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ABSTRACT

We present a self-consistent-field Korringa-Kohn-Rostoker coherent potential approx-

imation study of the electronic structure of disordered CarAg^j: alloys for x = 0.0, 0.25,

0.50, 0.75 and 1.0. In particular, we focus on the Fermi surface, density of states, and

Bloch spectral density, and study how they evolve as a function of x. We find that, Fermi

surface dimensions have a non-linear composition dependence. The disordered-induced

smearing of the Fermi surface, as expected, is very high along the [111] direction; both

the Cu and Ag Fermi surfaces have a neck in this direction. Wherever possible we have

compared our results with the available experimental data.
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I. INTRODUCTION

The Cu-Ag system, with its very limited terminal solid solubilities and with a wide

miscibility gap [1], is one of the most flagrant exceptions to the Hume-Rothery rules of

solid solubility. However, it has been observed that under certain equilibrium conditions

the formation of a metastable crystalline disordered fee alloy can be achieved over the

entire range of composition [2]-[ll]. The lattice constant of this single-phased metastable

solid solution varies smoothly with composition, with a slight positive deviation from

Vegards's law [3], [9]-[10].

The alloy Cu-Ag is one of the most difficult systems to form, and still over the years

several different techniques and equilibrium conditions have been used to form this alloy

j2]-[ll]. The reason for the continued interest in this system is more commercial than

scientific. We know that both Cu and Ag are good conductors of electricity; Ag has a

higher electrical conductivity than Cu, but commercially, Ag is more expensive. One

expects that the alloy of Cu and Ag will also possess a high electrical conductivity but

obviously will be cheaper than pure Ag. Furthermore, Cu is known to be less malleable

than Ag and addition of Ag may increase the malleability. We are not aware of any

experimental study on the mechanical properties of the Cu-Ag alloy.

The above observations underline the importance of forming such an alloy and there

is continued interest in this system, both experimental and theoretical. However, most

of these works have been devoted to the study of alloy formation [2]-[ll] and kinetics of

segregation, both in experiment [12,13] and theory [14]-[17]. It is important to note that,

the electronic structure of the alloy plays an important role in the determination of these

properties. But surprisingly there are very few studies on the electronic structure of Cu-Ag

alloys. On the experimental side, we have few works on the optical properties [18,19] and

on ultraviolet photoemission spectroscopy (UPS) of Cu-Ag alloys (20]. On the theoretical

front also there have been quite a few attempts to explain the equilibrium phase diagram

of Cu-Ag system. Robbins and Falicov [21] calculated the electronic structure using a

tight-binding-like Hamiftonian. Recently, Sanchez et ai [22] calculated the phase diagram

using the cluster variations! method. In their work, they used the augmented spherical

wave method to calculate the electronic structure of the hypothetical ordered Cu-Ag sys-

tem. We emphasize that, in order to have an accurate picture of the phase stability of

the disordered phase of the alloy it is important to understand the electronic structure

of its disordered phase. Moreover, for an adequate description of various electronic prop-
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erties of the disordered phase of the alloy we need to calculate the electronic structure

of ita disordered phase from first-principles. Only recently, Banhart et al [11] carried out

a Korringa-Kohn-Rostoker coherent-potential approximation (KKR-CPA) calculations of

various electronic properties of the Cu-Ag alloys over the entire range of composition. To

our knowledge, the work of Banhart et al is the only attempt to understand the electronic

properties of Cu-Ag alloys from first-principles electronic structure calculations. How-

ever, they did not calculate k-space properties such as Btoch spectral density and Fermi

surface (FS). As is well known, the PS topology plays an important role in determining

various properties of a solid such as transport, magnetic, superconducting and vibrational

properties [23]. But, to our knowledge, so far there has been no study of the FS of Cu-Ag

alloys. In the present work, we aim to focus more on the Bloch spectral density and the

FS of Cu-Ag solid solutions.

If we examine the band structure of Cu and Ag metals, we observe that the d-bands

of Cu and Ag are well separated [24]. Therefore, full charge self-consistency can have

an important effect on the electronic structure of this system. Recognising this, we have

undertaken an all-electron fully charge self-consistent KKR-CPA study of the density

of states (DOS), the Bloch spectral density, and the FS. Our results for DOS are in

accordance with the earlier theoretical calculations [11] as well as with the available ex-

perimental data from UPS [20] and the results of optical investigations [18,19]. The Bloch

spectral density, in general, is quite sharp. Therefore, we expect that the electrical resis-

tivity will be low as ever. We observed that the FS contours of Cu-Ag in the (100) plane

(FKWX plane) do not show drastic change in going from Cu to Ag. However, in the (110)

plane (FKLUX plane) we observe a drastic change, especially, in the width of the FS in

the [111], The disordered smearing in this direction is as high as 8%. Our theoretical

results of the FS dimensions can be compared directly with the results of the positron

annihilation experiments, in particular, with the results of the two-dimensional angular

correlation of positron annihilation radiation (2D ACAR) measurements [25]. However,

to date no experimental data have been reported on the FS of Cu-Ag alloys. A fully self-

consistent and parameter-free KKR-CPA prediction of the FS dimensions for different

compositions in the Cu-Ag alloys can, therefore, prove very useful for analyzing and also

designing future two-dimensional angular correlation of positron annihilation radiation

(2D ACAR) measurements.

The outline of this paper is as follows. In Section II we very briefly describe our cal-

culational procedure. In Section III we present and discuss the results of our calculations

for FS dimensions, density of states, and Bloch spectral density and in Section IV we

summarize our conclusions.

II. COMPUTATIONAL DETAILS

The electronic structure of disordered CujAg!-! alloys (x = 0.0, 0.25, 0.50, 0.75, and

1.00) are calculated using the all-electron fully charge self-consistent KKR-CPA method

described in detail elsewhere [26]-[30]. In this method the disordered alloy is replaced by

a translationally invariant effective medium which is determined self-consistently. The

charge self-consistency is treated within the local density approximation of the density

functional theory [31]- We have used the von Barth and Hedin exchange and correlation

potential [32]. Note that, in these calculations, there are two levels of self-consistency.

We start with some initial charge densities for Cu and Ag atoms in the solid and calculate

the effective medium self-consistently by KKR-CPA scheme. Then we calculate the new

charge densities for Cu and Ag atoms in this medium and continue till we achieve self-

consiBtency in charge densities. In our calculations, the convergence in the charge densities

was achieved within an accuracy of 10~* electrons per atom. We may mention that, in our

calculations the only inputs are atomic numbers of Cu (Z=29) and Ag (Z=47) and the

following data about the lattice constant (a); for x = 0.0, a=7.7203 a.u., i=0.25, a=7.5370

a.u., 1=0.50, a=7.3260 a.u., i=0.75, a=7.0950 a.u, and x=1.0, a=6.8323 a.u. [11,33], The

details of the calculations for total and component DOS and the Bloch spectral density

>4{k, E) are given in the literature [27]-[29]. The Fermi surface is determined in the

following manner. First we calculate A(k,Ep), the Bloch spectral density corresponding

to the Fermi energy (Ep) in different directions in the Brillouin zone (BZ). The locus

of the peaks of A(k, Ep) defines the Fermi surface. Note that, the Fermi surface of a

disordered alloy is no longer sharp as is the case with pure metals, but gets smeared due

to the disorder-induced scattering of electrons. The disorder smearing is measured in

terms of half-width of A(k, Ep) at half-maximum.

III. RESULTS AND DISCUSSION

A. Density of states

In Fig. 1, we show the DOS curves for x=0.75, 0.50, and 0.25. All these depict a split-

band behavior. This is quite expected because the d-bands of Cu and Ag are energetically

well separated from each other [24]. In all the three curves, the Cu-related structure is



just below the Fermi level Ep (In the figure Ep is set at zero of energy) whereas the Ag-

related structure is about half a Rydberg below Ep. The minority band in the DOS for

x=0.75 (Fig. l(a)) exhibits a peaky structure which can be traced Ag-related structures.

A similar trend is observed in the remaining two cases. The majority band resembles to

the DOS of a pure metal. These observations are in full agreement with earlier theoretical

results [11 j as well as with the experimental results from UPS measurements [20] and the

interpretation of optical investigations [18,19]. The DOS at the fermi energy is very low

and varies slowly with the composition.

B. Bloch spectral density

In Fig. 2, we show the Bloch spectral density at the Fermi energy for CusoAgso alloy in

the VX direction. We observe that A(k, Ep} has a very small width, in contrast to other

Cu-based and Ag-based alloys, e.g. Ag-Pd and Cu-Pd, where the width is appreciable. We

have calculated A(k, Ep) for all other compositions of the alloy and in different directions

and we find a similar behavior. This implies that the disordered-induced scattering of

electrons is very small, and therefore, the conduction electrons in a Cu-Ag alloy will still

have a very high life-time. Therefore, we expect that the electrical resistivity of the alloy

will not increase drastically.

C. Fermi surface

In Figs. 3 and 4, we show the FS contours of Cu-Ag alloys in TKWX and TKLUX

planes respectively. We observe that, in the TKWX plane the fermi radii vary smoothly

with the concentration, the width of the FS, which is measured in terms of the half-width

at half-maximum in the Bloch spectral density curve (not shown in the figure) is very

small (less than 1%). The Fermi radii increases by more than 10% in going from [[110] to

[100] direction. The FS parameters in the TKLUX plane show a non-linear composition

dependence. The FS contour has an almost linear composition-dependence. However, the

width of the FS change drastically with the composition. We observe that the width of

the FS is very large at the points closer to the neck of the FS. The disorder smearing in

this region is as high as 10%. We may point out that the FS of Cu as well as that of Ag

exhibit a neck in the [111] direction. The neck radii of the FS's of Cu and Ag are quite

different from each other; FS of Cu has a larger neck radii compared to that of Ag. The

large disorder smearing in the FS of Cu-Ag alloys in this direction may be attributed to

the above observations.

It is possible to obtain the FS dimensions of an alloy experimentally by using the

data from 2D ACAR measurements and analyzing it via the Lock-Crisp-West (LCW)

method [34]. Unfortunately, there are no experimental results on the FS of Cu-Ag alloys.

Recently it haa become possible to analyze the 2D ACAR data in yet another way. In

a series of reports, the group at the University of Tsukuba have developed a scheme

(involving image reconstruction technique based on direct Fourier transform) by which

three-dimensional LCW-folded k-space density n(k), can be obtained from the measured

2D ACAR distributions. It is recognised that the three-dimensional distributions, n(k),

are more capable than the two-dimensional LCW contours to give quantitative results for

the FS. A reconstruction of three-dimensional n(k) from such 2D ACAR measurements

on Cu-Ag can offer FS parameters which can be compared with the results of present

calculations.

IV. CONCLUSIONS

We have carried out a systematic study of the Fermi surface, density of states, and

Bloch spectral density of Cu^Ag* alloys for x = 0.0, 0.25, 0.50, 0.75 and 1.0 using the

all-electron fully self-consistent KKR-CPA method. We found that the DOS exhibits a

pronounced split-band behavior. On the basis of our results for the Bloch spectral density

and the Fermi surface we expect that the electrical resistivity of the Cu-Ag alloy will not

be very high. Our calculated FS shows a rather large disorder smearing around [111]

direction. Regarding the measurement of the FS dimensions for Cu-Ag alloys we offer

some suggestions and we hope that this will stimulate 2D ACAR studies on this system.

Acknowledgments

The author would like to thank Professor R. Prasad and Professor R. M. Singru

for helpful discussions. He expresses his thanks to Professor H. Ebert for sending the

experimental values of the lattice parameters for different compositions of Cu-Ag alloy. He

would also like to thank Professor Abdus Salam, the International Atomic Energy Agency

and UNESCO for hospitality at the International Centre for Theoretical Physics, Trieste,

where part of this work was completed. This work was supported by the Department of

Science and Technology, New Delhi, India, through Grant No. SP/S2/M-39/87.



References

[1] M. Hansen and K. Anderko, Constitution of Binary Alloys (McGraw-Hill, New York,

1958).

[2] P. Dwez, R.H. Wiltens, and W. Element, J. Appl. Phys. 31 , 1136 (1960).

[3] N. Nagakura, S. Toyama, and S. Oketani, Acta Metall. 14, 73 (1966).

[4] W.A. Elliot, P.P. Gagliano, and G. Krauss, Metall. Trans. 4, 2031 (1973).

[5] S. Mader, A.S. Nowick, and W. Widmer, Acta Metall. 15, 203 (1967).

[6] J.M. Poate, J.A. Borders, A.G. Cullis, and J.K. Hirvonen, Appl. Phys. Lett. 30, 365

(1977).

[7] 2.L. Liau and J.W. Mayer, J. Vac. Sci. Technol. 15, 1629 (1978).

[8] B.Y. Tasur, Z.L. Liau, and J.W. Mayer, Appl. Phys. Lett. 34, 168 (1979).

[9] B.Y. Tasur, S.S. Lau, and J.W. Mayer, Appl. Phys. Lett. 36, 823 (1980).

[10] R.K. Linde, J. Appl. Phys. 37, 934 (1966).

[11] J. Banhart, H. Ebert, R. Kuentzler, and J. Voitlander, Phys. Rev. B 46, 9968 (1992).

[12] Y. Liu and P. Wynblatt, Surf. Sci. Lett. 241, L21 (1991); Y. Liu and P. Wynblatt,

Surf. Sci. 290, 335 (1993).

[13] J. Eugene, B. Aufray, and F. Cabane, Surf. Sci. 241, 1 (1991).

[14] G. Treglia, B. Legrand, J. Eugene, B. Aufray, and F. Cabane, Phys. Rev. B 44, 5842

(1991).

[15] Y. Liu and P. Wynblatt, Surf. Sci. Lett. 240, 245 (1990).

[16] J. Eugene, G. Treglia, B. Legrand, B. Aufray, and F. Cabane, Surf. Sci. 251, 664

(1991).

[17] A. Saul, B. Legrand, and G. Treglia, Phys. Rev. B 50, 1912 (1994).

[18] P.O. Nielsson and G. Forsell, J. Phys. (Paris) Colloq. 35, C4-57 (1974).

[19] J. Rjvory, Phys. Rev. B 15, 3119 (1977).

7

[20] N.J. Shevchik and A. Goldmann, J. Electron Spectrosc. Relat. Phenom. 5, 631 (1974).

[21] M.O. Robbing and L.M. Falicov, Phya. Rev. B 25, 2343 (1982).

[22] J.M. Sanchez, J.P. Stark, and V.L. Moruzzi, Phys. Rev. B 44, 5411 (1991).

[23] For a review on the FS effects on electronic properties of disordered alloys, see, e.g.

B.L. Gyorffy and G.M. Stocks, in Electrons in Disordered Metals and Metal Surfaces

edited by P. Phariseau, B,L. Gyorffy, and L. Scheire (Plenum, New York, 1979), p.

89.

[24] see V. L. Moruzzi, J. F. Janak and A. R. Williams, Calculated Electronic Properties

of Metals, (Pergaraon, New York, 1978).

[25] S. Berko in Electrons in Disordered Metals and Metal Surfaces edited by P. Phariseau,

B.L. Gyorffy, and L. Scheire (Plenum, New York, 1979), p. 239.

[26] A. Bansil, in Electronic Band Structure and its Applications edited by M. Yussouff

(Springer-Verlag, Berlin, 1987), p. 273.

[27] J. S. Faulkner and G. M. Stocks, Phys. Rev. B 21, 3222 (1980).

[28] A. Bansil, Z. Naturforschung, 48a, 165 (1993).

[29] G. M. Stocks and H. Winter in The Electronic Structure of Complex Systems, edited

by P. Phariseau and W. M. Temmerman (Plenum, New York, 1984), p. 463.

[30] R. Prasad in Methods of Electronic Structure Calculations, edited by O. K. Ander-

sen, V. Kumar and A. Mookerjee (World-Scientific, Singapore, in press); R. Prasad,

Indian J. Pure and Appl. Phys., 29, 255 (1991).

[31] For a detailed review, see e.g., J. Callaway and N.H. March, in Solid State Physics

edited by H. Ehrenreich, D. Turnbull, and F. Seitz (Academic, New York, 1984), p.

135.

[32] U. von Barth and L. Hedin, J. Phys. C 5, 1629 (1972).

[33] H. Ebert, Private Communication.

[34] D. G. Lock, V. H. C. Crisp and R. N. West, J. Phys. F 3, 561 (1973).



DOS

100

75

50

25

r,

1

(a)

i i

Cu
Ag -

Total

• lip -

-

ilr-M—^
-0.5 -0.25 0 0.25

DOS

2h -

1 1

(b)

i

Cu
Ag

Total .

U—
-0.5 -0.25 0.25

DOS

•U. ' i ' -0.5 -0.25
E-EF (Ry)

0.25

I'ig. I. Total and component density of states for CtuAgi-! alloys for (a) 1=0.75, (b)
.i- = 0..")(). iinu (c) .r=0.25. The density of staes is in (states/Ry-atom). The total, Cu-
nnii|)onont and Ag-component density of states are indicated in the legend.

k (mrad)

Fig. 2. Bloch spectral density A(k, EF} of Cu5oAg5o alloy in the F — X [100] direction of
the Brillouin zone. The energy is fixed at the Fermi level.
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Fig. 3. Fermi surface contours of CuTAgi_T alloys in the TKWX plane of the Brillouin
zone. The values of the concentrations are indicated in the legend.

x=0.75
x=0.50

Fig. 4. Fermi surface contours of CuIkgi-I alloys in the TKLUX plane of the Brillouin
zone. The values of the concentrations are indicated in the legend.
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