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We have calculated the Fermi surfaces of Ag, Pd&, vs Ag atomic concentration, within the fully rela-
tivistic Korringa-Kohn-Rostoker —coherent-potential-approximation framework. The Fermi surfaces of
these alloys change, on varying the concentration, from the Pd- to the Ag-like topology. This implies
that a number of electronic topological transitions (ETT s) occur on changing the e/a ratio, as a conse-
quence of the fact that the Fermi level moves away from the d states towards the sp states. It is well

known that such changes in connectivity of the Fermi surfaces afFect transport coefticients; however, as
we have shown in Paper I, equilibrium properties such as equilibrium volume, specific heat, enthalpy of
mixing, etc. , also display anomalies at the same concentrations where such topological changes occur.
In particular we have found 5 ETT's in correspondence to the deviations from Vegard's law of the lattice
parameter shown in Paper I. Another unexpected result of this study is that, in the range of atomic con-
centration beteen 0.55 and 0.69, this alloy Fermi surface is simply connected, although nonspherical, as
for a simple metal. Moreover, we show that a fully relativistic study is necessary for AgPd Fermi sur-

faces, because the spin-orbit interaction is responsible for the fact that the two hole pockets at X close at
diferent concentrations.

I. INTRODUCTION

The Ag, Pd&, metallic alloy has deserved a lot of at-
tention in the past, both from theoretical and experimen-
tal points of view. ' The application of the coherent
potential approximation (CPA} was, at first, able to
show its intrinsic "split-band" properties, adding value to
CPA in comparison with the earliest virtual crystal and
average T-matrix approximation. Later on, in 1982, it
was one of the first systems where the self-consistent-field
Korringa-Kohn-Rostoker (SCF-KKR) CPA (Refs. 4 and
5) has been applied, and transport properties calculated
from first principles. ' In particular, Butler and
Stocks have been able to overcome the so-called Mott sd
model" in explaining the residual resistivity and the ther-
mopower anomalies (as a function of the concentration)
of such system, and that was certainly a remarkable suc-
cess of the multiple scattering theory of alloys.

Recently, ' we have discussed the role of the electronic
topological transitions (ETT s), occurring in several me-
tallic binary alloys when the number of valence electrons,
or more generally, the electron chemical potential, is
changed. We argued there that the anomalies of
Ag, Pd&, residual resistivity and thermopower had to be
related to such an interesting phenomenon, predicted by
Lifshitz in 1960, ' although, due to the substitutional dis-
order, rigorously one should discuss in terms of
"anomalies" rather than "transitions" (see, for example,
Ref. 14, hereafter referred to as Paper I). One of the pur-
poses of this paper is to show that, in effect, the Fermi-
surface topology changes quite suddenly in those concen-
tration intervals where also the transport coefficients
show anomalies. It has been demonstrated (cf. Ref. 15,
and references therein) that the anomalies of such quanti-
ties are consequences of ETT's.

As has been discussed in Paper I, also certain equilibri-
um quantities display anomalies at the ETT's. In effect,

on varying the concentration, under the assumption (al-
though it is by no means necessary) that the bands are
"rigid, " the electron gas chemical potential p can be
moved until it passes through a Van Hove singularity.
Then, the density of states at p and the electronic grand
potential must have a singularity whose "special" parts,
on neglecting temperature and impurity scattering
effects, can be written as

n, =ae(p —s, )(p —E, )'

and

0,= — e(p —E, }(p—E, }'

respectively. The implications of this fact are deep and,
at present, not completely explored. For instance, it does
not only mean that equilibrium properties like specific
heat or enthalpy of mixing, etc., are affected by the ETT,
but also that electronic total-energy calculations require
great care in the proximity of such transitions. Disorder
scattering notwithstanding, for an alloy concentration
close to the "critical concentration" several spurious
effects can happen, such as, for instance: (i) an ETT can
occur on varying the volume, then, due to Eq. (2), the
electronic total energy is not necessarily parabolic, as a
function of the lattice parameter, in the neighborhood of
its minimum; (ii) numerical instabilities are to be expect-
ed for solving the Kohn-Sham equations, ' because the
bands move across the Fermi level, thus including or ex-
cluding the singular contribution n, to the eigenvalue
sum.

We also remark that the coefficient a, related to the
effective-mass tensor' ' in the expression for the singu-
larity of the density of states, can be evaluated only nu-
merically and therefore the "size" of the effect can be es-
timated only after the calculation. In this context, the
knowledge of the Fermi surface becomes crucial, because,

0163-1829/95/52(20)/14557(9)/$06. 00 52 14 557 1995 The American Physical Society



14 558 E. BRUNO, B.GINATEMPO, AND E. S. GIULIANO 52

from its topological modifications, one can predict at
what concentrations anomalies of the physical quantities
are to be expected, although little can be said about the
chance of finding an experimentally detectable effect.
One of the purposes of this paper is to show that these
anomalies do exist and it is just a matter of hard work to
take them out. This, of course, implies an accurate
analysis of the conventional definition of the Fermi sur-
face in a disordered system, and the reader is referred to
Ref. 12 and to Sec. I for such a discussion.

The question as to why silver-palladium is an impor-
tant system in which to study the ETT's arises spontane-
ously. Opposite to other alloys, like the system Zr-Nb-
Mo-le, where the ETT's show up in a quite spectacular
fashion (cf. Ref. 12, and references therein), Ag, Pd, , is

by no means a "rigid band" alloy and one could think
that the application to this alloy of the above argument,
based on the Van Hove singularities, is questionable, not-
withstanding what is claimed in Paper I. However, ow-

ing to the fact that, for pure Pd, the Fermi level lies
within the d bands while, for pure Ag, it lies in the sp
bands, the pure system Fermi surfaces are greatly
different in shape. In fact, the Pd Fermi surface consists
in an octahedron centered at I and two hole regions: an
ellipsoid centered at X, and a jungle-gym structure con-
necting, through L, different Brillouin zones. The Ag
Fermi surface is noble-metal-like, with a I centered oc-
tahedron broken by necks at the L points, giving the typi-
cal structure of the holes. There is no doubt, then, that
on increasing Ag concentration the Fermi surface shall
change its connectivity, either suddenly or continuously.
The corresponding ETT's will be related to such topolog-
ical changes, and an interesting matter of study, in itself,
is to understand how a "split band" alloy Fermi surface
changes by filling the d states. An aim of this paper is to
show that the Ag, Pd, , Fermi surface also shows up
sharp ETT's on increasing the e /a ratio.

Another point of interest is that a study of Ag, Pd,
Fermi surfaces should be based on a relativistic calcula-
tion, as far as ETT's are concerned. In a nonrelativistic
treatment, the single point group symmetry requires that
the eigenvalues along the I -X line are degenerate. That
implies that the above hole structures must have a con-
tact point along this direction. Thus they must disappear
simultaneously when, on increasing the Ag concentra-
tion, the Fermi level crosses the top of the corresponding
bands at the X point. Nevertheless, the spin-orbit in-
teraction, though small, as in the present case, removes
such a degeneracy. ' As a consequence, the two hole
pockets must close at different concentrations, in a rela-
tivistic treatment. Therefore we claim that the spin-orbit
interaction is qualitatively responsible for having a con-
centration interval where the Ag, Pd&, Fermi surfaces
have one X pocket only. That has other qualitative
consequences, as discussed above, because of the singular-
ities in the density of states and in the electronic grand
potential.

This paper is organized as follows: in Sec. II we dis-
cuss critically the definition of Fermi surface in a random
alloy and present our calculation scheme. In Sec. III we
present and discuss our results for Ag, Pd&, Fermi sur-

faces and argue that a similar study is useful for
Cu, Pt&

II. CALCULATION OF FERMI SURFACES
IN RANDOM ALLOYS

1 . 1= ——Im lim
o+ „s —s(,k)+ig

at fixed k and

(3)

A~(s, k)=+5(k& —
k& (s)}

1 C~= ——Irn lim g
g o+ . kg

—kg, (s)+4 (4)

at fixed s and k taken along a direction labeled g. Such
equations have relevance in KKR band structure
method ' ' and are referred to as constant k [Eq. (3}]or
constant energy [Eq. (4)] search.

The Fermi surface is then defined as the locus of the
discontinuities of the BSF at fixed c, = c.F, according to ei-
ther Eq. (3) or Eq. (4). In the case of a random alloy, one
may think to perform the configuration ensemble average
(e.g. , by means of CPA) of the eigenvalues spectrum. This
shall result in the fact that the BSF will be nonzero for
arbitrary values of c. and k, or, equivalently, in the fact
that the 5 functions will broaden up in a series of
Lorentzian-like peaks, i.e., in a "complex" band struc-
ture. It turns out that the former definition of Fermi sur-
face can be extended to a random alloy, although, as an
effect of disorder, one has to take care of the nonzero
width of the peaks. Those make the Fermi surface "as-
tigmatic, "more or less as a defocused picture. Such an @,-

and k-dependent broadening is equivalent to a high
effective temperature. This is so high as to prevent the
detection of cyclotronic resonances in a de Haas —van Al-
phen experiment, at least at the laboratory magnetic
fields. That notwithstanding, such a broadening might
be small when compared with the Brillouin zone size, re-
storing robustness to our definition, ' particularly if one
considers the two-dimensional angular correlation of an-
nihilation radiation (ACAR) experiments in random al-

loys (see, for example, Ref. 23), which prove the Fermi
surface existence. Therefore one can define the Fermi
surface as the locus of the peaks of the Bloch spectral
function, the average spectrum, at fixed c, =c.z.

Alternatively, ' and more conveniently for actual cal-
culations, the BSF may be defined as the imaginary part
of the lattice Fourier transform of the "coherent"
Green's function. This can be written as

First, it is worthwhile to establish the concept of Fermi
surfaces in a random alloy. The appropriate tool for this
definition is the so-called Bloch spectral function (BSF),'

As(s, k), namely, the density of states at a given k point
of the reciprocal space. Such a function consists, for an
ideal system, in a sum of 5 functions, either as a function
of the energy [when s is identical to the eigenvalue s (k)]
at fixed k, or as a function of the k point [when k is iden-
tical to k,(s)] at fixed s. This can be written as

A~(c, , k) =+5(s—s,(k))
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Aii(E, k) = ——ImG'(s, k) .1

In the present paper, the BSF is evaluated numerically
through Eq. (5) (Refs. 12 and 19) in the KKR-CPA
framework from ab initio, local density approximation
(LDA) KKR-CPA potentials for the translationally in-
variant CPA "coherent" medium.

The CPA is an elegant and accurate way of averaging
the spectral properties, but it is a mean-field theory. The
consequent neglect of charge Auctuations leads to an un-
derestimation of the Madelung terms in the electronic to-
tal energy, as pointed out by several authors. ' In or-
der to overcome this hurdle, one might think of giving up
the mean-field theory, by constructing a special quasiran-
dom structure (SQS), which keeps the most important
correlations of the real system. However, having neces-
sarily a different translational symmetry, it becomes
difficult to study the spectral properties of the alloy; in
fact, at present, no Fermi-surface calculation has ap-
peared yet. As an alternative, if the investigation of the
Fermi surface is the problem at hand, one might follow
the suggestion of Johnson and Pinski, and/or Abriko-
sov et al. , still within the CPA framework.

Such approaches are based on the fact that the screen-
ing length of an impurity is comparable with the nearest-
neighbor distance ' in a metal and therefore one could
limit the inclusion of charge fIuctuations within the first
shell of neighbors only. The Johnson and Pinski ap-
proach, the charge correlated CPA (cc-CPA), is
equivalent to a conventional CPA calculation but with a
number of components equal to twice (for a binary alloy)
the number of nearest neighbors and is therefore compu-
tationally demanding; the approach of Abrikosov et al. ,
the screened CPA, is computationally faster and reduces
(a factor 2 apart) to the "mean-field" solution of the cc-
CPA, i.e., the excess charge on the central site is sup-
posed to be distributed uniformly in the nearest-
neighbors shell, and the Madelung energy is calculated
accordingly as

2bE'"= — [c„(bg„)+c (EQ ) ],
S

where R, is the nearest-neighbor distance. Recently,
real-space large cell calculations (the LSMS of Nicholson
et al. '} confirm the general prediction by Lu, Wei, and
Zunger and Johnson and Pinski that the excess charge
in a site increases linearly with the number of unlike
neighbors.

Excess charge fluctuations are related to the micro-
scopic interpretation of the Hume-Rothery factors in al-
loying: size, e/a ratio, and electronegativity. The de-
velopment of the above "beyond CPA" theories is, there-
fore, mostly important in the context of metallic alloys
theory. However, in the present case of Ag, Pd& „it
does not appear exceedingly relevant, because the charge
transfers are small and the "sizes" (equilibrium volumes)
of the pure constituents are very close. Owing to these
facts, the CPA approach is supposed to work as well as
other more complicated and accurate schemes. In fact,
as shown in Paper I, the total energies found by this

method are not very different from those of Lu, Wei, and
Zunger. The results we are going to present in the fol-
lowing were, then, obtained by evaluating the mean-field
solution of the cc-CPA approach, applied to site poten-
tials in the muffin-tin form.

The mathematical structure of Eq. (4) and our
definition of the Fermi surface allow us to decompose the
BSF, according to'

max cg„(sp)
Aii(E~, k~) = g=i [k~ k—~„(eF)] +g~( (EF)

(7)

III. THE FERMI SURFACES OF Agc Pd1 c

We have calculated, within the above relativistic
LDA-KKR-CPA framework, in connection with the
mean-field cc-CPA treatment of the charge correlations,
the equilibrium lattice parameters, the SCF site poten-
tials, and the Fermi levels for the following concentra-
tions of silver: 0, 0.10, 0.20, 0.30, 0.35, 0.40, 0.50, 0.60,
0.70, 0.80, and 1. Our electronic total-energy calculation
agrees well with the experiment and with the full-
potential linear augmented plane wave SQS results of Lu,
Wei, and Zunger for the c =0.50 alloy, as shown in Pa-
per I.

The constant energy search designed by Eq. (7) has al-
lowed us to draw the band structure of palladium that is
displayed in Fig. 1. In order to broaden the 5 functions,
we added a small imaginary part to the energy (0.001 Ry)
and the bands were drawn by plotting the Lorentzian
peak positions. As one can see, the Fermi level intersects
several bands. Those relevant to the study of the ETT's
are the Van Hove singularities at the L and X points.
Moreover, as we shall see, there is another saddle point at
about q, =(0.39,0.39,0.47). In particular, the reader
can see at a glance that long the I -X direction there are
three interactions, namely, an sp band and two d bands.
They constitute the electron pocket centered at I and
two hole structures, the ellipsoid centered at X and the

where k& (EF) has the meaning of intersection of the vth
sheet of the Fermi surface with the direction g and
g&„(s~) is its "astigmatism" along the same direction. The
quantity A'/g&, has the meaning of "coherence length" of
an electron whose momentum projection along g is

k& (sz), i.e., the Fermi wave vector. Then Eq. (7) can be
used as a basis for a nonlinear least-square fit, in order to
find the whole Fermi surface on varying directions g. We
remark that Eq. (7) transforms the study of the Fermi
surface into the study of the constant energy BSF and
therefore the study of how the BSF changes along
relevant directions in the reciprocal space is equivalent to
the study of the ETT's in a random alloy.

An interesting point is that the above procedure can be
applied to pure metals as well, with the prescription,
based on Eq. (3}, of imposing a small imaginary part to
the energy. Such a trick will broaden the 5 functions a lit-
tle and allows us to find the Fermi surface numerically.
Repeating the same procedure for all the points of a
given energy grid, also allows us to calculate the full band
structure, as in a constant energy search.
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l„ FIG. 1. The constant energy
search for the band structure of
palladium, along the indicated
symmetry directions. The ener-

gy, relative to the Fermi level, is
in rydbergs. In order to set up
the Lorentzian fit procedure an
imaginary part of 0.001 Ry has
been added to the energy. No-
tice that, when the bands are
flat, the constant energy fit be-
comes critical, either finding few
spurious points or missing some
point of very flat bands.
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jungle-gym, as the reader can also see by inspection of
Fig. 2(a). This picture shows the Fermi-surface intersec-
tion with the plane I EI UX in the reciprocal space. On
increasing the e/a ratio, i.e., adding Ag impurities, such
holes will get filled, and two different ETT's are to be ex-
pected at two different values of the e/a ratio, corre-
sponding to the Fermi level passing through the spin-
orbit split Van Hove singularities at X (see Fig. l). Fig-
ure 2(b) shows our scalar relativistic calculation for the
Pd Fermi surface, and one immediately realizes that
such a calculation can only find, when raising the Fermi
level, that the disappearance of the two hole structures
must occur at the same e/a value, due to the degeneracy
of the Van Hove singularities at X. This is a consequence
of the single point group symmetry, which requires the d
bands to be degenerate along the 6 direction. The spin-
orbit interaction, although small, removes such a degen-
eracy and compels us to proceed in our study by a fully
relativistic treatment. The Pd Fermi surface of Fig. 2(a) is
similar to that of Ref. 18, although we find a jungle-gym
structure of the hole pockets which, opposite to Ref. 18,
are connected at the L points.

Constant energy search gives us the chance to guess at
which concentration intervals the ETT's should be
searched for. Figure 3 clarifies what we call the "rigid
band" prediction. We plot there the BSF calculated for
pure Pd at different energies above the Fermi level and
along the 6 line. The peak positions describe, in the c
versus k plane, the dispersion of those bands. It is worth
remarking here that the broadenings of the BSF peaks,
along a direction, are not expected to be uniform and
symmetric for a "complex" band structure. In effect,
they depend upon the angle between the "band" and the
constant energy surface on study (namely, Rat bands look
broader than nearly vertical bands) and are also affected
by the Lorentzian tails of "states" close in energy. '

This fact (see also the caption of Fig. l) is the reason for a
few spurious points in Fig. 1 and for the fact that few
points of some very fiat bands (see the band along XP' at
energy about 0.02) are missed. As the reader can see in
Fig. 3, the three pure Pd peaks reduce at first to two then

FIG. 2. The relativistic {a)and semirelativistic {b) calculation
of pure Pd Fermi-surface intersections with the plane FKI UX.
Notice in {b) that along the line I -X the two X centered hole
pockets are touching because of single point group symmetry
reasons.
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only to one, as the third and second peaks move out of
the Brillouin zone edge. In the same picture we score for
each BSF, together with the energy value relative to the
Fermi level, the corresponding value of the valence elec-
tron number, as obtained by integrating the density of
states. We then gain the information that the Fermi level
should pass through the Van Hove singularities at X at
the concentration values of about 0.35 and 0.53. Interest-
ingly, as we will show in the following, these predictions
are surprisingly accurate, notwithstanding this alloy is
not at all a rigid band system.

In Fig. 1 the reader can notice a d band that along the
L-X line is very fiat and nearly tangent to the Fermi level.
Along the same line it has two maxima, at L and X, and a
minimum in between close to L. This is clearly shown in
Fig. 4(a), where we plot the BSF, calculated at various en-

ergy values in a neighborhood of the Fermi level. In this
picture, on the left side, the distance between X and the
position of the first sharp peak measures the radius of the
X centered hole ellipsoid. More relevant to our discus-
sion is the right part of the picture, where, for energies
greater than s~, there are two broad peaks (the band is
very Hat) which, on lowering the energy merge at b ta ou

e erma level and then disappear. By drawing in Fig.
2(a) a straight line from L to X, the reader can see that
such line is peeling the Fermi surface. Thus, for e/a (10,

the volume of the occupied states is such that no intersec-
tion of the band is found along the L-X line, while for
e a ) 10 two intersections are found. This is the evidence
of a connectivity change in the Fermi surface, which,
however, is not necessarily along the L-X line. By looking
at Fig. 2(a), we observe that the Pd jungle-gym structurc ure

as its smallest section along a direction I
(0.47,0.47,0.56). Therefore, we plot in Fig. 4(b) the BSF
along this line, in a fine energy grid. There one can see
two peaks, which merge at higher energies, thus showin
thatat the jungle-gym connection disrupts at

wing

q, =(0.39,0.39,047), leaving two hole pockets, a little

M
o e one centered at L and another one center d t X
oreover, the band described by the peak positions

shows clearly a maximum at q„while along L-X we
found a minimum. This establishes that q, is a saddle
point. The corresponding ETT occurs at an Ag concen-
tration that the rigid band model estimates to be between
0.05 and 0.08. However, a more accurate estimate of the
critical concentration is particularly dif6cult, since in the
present case the band involved is very Aat and very sensi-
tive to the introduction of a small inverse lifetime. Thus
the alloying with a small amount of Ag would not allow a

Pd LX . line

Pd I X line

0.052 e/a=1038
6 e

0.048 e/a=10. 56

0.044 e/a=10. 55

0.040 e/a=10. 54

p p36 e/a=10. 52

0.032 e/a=10. 51

-0.002

-0.004
I

L

0.028 e/a-10 49

P.P24 e/a= 1 0.46
CT

CQ 0.020 e/a=10. 40

O.G18

Pd line I -(0.47, 0.47, 0.56)
I

f
I I I ] f

I I I 1
f

I I I I

(b)

0.016 e/a=10. 34

0.014 e/a=10. 31
0.002 e/a=10. 06

0.012 e/a=10. 28 O.G015

0.008 e/a=10. 21

e/a=10. 12

0.001

0
I

0.5

e/a=10

0.6 07 08 0.9
0.000 e/a=10. 00

I I I I I

0.5 0.6 0.7 0.8 0.9
FIG. 3. The "rigid band" predictions for the disappearance

of the X pockets. The BSF calculated along the I -X direction,
for several values of the energy distance from the Fermi level.
The energy distances, in rydbergs, are indicated on the left, to-
gether with the corresponding number of valence electron per
atom (e/a).

FIG. 4. The BSF along the I;X line (a) and along the line
I'(0.47,0.47,0.56). (b) The notation is the same as Fig. 3. The
saddle point, corresponding to the broad maximum in (b), is

q, =(0.39,0.39,0.47).
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reliable resolution of the relevant state. On the other
hand, the rigid band model is expected to be reasonably
accurate in such a narrow concentration range.

In Fig. 5 the reader can see the DOS's for all the alloys
studied. The Fermi level moves from the d towards the
sp states as the Ag concentration increases. The reader
can notice the presence of the so-called virtual bound
states, the primary feature of split band alloys. The dis-
order smears out the sharpest features in the DOS as the
concentration approaches intermediate values. The
DOS's shown appear to be consistent with the nonrela-
tivistic calculations of Winter and Stocks.

Having gained confidence in our constant energy
search, we can activate our "rigid band" machine again
for the concentration c =0.20 and c =0.50. We notice
also that the rigid band model is supposed to work well in
small concentration intervals. The results, to be com-
pared with Fig. 3, are shown in Figs. 6 and 7, respective-
ly. By comparisons with Fig. 3 one immediately sees the
large (as it must be for a split band alloy) effect of the dis-
order, in the sense that the peaks become broad
(c =0.20) and very broad (c =0.50). However, they still
have a dispersion and move out of the Brillouin zone and
that happens at concentration values very close to the
ones predicted above, by starting from pure palladium.
The explanation of this surprising result is based on the
fact that the system is a split band alloy. In fact, the Ag-
like d states are placed at high binding energies, while,

0.028
I

e/a=10. 54

0.026 e/a=10. 53

0.024 ela=10.52
j I

0.020

0.016 e/a=10. 46

0.012 e/a=10. 41

0.008 e/a=10. 35

0.004 e/a=10. 28

e/a=10

0.5 0.6 0.7 0.8 0.9

Ag Vd I X line0.20 0.80
l I f [~I I I

I

I f I I
f

I T ~ ~
I r 7

FIG. 6. The same rigid band predictions as in Fig. 3 but
starting from Agp2pPdp 8p. Notice (see also the text) that the
predictions for the "critical concentrations" are very close to
that of Fig. 3.

c=0.80

c=0.70

c=0.60

c=0.50

the states near the Fermi level are mostly Pd like. The
hybridization with Ag states does not affect their posi-
tions but essentially only their width. Figure 8 shows the
prediction that the neck should opens up just below
c =0.70, activating the rigid band procedure from
c =0.70.

Ag Pd I X line0.50 0.50

c=0.40

c=0.35

-c=0.30

c=0.20

e/a=10. 57

0.008 e/a=10. 56

0.006 e/a=10. 55

0 004 e/a= 10.53

0.002 e/a= 10.52

e/a=10. 50

c=0 10 -0.002 ela= 10.48

-0.004 e/a=10. 46
-0.8 -0.6 04 -0.2 0.2

-0.006 e/a= 10.43
I I

E-E, (Ry~

FIG. 5. The Ag, Pd&, total densities of states for the indi-
cated concentrations, ranging from c =0.10 to c =0.80, as cal-
culated by relativistic LDA-KKR-CPA. The energy, in ryd-
bergs, is relative to the Fermi level. Notice the classical split
band behavior as Ag content is increased, and that the Fermi
level moves away from the d states.

0.5 0.6 0.7 0.8
I

09

FIG. 7. The same rigid band predictions as in Figs. 3 and 6
but start1ng f10m Agp 5pPdp 5p, and only for the Prediction of the
closure of the second hole pocket at X. Notice (see also the text)
that the prediction for the "critical concentration" is very close
to those of Figs. 3 and 6.
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A g Pd KU line

p OQ5 e/a=10. 721

p QQ3 e/a=10. 713

P.QQI e/a=10. 704
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&.Pp 1 e/a=10. 696

-Q.PP3 e/a=10. 687

e/a= 10.678

-O.QP7 e/a=10. 670

+.QQ9 e/a= 10.661

FIG. 8. The rigid band prediction for the neck opening,
around c =0.70. The notation is identical to that of Fig. 3.

In Figs. 9(a)—9(d) we show the Fermi-surface intersec-
tions with the plane (110) for the indicated concentra-
tions. One can see in more detail how the necks open up
just below c =0.70. Unfortunately, analogous pictures
for the Pd-rich alloys are not very illustrative, because
the disorder affects largely the BSF's, as shown in Figs. 6
and 7, making our fitting procedures less reliable. What is
completely clear [see Fig. 9(d)], however, is that around
c =0.60 the second X pocket has already disappeared
while the neck is not open yet. Our calculation, then,
predicts that there is a fairly large concentration interval
where the Fermi surface is simply connected as for a sim-
ple metal, although its shape is by no means spherical.

In order to gain a better understanding of the Fermi-
surface connectivity variations, particularly at a low con-
tent of Ag, we display in Fig. 10 the BSF's calculated
along the meaningful Brillouin zone edges, on varying the

Ag Pd~0.70 0.30

Ag Pd0.80 0.20
AB Pd0.60 0.40

FIG. 9. The Ferxni-surface intersections with the I ECI.UX plane for pure Ag (a), Agp 8&PdQ 2Q (b), Agp 7QPdp 3Q (c), AgQ «Pdp 4Q (d).
Notice how the neck radii along EL reduce while approaching the critical concentration c =0.70. The c =0.60 alloy is in the "simple
metal" region (see text).
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Ag Pd Ag Pd,

c=0.50

c=OAO

c=1

c=0.80

r( illI }L
c=0.70

c=0.60

FIG. 10. The BSF calculated along the Brillouin zone boun-
daries, as indicated, for the concentration ranging from c =0 to
c =0.60. In order to make it plottable in the same picture, the
BSF for pure Pd has been reduced by a scale factor. Notice the
virtually complete absence of states in the case c =0.60, and
how the peaks collapse and smoothly disappear as passing
through the critical concentrations.

concentration. There is no rigid band assumption at this
time. One can see there that, the disorder notwithstand-
ing a lot of action takes place. At first, around c =0.20
the pocket at L, left after the small neck disruption at
c =0.07, "smoothly" disappears. Then, the ellipsoid
pocket closes at X around c =0.35. Smoothly again, the
second X pocket disappears just above c =0.50. In Fig.
11 the neck opening is then displayed, and that appears
as an abrupt disruption around c =0.70. It is worth re-
marking here that such ETT's occur at the same concen-
tration values where also the calculated lattice parameter
deviates from Vegard's law, as shown in Paper I.

Figures 10 and 11 tell us a lot about ETT's in random
alloys. We see that the disorder can make the Fermi sur-
face modifications versus concentration hard to follow,
and, perhaps, can make questionable the meaning of the
Fermi surface itself. In fact, in the alloys studied, the X
pocket and the jungle gym structure are more "de-
focused" than the central octahedron. Moreover, one
may think that, at the concentrations where the connec-
tivity changes are sudden, the anomalies in, say, trans-
port coefficients should be more pronounced. However,
it is not so. The "wei.ght" of an ETT is related to the
effective mass tensor at the Van Hove singularity, there-
fore what could seem a continuous change in connectivi-
ty, because it involves a broad band, could show up in a
sharp fashion in some physical property. In effect, by
looking at the experimental diffusion thermopower of this
aHoy, one can see a growth in the region 0 + c ~ 0. 10 and
a broad plateau in the region 0. 10~c ~0.40, where we
find two changes in connectivity; a sharp peak around
0.50, where a smooth disappearance of the X pocket
occurs, a rapid decrease, then a variation of slope around
c =0.70, where suddenly the neck appears. Therefore we

FIG. 11. The BSF along the line KLU, for the concentration
indicated. Notice the neck disruption as the Pd content in-
creases.

claim, as claimed by Butler and Stocks and theoretically
demonstrated by Varlamov, Egorov, and Pantsulaya, '

that the changes in connectivity we found in Ag, Pd&

on increasing Ag atomic concentration, have relevant
consequences on physical properties (see Paper I}of these
metals.

We notice also that in Cu, Pt& „apparently similar to
Ag, Pd&, because isoelectronic, the "simple metal" re-
gion does not exist, as preliminary calculations show.
In that system, as discussed by Clark et al. , the neck at
L opens up at a much lower concentration and, in effect,
the authors claim that the contemporary existence of Van
Hove singularities at L and X is the cause of the L 1, or-
dering of that system. In Ref. 32, the authors claim that
also Ago 50Pd05O could order, at low temperature, into
the L1, structure. Unfortunately, the low-temperature
phase diagram of this system, notwithstanding it is one of
the most studied alloy, is not known. Our total-energy
calculation predicts (see Paper I) also that the random
phase is more stable than the segregated one, and that
means that an ordered phase must exist. However, on
the grounds of our Fermi-surface study, we can say that,
because of the fact that the X pocket closes, on increasing
Ag content, at a concentration value of about 0.53 and
the neck opens at about 0.70, if the AgPd compound had
the L 1& structure, the mechanism of such order-disorder
transition must be different from and "weaker" than that
proposed for CuPt.

IV. CONCLUSIONS

We have studied by relativistic KKR-CPA the Bloch
spectral functions of Ag, Pd&, at the Fermi levels of
these alloys. We have found that, on varying the Ag con-
centration, five changes in the Fermi-surface topology
occur near the concentration values c =0.06 (a neck dis-
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ruption), c =0.20 (disappearance of a hole pocket cen-
tered at L), c =0.35 (disappearance of the first hole pock-
et centered at X), c =0.53 (disappearance of the second
hole pocket centered at X), and c =0.70 (neck opening at
L). As claimed in Paper I, irrespective of the fact that
the rigid band model does not apply, equilibrium and
transport properties of such metallic alloys must show
anomalies around the quoted concentration values.
Moreover, the "transition" taking place at c =0.35 can-
not be detected by a nonrelativistic treatment, on symme-
try grounds, and in the concentration region between
0.55 to 0.69 the Fermi surface of these alloys is, although
not at all spherical, simply connected as in a simple met-
al.

Our study also suggests that the ETT's in alloys be-
tween noble metals and Pd or Pt, can occur at very
different critical concentrations. In particular, the suc-
cession in which the neck at I.opens and the hole pockets
at X close as the e la ratio increases, seems to be relevant
for the ordering mechanism of these alloys. We also
pointed out the qualitative importance of the spin-orbit

interaction in establishing the Fermi-surface topologies.
These evidences suggest the utility of a systematic study
of the Fermi surfaces of the above systems, where, to-
gether with many other effects, the spin-orbit interaction
changes considerably with the atomic species and with
their concentrations. Work is in progress on this line.
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