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Electronic structures of disordered Ag —Mg alloys
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We have calculated the electronic structures of the valence bands in a series of n-phase (disordered

fcc) Ag-Mg alloys over the range 0—30 at. % Mg using the Korringa-Kohn-Rostoker method within the
coherent potential approximation (KKR-CPA). We find that the variation of the equilibrium lattice
constant with composition is in good agreement with experimental measurements. The bandwidth
of the Ag-related d states decreases with the addition of Mg although the position of the bottom
of the band remains roughly fixed in energy with respect to the Fermi level; an observation that
is consistent with photoemission measurements. The electronic spectral densities are very sharply
peaked at the Fermi energy with widths that are ( 1'%%uo of the Brillouin zone dimension and so

the Fermi surfaces of the alloys are well defined throughout the zone. The radius of the neck at
the L point and the belly radii in the FX and FK direction increases approximately linearly with

increasing Mg content. Taking into account some previous work on the origin of short range order
in Ag-rich alloys, we conclude that the local-density approximation KKR-CPA method provides a
realistic description of the electronic structure in cx-phase Ag-Mg alloys.

I. INTRODUCTION

Ag-rich Ag-Mg alloys exhibit a number of interesting
properties. The binary phase diagram itself is relatively
simple;~ there is a disordered solid solution n phase (fcc
structure) that extends up to nearly 30 at. % Mg and an
ordered P' phase (CsCl structure) above 40 at. % Mg.
Within the o. phase region an ordered o," phase oc-
curs above 20 at. % Mg; the ordering temperatures
are strongly composition dependent with a maximum
of 390'C near 24 at. % Mg. The two ordered phases
are particularly interesting. The a' phase is a one-
dimensional, long period superlattice (LPS), made up of
domains, based on cells with the L12 structure, separated
by antiphase boundaries. 2 The actual LPS structure de-
pends on composition and thermal history, but the sim-
plest is the DOQ3 structure that occurs near 24 at. % Mg.
The P' phase remains ordered to its melting point. It
has an electron-atom (e/a) ratio of 3/2 and is a member
of a special class of alloys referred to as Hume-Rothery
phases (or electron compounds) whose structures are
strongly correlated with the e/a ratio. s We have recently
reported an investigation of the electronic structures in
both of the ordered phases using a combination of ultra-
violet and x-ray photoelectron spectroscopies and first-
principles band structure and photocurrent calculations.
Consequently, we now focus our attention on the elec-
tronic structure of the o.-phase (disordered) alloys.

Some 25 years ago Ohshima and Watanabe found that
considerable short range order was present in n-phase
alloys containing ll —28 at. %%uoMg . Usin g th eKorringa-

Kohn-Rostoker method within the local density and co-
herent potential approximations (LDA-KKR-CPA), we
calculated the Fermi surfaces in a number of disordered
Ag-Mg alloys and we provided very strong evidence
that the short range order is driven by a Fermi surface
nesting mechanism. We showed that there are Battened
and parallel regions of Fermi surface in the I'K direction
at which nesting could occur, giving rise to concentra-
tion waves and groups of intensity maxima in the diffuse
scattering. The positions of the peaks in the diH'use scat-
tering depend sensitively on the magnitude of the Fermi
surface nesting vector and we found that our calculated
values of the peak separations were in excellent agree-
ment with the experimental measurements of Ohshima
and Watanabe. 5 It could be argued therefore that such
agreement provides an "indirect" confirmation that at
least certain features of the calculated Fermi surfaces are
correct. In this paper, we report the results of a more de-
tailed investigation of the electronic structures in a num-
ber of disordered Ag-rich Ag-Mg alloys. We have used
the LDA-KKR-CPA method to calculate the electronic
spectral density throughout the Brillouin zone and we
have made contact with experimental results wherever
possible.

II. ELECTRONIC STRUCTURE CALCULATIONS

We calculated the valence band electronic structure in
a series of (disordered fcc) Ag-Mg alloys in the range 10—
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30 at. % Mg using the LDA-KKR-CPA method within
the muffin-tin approximation. (We also carried out sim-
ilar calculations for Ag for comparative purposes. ) The
core states were treated fully relativistically and the va-
lence band states were treated within the scalar relativis-
tic approximation. At each composition we minimized
the total energy as a function of lattice constant and ob-
tained the corresponding self-consistent charge densities.
We used the self-consistent output potential functions,
etc. , to calculate the densities of states and the electronic
spectral densities along various symmetry directions in
the (fcc) Brillouin zone. As we will describe in more de-
tail later, we found that over the composition range we
studied the widths of spectral density at the Fermi en-

ergy were very narrow —thus, the Fermi surfaces are
well defined —and so we calculated the Fermi surfaces
and determined various surface dimensions.

The most relevant physical quantity we deal with in
this paper is the Bloch spectral function (BSF),A+(k, e),
which represents the density of electron states at energy
e and wave vector k. In an ordered system the BSF can
be expressed as a sum of 8 functions:

It is, therefore, more convenient to generalize Eq. (2) as

A (ke)= ——Im ) ).7l [ e —e~ k (4)

At a given k Eq. (4) gives a clear account of the
Lorentzian structure of the peaks in the Bloch spec-
tral function. Alternatively, the above picture may be
"reversed" and, at a fixed energy, different, complex k
points, coming from the continuation of the band struc-
ture, e„(k), give contributions to the BSF. The latter
turns out to be "astigmatic, " made up of Lorentzians
centered about Re(k) and with half widths related to
Im(k) and proportional to the inverse of the electron
coherence length,

tcob

Therefore, the BSF may be decomposed as a sum of
Lorentzian contributions:

A (k, e) = ) h(e —e„(k)),

where e (k) are the energy eigenvalues of the vth band,
and the locus of the peaks in (e, k)-space trace the con-
ventional band structure. Equivalently, for ordered sys-
tems we may write

A (k, e) = ——Im lim)
7l 'q~o e —e~ k + trl

V

In an alloy, A, B,z, the disorder broadens the peaks of
A+(k, e) and, as it has been shown, s in the coherent ap-
proximation the BSF is related to the coherent Green
function:

A (k, e) = ——Im(Tr [L"'(k, k', e)]).

The total density of states, n(e), can be expressed in
terms of the averaged densities of states n (e) and np(e),
or directly from the BSF as an integral over the Brillouin
zone:

n(e) = c~n~ (e) + cpnp (e) = A (k, e)dk. (3)
~BZ

where the C„(k) weight each Lorentzian contribution to
the BSF. In the case where on varying the energy at a
given k one crosses a nearly vertical band, the tails of the
Lorentzians corresponding to many other states close to
e„(k) overlap. Thus, broad peaks will be produced that
may lead to an overestimate of the width if we use Eq.
(5) as a fit formula. On the other hand, in the case of
(near) horizontal bands, the estimates of the widths from

Eq. (5) are much more precise.

III. RESULTS AND DISCUSSION

In Fig. 1 we show the variation of the calculated equi-
librium lattice constants with composition and compare
the results with the experimental measurements of Fu-
jiwara et at. io and Buckley et a/. The two variations
are closely parallel —the slopes of the experimental

equilibrium values-
Fujisvara et al (1958 6

Huckley et al (1959-60 ~

In systems in which the disorder broadening is not too
large, as in Ag-Mg alloys, the b-function peaks in Eq.
(1) are simply broadened and shifted in e and k while
remaining clearly identifiable with a Lorentzian shape.
In this case, the Fermi surface of the alloy can be defined
as the locus of the k peaks in the BSF at the Fermi
energy, i.e., in A+(k, e~). Of course, in an alloy the
eigenvalues e (k) are no longer real and their imaginary
part is proportional to the inverse of the quasiparticle
lifetime,
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proximations seem to overemphasize the bonding.
In Fig. 2 we show the site decomposed and total den-

sities of states calculated using Eq. (3) (n = Ag and

P = Mg) for (a) pure Ag and for alloys containing, (b)
10 at. '%%uo Mg, (c) 20 at. %%uoM g, an d(d )3Oat. %Mg . There
are three points to be made about these plots:

(i) The major contribution to the density of states in
the alloys comes &om the Ag 4d-related states.

(ii) Although the bandwidth decreases from (a) to (d)—as the overlap of the Ag 4d-wave functions is reduced
by dilution and the increase in lattice constant —the
position of the bottom of the band, i.e., at the largest
binding energy, remains roughly 6xed in energy; in Table
I we have listed the values of the bandwidth (i.e. , the full

width at half maximum) and the energy position of the
bottom of the band.

(iii) An increase in the disorder broadening with in-

creasing Mg concentration can be clearly seen.

10—
(a

0 — —...-.'. --

I

2 0 -2 -4 -6 -8 -10

E —EF (eV)

and calculated lines are 1.25 x 10 A (at.%) i and
1.17x10 A (at. '%%uo) i, respectively —although the cal-
culated values are 1% lower than the measured values.
One has to bear in mind, of course, that the calculations
represent values at 0 K whereas the experimental values
were obtained at room temperature. In addition, such
discrepancies are typical for transition metals and alloys
using a calculational scheme involving the local density
and muffin-tin approximations. Thus, the agreement be-
tween the experimental and calculated results is in line
with similar comparisons and can be therefore considered
satisfactory although the local-density and muKn-tin ap-

FIG. 2. The total and site decomposed densities of
states, from Eq. (3) of (a) Ag, (b) Ag —10 at. '%%uo Mg, (c)
Ag —20 at. % Mg, and (d) Ag—30 at. '%%uo Mg. The solid line
is the total density of states n(e), the heavier dashed line for
the alloys is the density of states at the Ag site neo(e), the
lighter dashed line is that at the Mg-site nMs(e).

Behavior similar to (i) and (ii) is observed in uv photoe-
mission measurementsi2 and we show in Fig. 3(a) com-
parison of ultraviolet photoemission spectra taken using
He 11 radiation (40.8 eV) from pure Ag with that from a
disordered alloy containing 25 at. % Mg and the corre-
sponding densities of states. In order to make a proper
comparison, both photoemission spectra were measured
at a temperature of 420 'C, i.e., well above the disor-
dering temperature of the alloy. Because of the energy-
dependent efFects of the electron-photon matrix elements
and the finite hole lifetimes, and the finite resolution of
the spectrometer, we cannot expect a direct, one-to-one
correspondence between the shapes of the densities of
states in Fig. 3(a) and the photoemission spectra in Fig.
3(b). Nevertheless, there is a reasonable level of agree-
ment; in particular, the narrowing of the valence band
and the "locking" of the position of the bottom of the
band are clearly apparent in the data. (There is also a
shift in energy between features in the experimental spec-
tra and the densities of states; energy shifts are common
in such comparisons and are probably due to self-energy
effects. )

In Figs. 4 and 5 we show the Bloch spectral functions
for the alloy containing 25 at. %%uoMgalon g th e I'X, I'K,
I'L, and I'LW directions in the fcc Brillouin zone. (The
spectra functions are similar for all the alloys and we se-
lect the result for the 25 at. %%uoMgallo ya sbein g typical. )
In Fig. 4, we have also indicated by arrows the positions

TABLE I. Calculated values of the bandvridths and the positions of the bottom of the band )

arith reference to the Fermi energy, in disordered Ag-rich Ag-Mg alloys.

Composition (at. '%%uo Mg)
0.0
10.0
15.0
20.0
22.5
25.0
27.5
30.0

Bandwidth (eV)
3.44
3.37
3.31
3.24
3.18
3.13
3.10
3.00

Bottom of band (eV)
-6.25
-6.32
-6.34
-6.37
-6.39
-6.36
-6.34
-6.32
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(b)

(ii) The reduction of the valence bandwidth on alloying
is clearly evident in these plots. In addition, the shifts of
the peak positions from the pure Ag eigenvalues increase
with increasing energy &om 0 in the vicinity of I q but
increasing to 0.5 eV near E~.

(iii) The states at the Fermi energy are of predomi-
nantly s/p character and are very sharp. Consequently
the Fermi surface is well de6ned.

(a)

E —EF (eV)

-10

of the eigenvalues for pure Ag. There are several points
to note.

(i) It is apparent that the states of (essentially pure)
8 and p character show much less disorder broadening
compared with those with d character. This is a real
effect since the procedure used, based on scanning in e

at fixed k, see Eq. (5), will actually tend to provide an
overestimate of the broadening of the s/p states because
their dispersion is much more rapid than that of the d
states.

FIG. 3. A comparison of (a) the total densities of states and

(b) photoemission spectra for Ag and Ag —25 at. % Mg. The
photoemission spectra were obtained using He II radiation,
Ref. 12.

We have plotted the spectral function along I'LW using a
different perspective in Fig. 5, and it shows the presence
of a neck on the Fermi surface at the L point.

We calculated also the spectral function at the Fermi
energy, A (k, eF), in various planes in the Brillouin zone.
Again, the results are similar for all the alloys and in Figs.
6(a), 6(b), and 6(c) we show the variation of A (k, e~)
along radial directions in the I'XKX, I'XULK, and
IWKWU planes, respectively, for the 25 at. % Mg al-
loy. The widths, bk, of the peaks in the spectral function
vary with k, as shown in Fig. 7 for the I'XKX plane,
but they are considerably less than 1% of the Brillouin
zone dimension for all the alloys studied. As a result the
Fermi surfaces are well de6ned and they can be conve-
niently represented in k space by the locus of the max-
ima in A (k, eF). We show two sections so determined
in Figs. 8(a) and 8(b); in Fig. 8(a) we compare the sec-
tion in the I'XKX plane with that obtained within the
empty lattice approximation for the appropriate e/a ra-
tio and we can see that it is "flattened" in the I'K direc-
tion. The Fermi surfaces of the alloys resemble that in
pure Ag with a neck at the L point; the major effect of
adding Mg is to increase the enclosed volume. The neck
is circular in section and in Figs. 9(a) and 9(b) we show
how the neck radius and the belly radii in the I X and
I K directions vary with composition. The variation in
each case is very closely linear. We have also included
values of the neck radii for Ag and AgsMg (assuming
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FIG. 4. The Bloch spectral
function for Ag—25 at. 'Fo Mg for
different k values along the (a)
I'X, (b) I'K, and (c) I'L di-

rections. The lowest spectra
are for the I' point; the upper
spectra are for (a) the X point,
(b) the It point, and (c) the L
point. The diHerent k values
in each case are equally spaced
between the extremes. The ar-
rows show the positions of the
eigenvalues for pure Ag.
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alloys has an important inBuence on various properties.
Since we have already examined some aspects and con-
sequences of certain features in earlier papers, such as
the Battening that occurs between the L points, we

will not discuss them in any detail here. However, we

should point out brie8y that we believe that "nesting"
can occur between the Hattened, parallel regions in the
(110) directions, giving rise to concentration waves for
which the electronic structure of the homogeneous state,
described by the KKR-CPA, is unstable and whose wave
vectors are determined by the nesting vectors. As a result
a fourfold set of intensity maxima (satellites) occur in the
difFuse scattering from the alloys around the (100), (110)
and equivalent, positions. The magnitude of the nest-
ing vector is twice the belly radius in the I'K direction
and so we can see f'rom Fig. 9(b) that it depends sensi-
tively on the Mg content. Thus, the wave vector of the
concentration wave, and the separation of the satellite
peaks in the diffuse scattering, are composition depen-
dent. In fact, the variation of the peak separation we
calculated ' is in excellent agreement with the observa-
tions of Ohshima and Watanabe. Furthermore, the in-
tensity maxima in the diffuse scattering are precursors to
the formation of the ordered LPS structures since they
become sharper and eventually develop into Bragg peaks
as the long range order sets in. In the case of Ag-Mg
alloys the LPS periods are incommensurate and we have
obtained excellent agreement between the observed av-

FIG. 9. The variation of (a) the neck radius at the I point
and (b) the belly radii along I'X and I'K, with Mg concen-
tration.

erage domain size, i.e., the average number of Ll2 units
per domain, and that given by the calculations.

IV. SUMMARY

In this paper, we report calculations of the electronic
structure of the valence bands in a series of a-phase (dis-
ordered fcc) Ag-Mg alloys in the range 0—30 at. % Mg
using the LDA-KKR-CPA. We find that the variation of
the equilibrium lattice constants is in good agreement
with that observed experimentally. The valence bands
are dominated by the Ag 4d-related states and we find
that the bandwidth decreases with increasing Mg con-
centration although the bottom of the bands remains
fixed in energy, with reference to the Fermi level; a re-
sult that is consistent with uv photoemission measure-
ments of a 25 at. % Mg alloy. The calculations of the
electronic spectral densities indicate that states with 8
and p character are much less disorder broadened than
d states and that at the Fermi energy the peaks in the
spectral functions are sharp, with widths that are con-
siderably less than 1% of the Brillouin zone dimension.
Thus, the Fermi surfaces are well defined. We show that
the radius of the neck at the L point and the belly radii
increase very nearly linearly with Mg concentration. In
previous papers in which we examined the changes in the
dimensions of the Fermi surface, we concluded that the
agreement between our calculations and the experimen-
tal results not only provided strong evidence that Fermi
surface features play an important role in establishing
the short range and long range order in o.-phase Ag-Mg
alloys, but also the results demonstrated the accuracy
of the KKR-CPA in dealing with the phenomenon of in-
commensurate concentration waves. The additional ar-
eas of agreement between the calculations described here
and the experimentally measured lattice constants and
photoemission measurements give further support to the
conclusion that the LDA-KKR-CPA provides a realistic
description of the electronic structures in Ag-rich Ag-Mg
alloys.
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