theoreticab), Massalski(Ref. 4 and PearsoqRef. 5.
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data® The deviation between the theoretical and experimen-
tal equilibrium atomic radius and/a are 2% and 0.2%,
respectively. These discrepancies are typical for what has
been obtained for elemental transition met&#é using the
GGA for the exchange-correlation functiortalThe calcu-
lated elastic constants are somewhat small when compared
with the measured values, but the relative magnitudes are
well reproduced by the present theory. The overall agreement
© \" © between theory and experiment is very satisfactory, espe-
) O \ Lotz 3 cially if one notes that the total energy minimum is very
shallow in Ag-Zn alloys(Fig. 4, latey, which makes the
calculation of elastic properties numerically difficult.
Figure 1 shows the theoreticdk/a), ratio for hcp
Ag,_Zn, alloys in the whole range of concentrations=Q
<1. Experimental data taken in th& and » phase3 are
also included. Where a comparison with experiments is pos-
sible there is an excellent agreement between theory and ex-
S & periment, which further testifies the accuracy to which our
70% ab initio approach can describe structural properties of
Ag-Zn random alloys. In contrast to the rapid changes in
FIG. 2. (Color) Theort_etical axial_ ratiogc/ a) of_ _hcp Ag-Zn ran- (c/a),, the equilibrium atomic radiiv, follow, to a good
dom alloys plotted against chemical compositi@i.-% Zn and o5 roximation, Vegard's rule over the entire concentration
average atomic radiuv). range(see the upper inset in Fig).1

substitutional disorder was treated within the coherent poten(—C /Ian) orrlg(; :ﬁ euLT Spe é‘:’tggr? cg:ﬁr ;tci) Sr? F?ilr(#to gfs t;gjaggsgptwugn of
0 L

; ; ; 12-14 ; _
tial approximation(CPA, neglecting the short range or have calculated the volume dependence/at for different

der and local relaxation effects. The EMTO-CPA method hasconcentrations Fiqure 2 showsa as a function of the
been successfully used in thab initio study of the bulk - M9

properties of metallic alloys, semiconductors anda.mmiC radiusm{ and chemic_al composition in t_he concentra-
oxides23:9.10,14-19 ' tion range of mte_rest. An important featgre in the volume

' dependence af/a is seen: forxx=< 0.8 c/a slightly decreases
with volume, whereas fox= 0.8 it shows the behavior char-
acteristic of pure Zr° There is a narrow concentration range
around 82% Zn where the volume dependencec/d is
nearly flat. The parameté®, describing the logarithmic vol-
ume derivative oft/a near the equilibrium structure, has an
almost constant value of —0.2 in the Ag-rich part of the
phase. However, at about 82% Zn there is a change in the

~% Zn

) at.
ka(')z‘g“ 295 95 go

For each concentrationin Ag;_.Zn, the theoretical equi-
librium average atomic radiusy and axial ratio(c/a), were
determined by minimizing the total energi&w,c/a) of
hexagonal structures calculated for five different atomic vol
umes and sevety a ratios close to the energy minimum. The
bulk modulusB was obtained from an exponential Morse fit
at the energy minim#& The five hexagonal elastic constants

;:11'0522013’033 ind C4_42W26r?C0bfmled frqrgl the btljlk m(:jdu- sign of R, followed by a marked increase. This variatiorRn
us, B=[Cay(C11+C1p)~2€15l/C, the logarithmic volume de- imposes a transition in the linear compressibility ratioFor

rivative of c/a, R=dIn(c/a)o/d In Vo==(C33-C11-C12  y<0.82 we havé<1, i.e., thea axis is more compressible
+C19)/C, where C=cy;+Cip+ 2055~ 4c13 and Vo=4mWg/3,  than thec axis. For these compositiorté shows a weak

of the linear compressibilities parallel and perpendicular to

the ¢ axis was obtained asK=K;/K, =(c;1+Cy» 300
—2c;3)/(C3z—Cq3). All calculations were done at the theoret-
ical lattice parameters.

To assess the accuracy of the EMTO-CPA method in the
present systefdwe compare in Table | the theoretical results

_—

S

'E; 2.96
obtained for the AgsZn, ; random alloy with experimental g 294

mRy

TABLE 1. Theoretical (present resulys and experimental
(Ref. 6 equilibrium atomic radiusv (units of Bohy, hexagonal
axial ratio c/a, and elastic constant&inits of GPa of the hcp 2.90
Agp.3Zng 7 random alloy.

2,92

ooooo0000

‘o..'-"nusmmﬂ
SoorOS=ENG

Wo (cla)g €1 Cp Ci3 Czz  Cas CI a

Theory 298 1579 110 56 63 129 27 FIG. 3. (Color) Total energy(units of mRy) of the Agy 12ZNp. 875
Experiment 292 1582 130 65 64 158 41 alloyasfunction of atomic radiusv) and hcp axial ratigc/a). The
energies are plotted relative to the energy minimum.
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FIG. 5. The total density of states of AgZn, random alloys
(x=1,0.95,0.9 and 0)&alculated at the equilibrium volumes and
c/a=1.85 (upper panelandc/a=(c/a)q (lower panel. The equi-
librium volumes andc/a)q are shown in Fig. 1.

70 80 90 100
at.-% Zn

FIG. 4. Upper panel: calculated elastic const@cy+C»
+2c33—4c3 (inset: 233 and 443) of hep Ag-Zn alloys as functions
of concentration. Lower panel: the Gibbs energy of formation for
hcp Ag-Zn random alloys for temperatures of(€blid line) and
300 K (dashed ling

The calculated trend of the elastic constélik) shows
that hcp random Ag-Zn alloys may have a mechanical insta-
bility, or be very close to such a behavior, at about 88% Zn.

] ) ) ~ Using our calculated total energies we estimated the Gibbs
trend of the axial ratio from Figs. 1 and 2. At concentrationsenergies of formatioG(x)% of Ag-Zn random alloys at
above~82% ZnK becomes larger than 1 and increases rapt-g andT=300 K. This is shown in the lower panel in Fig.

idly with x. The hardening o& axis relative toc axis causes 4 rrom the shape afG(x) we determine the stability limits
thebﬂptufr_nl(ljn tfher(]c/ a)ohalready within the thermodynamic of the e and » phases. We find that the theoretical two-phase-
stability field of thee pnase. . field region decreasés from 0.Zk&=<1 at T=0 K to 0.83

In the vicinity of 88% Zn the total energy variation be- sxso.%6 atT=300 K. which .is ir?qualitative agreément

comes very small when the volume is kept\gtandc/a is . ; . : i
changed a¥ound its equilibrium vall(e/a)f.t\'l@his is illus- with the phase diagram informati@hThus, the softening of
the hexagonal phases along tbeaxis, i.e.,C(x)— 0, will

trated in Fig. 3, where the total energy of the random e X T i
Ago 107N s7slloy is plotted relative to the energy minimum 0ccur already _|nS|de two-_phase-fleld region in the phase dia-
as a function ofv andc/a. Close to the equilibrium radius of 9ram, where in fact a single hcp phase is metastable and
this alloy, wy=2.94 Bohr, the energy changes by only few Separates inta and 7 phases.
tens of uRy when going fromc/a=1.55 toc/a=1.75. The Finally, we address the question of the rapid decrease of
flatness of theE(w,c/a) function can be seen at other vol- (c/@), on adding Ag toy phase. The relatively large values
umes as well. Collating this energy map with that obtainedf the calculated elastic consta@(x) in Zn-rich Ag-Zn al-
for the Cuy gZnyg3 random alloy(Fig. 3 of Ref. 14 we  loys (Fig. 4) and its smooth and moderate decrease with Ag
conclude that the very shallow minimum around the equilib-content rules out an elastic origin. Since a similar rapid de-
rium appears as a result of the superposition of two shallowerease ofc/a)g is seen in alloys between other noble metals
energy minima neat/a~1.64 andc/a~ 1.7, corresponding and Zn or Cc® a decisive role of the atomic size on crystal
to the e and » phases, respectively. At this concentration thestructure is also unlikely. In pure Zn the electrostatic energy,
€ and 5 phases are in thermodynamic equilibrium, with athat favors the ideat/a ratio, was founé 3! to be sup-
barrier of the order oixRy between the two energy minima. pressed by the band energy contribution, and a pronounced
The variation ofE(w,c/a) with c/a at constant volume, well in the density of states at the Fermi level stabilizes the
calculated for the equilibrium structure, is described by thdargec/a of Zn. The present density of states for few Zn-rich
elastic constan€.?! In the upper panel of Fig. 4 the concen- Ag,_.Zn, alloys, calculated at the theoretical equilibrium
tration dependence of the theoretically deriv€dis com-  volumes, are shown in Fig. 5. Afa=1.85(upper paneglthe
pared with the experimental daté Although there is an al- Ag addition pushes the pseudo-gap near the Fermi level to-
most constant shift between theoretical and experimentalards larger energies. Wheria is releasedlower panel
values® the observed trend i6(x) is well captured by thab  the alloys find their equilibrium by bringing back the pseudo-
initio theory. The pronounced minimum @(x) around 88% gap to the Fermi level, which in turn is realized at
Zn appears as a result of the noticeable variationsgf@nd  (c/a)o<1.85(Fig. 1). Therefore, we find that the anomalous
4c,5 terms from the expression & with concentratior(see  (c/a)q ratio in Zn-rich » phase has the same electronic origin
the inset of Fig. 4 as the one reporté¥3'in the case of pure Zn, namely, mini-
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mizing the band energy contribution to the total energy. Withalmost the same total energy separated by a very small en-
increasing Ag content, i.e., decreasmglectron density, the ergy barrier. This is also manifested as an almost vanishing
distortion-promoting band energy maintains its dominantelastic constant corresponding to the isochoric hexagonal de-
role, and a reduced axial ratio minimizes the total energy. formation. The rapid decrease ©fa in the 7 phase is found

In summary, using the EMTO-CPab initio total energy  to be a consequence of the dominating role of the band en-
method we have obtained a complete description of thergy term in the total energy.
variation in the crystallographic unit cell dimensions of hcp
Ag-Zn alloys. In particular, we have studied the exceptional The Swedish Natural Science Research Council, the
variations in thec/a axis ratio and in the hexagonal elastic Swedish Foundation for Strategic Research and the Royal
constants. The calculated behavior at intermediate concentr&wedish Academy of Sciences are acknowledged for finan-
tions (the e phasg and at the Zn-rich en@the » phasgis in  cial support. Part of this work was supported by the research
excellent agreement with experiments in these thermodyproject OTKA T035043 of the Hungarian Scientific Research
namically stable phases. The sharp upturncia (in our  Fund, the Hungarian Academy of Science and the EC Center
calculations at about 82% Ziis explained with reference to of Excellence prograniNo. ICA1-CT-2000-70020 The cal-
the axial ratio landscape wheta is plotted as a function of culations were performed at the Swedish National Super-
the atomic volume and concentration. In the two-phase-fieldomputer Center, Link6ping and the Hungarian National Su-
region then and e phases have differewt a ratios, but with  percomputer Center, Budapest.

21G. Steinle-Neumann, L. Stixrude, and R. E. Cohen, Phys. Rev. B
60, 791(1999.

22In the self-consistent EMTO-CPA total energy calculations the
one-electron equations were solved within the scalar-relativistic
and frozen-core approximations. The Green'’s function was cal-
culated for 21 complex energy points distributed exponentially
on a semi-circular contour. The EMTO basis set consisted of the
s, p andd orbitals. The total charge density was expanded in
terms of spherical harmonics including terms uptg=10. For

1J. S. Sluskyet al, Nature(London 414, 343(2001).

2L. Dubrovinskyet al, Nature(London) 422 58 (2003.

SL. Vitos, P. A. Korzhavyi, and B. Johansson, Nat. Mat&y.25
(2003.

4T. B. Massalski, J. Phys. Radiui®3, 647 (1962.

SW. B. PearsonA Handbook of Lattice Spacings and Structures of
Metals and AlloygPergamon, Oxford, 1964\ol. 4.

6Y. Matsuo, J. Phys. Soc. Jps3, 1360(1984).

”P. Hohenberg and W. Kohn, Phys. R&\B6B, 864 (1964).

80. K. Andersen, O. Jepsen, and G. Krier,Nethods of Elec- . . . .
tronic Structure Calculationsedited by V. Kumar, O. K. Ander- the calculation of the hexagonal axial ratios and the elastic con-

sen, and A. MookerjeéWorld Scientific, Singapore, 1994p. stants in the irreducible wedge of the Brillouin zones
63. 2500-7000k-points were used, depending on the particular

crystal symmetry.

23|, Vitos, B. Johansson, J. Kollar, and H. L. Skriver, Phys. Rev. B
62, 10 046(2000.

243, Kurth, J. P. Perdew, and P. Blaha, Int. J. Quantum ChHean.
889(1999.

25@G. Steinle-Neumann, L. Stixrude, and R. E. Cohen, Phys. Rev. B
63, 054103(2000).

26The Gibbs energy of formation of AgZn,

9L. Vitos, H. L. Skriver, B. Johansson, and J. Kollar, Comput.
Mater. Sci. 18, 24 (2000.

10, vitos, Phys. Rev. B64, 014107(2001).

113. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&,
3865(1996.

12p soven, Phys. Rev56, 809 (1967).

13B, L. Gyorffy, Phys. Rev. B5, 2382(1972.

141, Vitos, I. A. Abrikosov, and B. Johansson, Phys. Rev. L&f, random

156401(2001). alloy was approximated bH-S.,,AT, whereAH denotes the
15B. Magyari-Képe, L. Vitos, and J. Kollar, Phys. Rev. B3, enthalpy of formation and.; is the configurational entropy
104111(200D. estimated using the mean-field expressidig[ €1 -x)In(1-Xx)

16B, Magyari-Képe, L. Vitos, B. Johansson, and J. Kollar, Acta
Crystallogr., Sect. B: Struct. Scb7, 491 (2002.

17B. Magyari-Képe, G. Grimvall, and L. Vitos, Phys. Rev. &,
064210(2002.

18] Vitos, P. A. Korzhavyi, and B. Johansson, Phys. Rev. L&§.
155501(2002.

+x In(x)].

27T, MassalskiBinary Alloys Phase Diagram@SM, Metals Park,

OH, 1990, p. 117.

28T, B. Massalski and H. W. King, Acta Metalfl0, 1171(1962.
29U. Haussermann and S. |. Simak, Phys. Rev.6B 245114

(2001).

19p, QOlsson, I. A. Abrikosov, L. Vitos, and J. Wallenius, J. Nucl. 3°J. X. Zheng-Johansson, O. E. Eriksson, and B. Johansson, Phys.

Mater. 321, 84 (2003.
20y, L. Moruzzi, J. F. Janak, and K. Schwarz, Phys. Re\3B 790
(1988

Rev. B 59, 6131(1999.

31D. Singh and D. A. Papaconstantopoulos, Phys. Re¥2B8885

(1990.

052102-4



