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Electronic structure of ordered and disordered Cu-Ag alloys
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We present a study of the electronic structure of Cu-Ag alloys. This work includes total-energy evaluations,
band structure, and density of stat@09 determinations using the augmented-plane-wave method for the
L1,, B1, and B2 structures. We also study the corresponding disordered phases of these alloys by the
tight-binding coherent potential approximation. Our results confirmBReandL1, (Cu reach as the stable
structures of these systems. We compare the DOS with experiment and other calculations, and confirm the
absence of both magnetism and superconductivity in these alloys. Finally we estimate charge transfer for these
alloys from Cu to Ag[S0163-182¢86)08848-(

I. INTRODUCTION culation with the experimental lattice constafitl a.u. vs
7.07 a.u. from Vegard’s rujeand found no appreciable dif-
In the process of obtaining the phase diagram of Cu-Agference. ) .
Cu-Au, and Ag-Au alloys, Weiet al® calculated by the We found that disordering decreases DOS i,

linear-augmented-plane-wave method the band structure (Eg), contrary to Cu-Au alloys.

the orderedA.B, ., (n=0, 1, 2, 3, 4 compounds. The A study of Cly 95Ag .05 Py the Korringa-Kohn-Rostoker

results from ordered compounds were used in Ref. 1 via SK.}ER) CIUS}F;\CPA nlleth%dSre\ﬁekl)lsle‘sasegtflly ﬁ CquECRDOS
e - . : . With a small Ag peak at 6.8 eV below .” Another -

three-dimensional Ising model, to obtain thermodynamic PA studﬂ for Cuy s;AG o0 Shows a DOS at 2 eV below

properties. Here we present in more detail the calculations o(ll;f
the band structure of GAg and CuAg, using the semirela- " and a Ag component at 6 eV belo:. We make
comparisons with these available studies.

tivistic (excluding spin-orbit coupling augmented-plane-
wave (APW) method. In additionlwe _have used_ the tight- Il METHODOLOGY
binding coherent-potential approximati¢hiB-CPA) in order
to obtain the density of statéDOS) of the disordered alloys The band structure of the ordered alloys was calculated
CUg 750 0.25 and Cly 5¢A0 050 We compare the DOS and with the APW method, where the core levels are treated
other related properties with other calculations and experifully relativistically as atomic levels, and the outer 11 elec-
ment, when available. We have adjusted the APW muffin-tin
sphere sizes in order to obtain charge tranéfemsistent
with CPA and experiment.

CusAg crystallizes in the. 1, structure(fcc unit cell with
Ag at the corners and Cu at the face centeBy total-energy
minimization we determined the lattice constant to follow
Vegard’s rule closely. For CuAg we performed calculations 0.10 F i
in the CsCl and NacCl structures. It turned out that CuAg has
lower total energy in the CsCB_2) than in NaCl B1). For
the disordered alloys in the TB-CPA formalism, an energy
shift is necessary for meaningful comparison with experi-
ment. We have established a shift-determining procedure 0.6 Cushg 1
based on thel-band separation of the well-known GAu,
which we consider as a prototyjisee, for example, Refs. 2 Curg (By)
and 3. For the ordered alloys, Wertheim, Mattheiss, and
Buchanan proposed a shift of the Fermi levEk in order to
agree with experiments. A similar procedure was followed 0.0 5 200 =0 00
here, arising again from the prototype £2w. For the CPA
calculations we used lattice constants that obey Vegard's
rule, although this underestimates both the experimental and F|G. 1. The heat of mixing per atom as a function of the atomic
the theoretical value$for Cug ;AU o .5 We performed a cal-  volume for Cu-Ag alloys.
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TABLE I. Equilibrium lattice parameterébohn and bulk moduli(Mbar).

ELECTRONIC STRUCTURE OF ORDERED AN. ..

Element/structure

Lattice constant

Bulk modulus

Pres. calc.

Compound Expt. Other calc. Pres. calc. Expt. Other calc.
Cu fcc 6.83%  6.673° 1.31 1.424
Ag fcc 7.73%  7.611° 1.01 1.131°
CuAg B2 5.688 1.499
CuAg B1 9.900 0.879
CuzAg L1, 7.10°¢ 7.05¢ 7.008 1.37 1.581
3R.W.G Wyckoff, Crystal Structureginterscience, New York, 1963Vol. 1.
bReference 16.
‘Reference 7.
dReference 1.
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FIG. 2. (a) The band structure of ordered GAg at the equilibrium lattice constan() The total and thel-site-decomposed DOS.
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Cu 0.75 Ag 0.25 and for reference the corresponding values for the pure ele-
AL P ments. Our total energy results are given in Fig. 1, which
150 [ Total DOS X 3 shows the heat of mixing per atom, calculated by subtracting
- : ] the percentage of the energy of fcc crystals Cu and Ag from
100 [ i B the total energy of the alloy. In agreement with previous
- ; ] calculations-® the L1, and B2 structures are shown to be
50 |- : 3 the stable structures for the corresponding Cu-Ag alloys.
o : N PSR ST S W T | H ) 1
2 ©0 02 04 06 08 + 12 A. Ordered CuzAg
g S i Previous studié€ of CusAg address the issue of deter-
& 150 | Cusite ] 3 mining phase diagrams, but do not provide any details about
=2 o i 3 the band structurper se which would permit comparisons
'g 100 : g with our work. Our APW total-energy minimization yielded
8 - | . alLl, lattice constant of 7.008 a.u., in close agreement to
% %0 : E other studies:® The band structure and the DOS are shown
§ o : in Fig. 2. Thed band extends from 7.1 to 1.6 eV below
o-o.z 0 02 04 06 08 1 12 Eg, and consists of mainly two parts, the lowest Ag part
SIS S S S p A B A H L A between 7.1 and 4.1 eV, and the upper Cu part between 4.1
180 - ' 3 and 1.6 eV belowEg . Ag has some smatl-component in
- Agsite ] 3 the Cu part, extending up to 1.5 eV beldw:. The Cud
100 - : 3 band remains essentially the same as in the pure fcc Cu,
- : = while the Agd band develops some interaction with Cu
50 £ A—/‘L\ : ] and narrows by approximately 1 eV upon alloying. The Ag
- : . t,y ande, components are reversed compared to the pure Ag
o o . = == fcc. The semirelativistic separation between the low-lying
0z ©0 02 04 06 08 1 12 Ag tyy andey peaks is 0.55 eV. The main interactions are
Energy (Ry) Ag(ey)-Cu(s) and Agtag)-Cu(p), with a slight hybridiza-
. ) , tion between Agé,)-Cu(ey)-Ag(s)-Cu(p), the Cud states
FIG. 3. Total, Cu-site, and Ag-site DOS’s of G44Ago.2s- being essentially unmixed. In summary we can say that Ag

trons of each element were treated as band electrons semif@Ses its pure fcc character and it is influenced by its simple
lativistically, i.e., by omitting spin-orbit coupling. The ex- cubic environment; it interacts mainly with Cuiand p or-
change and correlation was handled by the Hedin-Lundyvistitals with a weaked interaction between Cu and Ag. The
formalism. We used Janak%expression for the total en- Ag s states interact with Cup states while hybridizing

ergy. weakly with Ag e, states.
For the disordered alloys we used the TB-CPA treating
diagonal disorder only* The TB Hamiltonian matrix ele- B. Disordered Cug75A0 .25

ments are treated as adjustable parameters, obtained by a

two-center Slater-Koste(SK) fit'? to the APW bands of the
pure metals. Our SK parameters include first and secon € TB.'CPA and SK parameters of pure Cu fcc and Ag'fec.

. . _ _ 2R e shifted the Cu on-site parameters-b9.08 Ry to match
neighbors via the expressign-ae ° ", wherea andc are  {he cy-Agd-band separation in the ordered {2g. The
constants, different for each bond typsr, ppo, ppm, €tC.  cpa DOS are given in Fig. 3. The whole valence band ex-
The off-diagonal parameters are geometrically averaged. The 4 up to 9.5 eV below,, and consists of two parts, the
on-site parameters were shifted appropriately to account fog, | part between 1.3 and 4.3 eV beld@ and the Ag part
the different energy scales of the individual components. Ay wveen 4.3 and 6..8 eV bel.oE#. These features are main-
experimentation on our prototype GAu revealed that an yaineq in the APW DOS of the ordered GAg, calculated
appropriate on_-3|te . parameter shiit would y'eld. equald'rectly in theL 1, structure, but the CPA DOS is smoother.
d-band separations in both the ordered and the disorderefl,, 1o 1mai. and Fukuchicalculated with the KKR cluster
alloys. CPA method the DOS of GiysAggos- Compared to the

Il RESULTS DOS of this alloy we can see some similarities: the existence
' of the Cu and Ag parts 3.4 and 2.0 eV wide, respectively,

In Table | we give the calculated lattice parameters andvith comparable Cu and Ag peak positions separated by 3.4

the corresponding bulk moduli for the ordered compoundsV.

We calculated Cgl75A0 ¢ 25 in the fcc structure by using

TABLE II. Densities of states aEy (in states/Ry ce)| Fermi velocity(in 10° cm/9, electron-phonon
interaction g, and 7,g (in eV/A?), and the Stoner criterioh-N(Eg).

Compound N(Ef) Nco(Er) Nag(Er) Ve 7Tcu TAg IEN(EE)

CuAg (B2) 7.94 4.37 3.57 1.29 0.217 0.303 0.0681
CuszAg 17.67 14.00 3.67 1.46 0.371 0.151 0.0879
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C. Ordered CuAg cubic symmetry characteristic that the lowest g and e,

Since our calculations reveal that CuAg in the CsCl struc:cOmponents are reversed compared to the pure Al febe
ture is more stable than NaCl, in Fig. 4 we present the ban®OS shows two rather separated parts, the lowest Ag part
structure and DOS(total and angular momentum site- and the upper Cu part. The valence bands extend up to 9 eV
decomposexin the CsCl structure. We see again the simplebelow Er. The Agd part extends essentially between 6.8

TABLE lll. Decomposed charges p, andd, and charge transfer.

Alloy Cu Ag

s p d total loss S p d total gain
Pure metalfccy 0.74 035 991  11.00 0 0.65 035 10.01 11.00 0
CuzAg 0.50 0.42 9.95 10.88 -0.12 0.60 0.59 10.17 11.36 0.36
ClUp 77T g 25 069 047 975 1091 -0.09 073 066 988 1127 0.27
CuAg 0.49 0.39 9.95 10.83 -0.17 0.57 0.51 10.09 11.17 0.17
ClUo.sAd 0 50 067 042 973 1082 -018 072 059 987 1118 0.18




2148 N. C. BACALIS et al. 55

Cu0.50Ag0.50
ENERGY (eV)
-30 10 5.0 9.0 3.0
800 | TOTAL DOS 4 860
4 30
40.0 R
g 3 :
8 W 00 8 E‘
== 0.0 . o
% 60.0 |- otom-Cu 4 40 % J{ﬂ
2 * 3 :
A 2 B
g soo0f 12 @ "
& bt
o 12
o} 00 W
0.0
8 60.0 [ gtom-Ag ; 4 a0 8
300 | d 20
| 4] e S S S S T S S N
- 3 0.
0‘0_0,2 00 ©02 o04 06 08 10 12 0.2 01 0.0 0L 02
ENERGY (Ry) -
FIG. 5. Total, Cu-site, and Ag-site DOS’s of G&Ag g s0- FIG. 6. The DOS arounti, for Cu-Ag alloys.

and 3.4 eV belovE, but there is also some mixing with the
Cud part, which extends between 4 and 1.5 eV belgy ductivity. Finally, in Table Il we list the Stoner criterion for

The Cue, states do not hybridize appreciably with Ag magnetisml :tN(Eg). These values are far from the value of

states, Wherea_ls the Cy, states interact mamly with Ag 1.0 needed for the occurrence of magnetism, predicting para-
t,q States. Besides that, the @states have some interaction magnetism

with Ag ey states, while some Ag and p states interact
slightly with Cup andd states.

typical superconducting materials, predicting no supercon-

F. Charge transfer

D. Disordered Cuo sAdo .50 The APW analysis for the charge transfer depends on the

We determined TB parameters corresponding to bcc cgize of the muffin-tinMT) spheres. If equal MT spheres and
and Ag, and applied an energy shift in the CPA-¢9.08 Ry ~ an equipartition of the interstitial electrons are assumed, the
as in Cly76Ago05. The resulting DOS is shown in Fig. 5 to results show the opposite direction of charge transfer than
consist of two broad features. The lower represents maini{’€ CPA. On the other hand, if we use unequal MT spheres,

Ag states located at about 6 eV bel@y, and the upper part which are proportional to the pure fcc elemental size, and if

represents Cu states centered at about 2 eV bElewThe ~ We partition the interstitial electrons proportionally to the
Cu peak is slightly narrower and higher than the Ag peak. volume of the unequal MT spheres, we find a charge transfer
in very good agreement with our CPA results. In order to

clarify this subject we performed similar APW and CPA cal-
culations for the well-known C4Au, and obtained the same
The DOS atEg, N(Eg), is related to the specific-heat trends concerning the charge transfer. Actually, the experi-
coefficienty. For the Cu-Ag alloys it is shown in Fig. 6. We ment show® that in Cu;Au upon alloying there is a charge
find a decrease dN(Eg), and y upon disordering for the transfer from Cu to Au consistent with electronegativity ar-
25% composition, but an increase for the 50% compositionguments. In addition, Kuhn and Sh&hobserved that the
In Table Il we list the values of the totdl(Eg) as well as increase of the overall Au charge occurs in such a way so
the components of the constituent atoms for the orderethat thed charge decreases, while tBeand p charges in-
compounds. If we account for the number of atoms in eaclerease. We find that our CPA calculation, which does not
unit cell, all of the ordered compounds have nearly the samesuffer from the ambiguity of the choice of the relative size of
N(Eg). The Fermi velocityVg, also listed in Table I, is the muffin-tin spheres, agrees well with experiment. Hence,
1.29x10® cm/s in CuAg and 1.4810° cm/s in CuAg. unequal MT spheres, appropriately determined as above, are
These values oW/ are comparable to those of the pure necessary to describe the correct charge transfer. It should be
elementd? In Table Il we also give the electron-phonon in- emphasized that the band structure, and DOS, have very
teraction parametersy determined in the rigid muffin-tin weak dependences on the relative size of the MT spheres. In
approximationt* These values are similar to those of the Table Ill we give the charge transfer with unequal MT
pure elements, and much smaller than the valueg; oh spheres for the Cu-Ag alloys.

E. Densities of states at the Fermi level
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