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Fully relativistic Korringa-Kohn-Rostoker coherent-potential approximation calculations are per-
formed for Ag„Ptl „,x =0.06, 0.15, 0.30, 0.40, 0.50, 0.70, and 0.90. The electronic structure of the
Ag„Ptl „alloys is discussed in terms of densities of states, d' -like and d' -like partial local den-

sities of states for the components Ag and Pt, and in terms of Bloch spectral functions. For all al-

loys "Fermi-surface cuts" in the I XE, I XU, and I EU planes are shown. The variation of the
unenhanced density of states at the Fermi energy with the concentration x agrees rather well with
the variation of the experimental molar susceptibilities. From the Bloch spectral functions, but also,
from the densities of states, it is found that the electronic structure undergoes strong changes when
the molar fraction varies.

I. INTRODUCTION II. NUMERICAL ASPECTS

The Korringa-Kohn-Rostoker coherent potential ap-
proximation' (KKR-CPA) proved to be a very reliable
method of describing the electronic structure of substitu-
tionally disordered alloys. Since this method can be for-
mulated fully relativistically, alloys containing heavy ele-
ments can also be investigated. The Ag Pt& „system is
interesting for a number of reasons: experimentally, since
a large amount of data is available, and theoretically be-
cause it is the first alloy system containing a 4d and a 5d
element to be described in terms of the KKR-CPA
method. Previous KKR-CPA calculations dealt with ele-
ments of the same row such as Cu„Ni& „(see Refs. 1 and
2), Ag„Pd& „, or Au„Pt& „, or with alloy systems con-
taining 3d and 4d elements such as Cu„Pd&, or 3d and
5d elements such as Ni„Pt& „. Since for Pt relativistic
effects are of crucial importance, and since also for Ag
these effects are not negligible, the use of the fully relativ-
istic KKR-CPA method is an absolute necessity.

Experimentally, the ultraviolet photoemission spectra
(UPS) for Ag-rich Ag„Pt~ „alloys are particularly in-
teresting, since they show a kind of two-peak structure in
the region of the Ag sp band which is not observed in the
Ag~Pd& „system. The rapid decay of the molar suscep-
tibility for Pt-rich Ag„Ptl alloys with increasing Ag
concentration is another piece of experimental data
deserving theoretical investigation. As far as nuclear-
spin-lattice relaxation rates for Ag and Pt are concerned, a
separate paper provides a fully relativistic formulation of
these quantities and uses the present results for a calcula-
tion of ( T& T) ' rates in Ag~Pt&

The fully relativistic KKR-CPA method is used to cal-
culate the site-diagonal scattering-path operator and the
effective scattering amplitudes. The scattering potentials
are constructed non-self-consistently by the so-called
Mattheiss prescription in the same way as described by
Staunton et al. The lattice parameters' applied for the
Ag„Pt~ „system are shown in Fig. 1 as a function of the
Ag concentration. The density of states, component den-
sities of states, and the angular-momentum-dependent
densities of states for the components are calculated ac-

a(a.u.)8.0-

7Q

7.8

7 7 ~

7.6

7.5

7. 4

W

20 40 60 80 100
Conc. Ag (at. bo)

FICx. 1. Lattice constants for Ag„Ptl (a.u. ) (Ref. 10).
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cording to Ref. 4. For the k- and energy-dependent Bloch
spectral functions the formulas given in Appendix 1 of
Ref. 6 are used. For the Ag-rich alloys it was difficult to
obtain convergence concermng the CPA condition in the
middle of the conduction band. These problems could be
circumvented by the use of complex energies, for which
convergence could easily be achieved. The effective
scattering amplitudes and the site-diagonal scattering-path
operator for real energies were then determined by analyt-
ical continuation to the real-energy axis by means of the
Cauchy-Riemann conditions.

III. RESULTS

Figures 2(a) and 2(b) show the band structure along
[100] for the case that in Ag7pPt3o all sites would be occu-

(o) Ag / Ag7optm

pied by either (a) Ag or (b) Pt, i.e., they show band struc-
tures along I —X for Ag and Pt corresponding to the lat-
tice constant in Ag7QPt3o. As one can see from these fig-
ures, the d-band width of Ag (top X7+ —bottom X7+..
0.266 Ry) is considerably smaller than that in Pt (0.469
Ry). Most of the Ag d bands are in the regime of the Pt
d band and do show considerable splitting due to rela-
tivistic effects. It is interesting to note that at X the total
bandwidth (Xq —X6+) is about the same for both cases,
namely 0.676 and 0.658 Ry for Ag and Pt, respectively.

In Figs. 3(a) and 3(b) the d-like effective scattering am-
plitudes are shown for Ag6Pt94 and Ag9qPtiq. These two
figures are particularly interesting since they show that
even for small concentrations the scattering in the d chan-
nels is remarkably inelastic. At the Pt-rich end, for
Ag6Pt94, the structures for the d channels indicate a
split-d -band behavior. At the Ag-rich end, for
Ag9QPt&o, the d channel still shows considerable ab-
sorption.
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The density of states for all the investigated Ag Pt~
alloys is displayed in Fig. 4, together with the component
density of states for Ag, weighted by the molar fraction
for x &0.5, and together with the corresponding quantity
for Pt for x&0.5. With increasing Ag concentration one
can see that (a) Ag (impuritylike) peaks are built up at the
bottom of the Pt d ~ —like bands, and (b) that the struc-
ture in the regime of the Pt d —like bands, particularly
in the vicinity of the Fermi energy, is flattened out. For
Ag-rich alloys the peaks at the beginning of the valence
band are already very much like those in pure Ag; howev-
er, at about 0.15—0.20 Ry below the Fermi energy,
remainders of the Pt d ~ band can be seen.

The partial local d - and d -like densities of states
for Ag and Pt are displayed in Figs. 5 and 6, respectively.
In the series for Ag one can see sharp peaks arising at the
bottom of the Pt d band. These peaks shift with in-
creasing Ag concentration toward lower energies, while
concomitantly the peak in the d -like density of states
at about 0.4 Ry is dying out from x=0.06 to 0.3, to be re-
built up for higher concentrations of Ag at lower energies.
In the series of d-like partial local densities of states for
Pt, one can see that the structure in both the d -like and
d -like partial local densities of states vanishes very
quickly with increasing Ag concentration. For Ag9pPt&p,
a region of "backscattering" at energies less than about
0.25 Ry seems to be separated from a region comprised by
a two-peak structure in the d as well as the d partial
local density of states. It should be noted that all partial
local densities of states refer to the angular-momentum
decomposition of the "muffin-tin" density of states and
are therefore not weighted by the molar fraction x.

In Fig. 7 the unenhanced density of states at the Fermi
energy (theoretical linear coefficient of the specific heat,
y) is plotted versus the Ag concentration, together with
the experimental molar susceptibility. " Also shown in
this figure are the theoretical values of y for the pure met-
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FIG. 7. Theoretical values (solid circles, solid line) for the
linear coefficient y (cal/mol ' K ). Open circles are the
theoretical y values for pure Pt (Ref. 12) and Ag (Ref. 13). The
crosses (dashed line) correspond to the experimental values (Ref.
11) for the molar susceptibility (10 cm mol ').

als Pt (Ref. 12) and Ag (Ref. 13). The theoretical y values
in Fig. 7 reproduce rather well the sharp decrease in the
experimental molar susceptibility at the Pt-rich end. The
reason for, this sharp decay of the linear coefficient of the
specific heat can be seen either from Fig. 4 or Fig. 8, con-
taining "Fermi-surface" cuts in the I XX, I XU, and I KU
planes.

In Fig. 8 Bloch spectral functions along a set of k rays
at the Fermi energy are displayed in terms of the position
of peaks and their half-width in momentum space. If the
half-width in momentum space is small compared to the
scale of the Brillouin zone, an alloy is said to have a well-
defined Fermi surface. This is definitely the case for
Ag9pPtip and Ag7pPt3p. For Ag9pPtip the half-width coin-
cides with the line shown. Because of Ag impuritylike
states at the bottom of the Pt d bands, the Fermi energy
in Ag6Pt94 is lowered with respect to pure Pt. However,
here one can already see parts of the well-known Fermi
surface for pure Pt, namely the first I -centered sheet and
the second sheet in the I XK plane. Fqr pure Pt along
I —K the second band vanishes, leaving a kind of fin in
the I XU and I KU planes. One can clearly see this fin
evolving, looking, in turn, at Figs. 8(c), 8(b), and finally
8(a). The considerable half-width =ven for small concen-
trations of Ag—is one of the reasons for the sharp decay
in y for Pt-rich alloys. For Ag-rich alloys, Figs. 8(f) and
8(g) show the building up of the well-known neck of the
Fermi surface for pure Ag.

In Fig. 9 the Bloch spectral functions at k=(0,0,0) are
shown as functions of the energy parameter E. In Fig.
9(a) the three peaks essentially comprise the Pt I ~+ (d ~ ),
I"7+, and I"s+ (d ) states. It is interesting to note that the
I 7+-like and I s+ (d ~

)—like peaks are drastically de-
creased in intensity by-going from x=0.15 to 0.30, and
that also the separation in energy for these two peaks is
decreased. At x=0.5 only one rather broad peak is a
remainder from the Pt d —like states at I . This
remaining peak is further decreased with increasing Ag
concentration and is shifted towards lower energies. For
Ag9pPt&p one can see the well-defined I 7+ and I 8+-like

peaks for Ag and a leftover from the Pt states.
Figure 10, finally, represents an attempt to follow the

peak positions in the Bloch spectral functions at
k=(0,0,0) as a function of the concentration. In this fig-
ure one can see the complexity of changes in the electronic
structure going from Pt-rich to Ag-rich alloys. While the
I 7+ and the top I g+ states for Pt die out with increasing
Ag concentration, the lower Pt I &+ (d ~

)—like state seems
to get absorbed in the Ag d states around x=0.4. This
particular feature of the Bloch spectral functions partly
explains the relative structurelessness of the density of
states for 0.3 &x &0.7. It should be noted, however, that
in Fig. 10 decisive assignment of peaks can be given only
for well-defined peaks, such as, for example, the sharp
Ag-like states in Ag9pPt&p.

IV. DISCUSSION

Ag-rich alloys (Ag9sPt2 and Ag9pPtip) were investigated
experimentally in terms of UPS spectra. ' ' For Ag98Pt2,
a two-peak structure is observed' in the region of the Ag
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FIG. 8. Fermi surfaces for (a) Ag6Pt94 (b) Ag]5Pt85p (c) Ag30Pt70, (d) Ag4OPt60, (e} Ag5oPt50, (f) Ag7OPt3O, and (g) Ag90Pt&0. In (a)—(f}
the solid circles denote peaks in the Bloch spectral functions. The width of the Fermi-surface cuts shown corresponds to the half-
width of the peaks in the Bloch spectral functions.

sp band at 2.65 and 1.6 eV, whereby the peak at 1.6 eV is
considerably broader. For Ag90Pt&0 there is still a peak at
about 1.6 eV and a very distinguishable shoulder at about
2.5—3.0 eV. ' Looking at Fig. 4(g) one can see two peaks
in the contribution of Pt (dashed line) to the total density
of states, namely at about 3 and 1.65 eV below the Fermi
energy. In Fig. 6(g) the situation becomes even more
clear. Here one can see two peaks in the Pt d —like par-
tial local density of states at about 2.5 and 1.65 eV below
the Fermi energy. The Pt d —like partial local density
of states also shows a two-peak structure in this energy re-

gion, namely at about 3 and 2.5 eV. In the Bloch spectral
function for k=(0,0,0), Fig. 9(f), the small peak to the
right of the dominant Ag peaks is at about 2.5 eV below
the Fermi energy. In particular, Fig. 6(g) suggests that in

Ag90Ptqo the peak at 1.6 eV in the experimental spectrum
arises from the corresponding peak in the d ~ -like partial
local density of states for Pt, while the shoulder at about
2.5—3.0 eV in the experimental spectrum is due to a su-

perposition of the peak at 2.5 eV in the Pt d ~ —like par-
tial local density of states and the two peaks in the corre-
sponding d -like density of states. For Ag9sPtz, van der
Marel et al. ' claim that the two-peak structure in the
UPS is essentially due to the O~ double-group splitting of
atomic Pt d levels. Their splitting between the I z+ (d ~

)

and I z+ (d ~
) levels of about 1.2 eV seems to be reason-

able, as compared to the atomic d ~ -d splitting of 1.43
eV. Their interpretation, however, seems to be in contrast
to the interpretation given by Smith. ' For Ag9OPt~o the
partial local Pt d —like densities of states give a reasonably
good account for the two-peak structure observed experi-
mentally. Without a proper calculation of the photo-
current, however, an interpretation solely in terms of
density-of-states functions must remain somewhat arnbi-
guous.

Since the Ag-Pt system has a large miscibility gap,
' a

comparison of theoretical and experimental values can be
rather difficult. Despite this difficulty, as already men-
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tioned, the calculated values for the density of states at
the Fermi energy fit the experimental molar susceptibili-
ties rather well. " Using the present KKR-CPA results
the calculated nuclear-spin-lattice relaxation rates for Ag
and Pt are in reasonably good agreement with the experi-
mental rates. "' The same kind of agreement was found
for the system Agx Pd~ ~, ' using the self-consistent

(nonrelativistic) KKR-CPA method. The experimental
NMR data seem to confirm the calculated spectral quan-
tities (for a detailed discussion of the nuclear-spin-lattice
relaxation rates, see Ref. 9).

It should be noted that quite a few physical properties
can be extracted from the results shown in Figs. 4—8.
The partial local densities of states, for example, are
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mapped in soft-x-ray —emission spectra for the com-
ponents Ag and Pt; the Fermi surfaces can be measured
experimentally using positron annihilation, etc.
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FIG. 10. Peak positions for the k=(0,0,0) Bloch spectral
functions in Ag„PtI „. Solid circles denote the energy position
[energy in dimensionless units: I d.u. =(a/2n) Ry] of sharp
Pt-like peaks, open circles denotes that for weak Pt-like peaks,
solid squares that for sharp Ag peaks, and open squares that for
weak Ag-like peaks.|

V. CONCLUSION

The present calculations are non-self-consistent with
respect to the scattering potentials. From Ref. 9 it seems
that charge-transfer effects are not of crucial importance
for the electronic structure in Ag„Pt& „. It also s'eems

that, at least for Ag90Pt~p, the density of states, particular-
ly the partial local density of states for Pt, fit the observed
"impurity" peaks in the UPS spectra rather well. It
remains to be seen, however, whether, in a detailed angle-
resolved photoemission experiment, the same kind of
agreement with the theoretical results can be achieved
when compared to a proper calculation for the angle-
resolved photocurrent. At present, one must rely on the
scattering potentials used, since self-consistent, fully rela-
tivistic KKR-CPA calculations are only feasible for very
selected problems of general interest, such as, for example,
the order-disorder transition in Cu3Au, ' where only one
concentration has to be studied.
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