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We report self-consistent-field calculations for the noble metals Cu, Ag, and Au. This
work represents an improvement on previous work in that we have included (self-
consistently) both non-muffin-tin terms in crystal potential and relativistic effects in the
kinematics (by solving the single-particle Dirac equation) and in the interactions (by em-
ploying a relativistic correction to the exchange-correlation potential). The significance of
these improvements has been examined by a comparison of different versions of our own
calculations with previous calculations, and by a comparison with experiments. An im-
portant result obtained is that the Fermi-surface discrepancy previously reported for Cu is
greatly reduced without the necessity of artificially increasing the strength of the

exchange-correlation potential.

I. INTRODUCTION

This paper describes the results of self-consistent
relativistic band-structure calculations for the noble
metals Cu, Ag, and Au which we performed using
relativistic kinematics and no muffin-tin or other
type of “shape” approximation. Non-muffin-tin,
relativistic, and self-consistency effects have, to our
knowledge, not been previously included together
for any of the noble metals. The exchange-cor-
relation (xc) potentials used in this work are those
implied by the local density approximation (LDA)
of the density functional formalism' and we inter-
pret our results in terms of that formalism. Thus
we will first consider the ground-state properties
which would be given exactly by the density func-
tional formalism if the exact functional were used
rather than the LDA. We, however, also examine
the Fermi surface and quasiparticle properties on
that surface, which entails further approximation.
Work, primarily in the alkali metals, has indicated
that this level of approximation is not adequate.>~’
It will be seen, however, that this approximation is
much better than previously thought for the noble
metals.

In the relativistic version of the density func-
tional formalism®'© a relativistic correction to the
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xc potential appears naturally. This correction,
which primarily represents the influence of the
current-current interaction, has been used in few
band-structure calculations to date even when rela-
tivistic kinematics are included. As part of a con-
tinuing study of its significance, we examine its ef-
fects for the noble metals. We present detailed re-
sults for the influence of the relativistic exchange
(rx) correction on the self-consistent charge densi-
ties and crystal potentials and on core and valence
level eigenvalues. The xc potentials we have used
may be written as
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in units of Ry where the parameters A and C
characterize the correlation contribution to the po-
tential'! and the rx correction factor, which is
identically 1 in the nonrelativistic exchange case
nx, is given by!%1?
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where r; = (3/4 wna3)'/? is the usual conduction
electron density parameter and B=1/171.4r,. We
will refer to the calculations for which ¥™(r;) has
been set equal to one as the nx calculations, and to
the calculations which used Eq. (1b) for ¥™ as the
rx calculations. We have also performed self-
consistent calculations with the correlation contri-
bution to the xc potential set to zero and we refer
to these as the xo (exchange-only) calculations.
The computational methods used in this calcula-
tion have been described elsewhere in some de-

tail. 13- 15
In Sec. II we discuss our results for the self-

consistent crystal potentials and charge densities.
The single-particle eigenvalues obtained are pre-
sented and compared with appropriate experiment
in Sec. III while in Sec. IV we discuss the Fermi
surfaces obtained in this calculation. Finally in
Sec. V, we discuss the Pauli susceptibility of the
noble metals. Section VI contains some concluding
remarks.

II. CHARGE DENSITIES
AND CRYSTAL POTENTIALS

The non-muffin-tin contribution to the self-
consistent charge density inside the muffin-tin
spheres is illustrated in Figs. 1 and 2 by plotting
the L =4 and 6 components of its Kubic harmonic
expansion:
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FIG. 1. Self-consistent o4(r) for Cu, Ag, and Au.

From the curves for o4(r) it is clear that except
near the muffin-tin-sphere boundary most of the
contribution to this quantity comes from the

3d, 4d, and 5d wave functions for Cu, Ag, and
Au, respectively. The radial dependence of o4(r)
suggests that it results primarily from the reexpan-
sion, about one atomic site, of localized wave func-
tions centered on neighboring atomic sites. The
smaller magnitude o¢(r) for Ag compared to Cu
and Au is due to Ag having more localized d-wave
functions. We note that the non-muffin-tin terms
in the charge density for the noble metals are very
similar at the muffin-tin-sphere boundary to those
obtained!® for Pd and Pt but that the d-wave-like
peaks in g4(r) in the interior region are smaller in
the noble-metal case. This again reflects the fact
that near the sphere boundary non-muffin-tin
terms come from the inhomogeneity of the crystal
while the asphericity of the charge-density around
each atomic site dominates at smaller values of r.
This asphericity is smaller for the noble metals
than for Pd and Pt because the d band of the noble
metal is more nearly filled.

As the fundamental variable in density function-
al theory, the charge density is certainly one
feature that should be yielded correctly by the
computation. X-ray scattering factors give direct
evidence as to the nature of the charge density so it
is desirable to compare the calculated results to
that experimental data. Unfortunately, the experi-
ment becomes more difficult with increasing atom-
ic number so that copper is near the present limit
of practicality, and we can perform such a com-
parison only for Cu. Both the experimental and

the theoretical situations have been summarized re-
cently by Schneider et al.'® and we make extensive

use of their tabulations. The experimental situa-
tion is still characterized by considerable scatter.
This is due to both the difficulty of making correc-
tions for extinction, multiple scattering, and ther-
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FIG. 2. Self-consistent o¢(#) for Cu, Ag, and Au.
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mal motion in the data and to the difficulty in ac-
quiring sufficiently precise data. With these pro-
visos, we may still compare our results to the ex-
perimental data and draw a few tentative conclu-
sions. We choose to select the (111), (200), (222),
and (333)/(511) reflections for examination. This
is because there seems to be the best agreement
among experiments for these reflections and the
(333)/(511) pair provide the first pair to reveal an-
isotropy. In Table I, we display the single-crystal
results of Jennings et al.!” and Freund!® and the
y-ray results of Schneider et al.'® on mosaic cry-
stals. Note that the results of Jennings et al. on
single crystals agree reasonably well with results of
Schneider et al. and that the results of Schneider
et al. probably err toward smaller values. The
theoretical calculations of Snow'® and of Ar-
linghaus® are included as well as the present work.
First consider the anisotropy represented by the
(333)/(511) reflections. Only Schneider et al. re-
port any difference in these two reflections and
they are inside the error bars. This is quite con-
sistent with the essentially filled d shell of Cu.
However, if one believes that there is a small
difference indicated, then it is larger than in the
calculations. This would be quite consistent with
the situation found in vanadium?' where a Ly —€g
split is required together with some orbital adjust-
ments.

The calculated form factors appear to be slightly
too large implying a charge density somewhat too
tightly bound to the atom. Our xo calculation
differs from that of Snow'® for a= = in that we
have included relativistic kinematics and non-
muffin-tin effects, and sampled the Brillouin zone
more carefully. The resulting differences are quite

small [ 0.06 for (111), 0.04 for (200), 0.07 for
(222)], indicating a relative insensitivity of the
charge density to these improvements. Our results
are all larger than Snow’s indicating that the net
effect of the relativistic corrections was a small
contraction of the charge density. The inclusion of
the correlation potential has a similar and only
slightly larger effect. For Cu, we have performed
calculations both for a low temperature (a =6.809)
and room temperature (@ =6.8309) lattice con-
stant; the size of the change in form factor with
lattice constant is also of similar magnitude. "The
smaller lattice constant yielded smaller form fac-
tors consistent with greater itinerancy of the elec-
trons. These changes are an appreciable fraction
of the difference between the calculated and meas-
ured form factors. Nonetheless, a discrepancy does
appear to remain. The calculation of Arlinghaus®
using the Chodorow potential and Hartree-Fock
atomic core densities still appears to give the best
agreement with experiment. This is interesting in
that the Chodorow potential is a model potential
constructed to yield the same 3d orbitals as the full
Hartree-Fock (no local density approximation)
atomic calculation. Thus this phenomenological
local potential might be including exchange effects
more reliably than the standard local density ap-
proximation.

The influence of the rx correction on the self-
consistent charge densities is illustrated in Fig. 3.
For Au, the influence of local correlation on the
self-consistent charge density is also shown by
plotting the difference between the results of xo
and nx calculations. The local correlation poten-
tial, which is attractive and larger in magnitude at
higher density, shifts charge toward the nucleus.

TABLE I. Comparison of experimental and theoretical scattering form factors for Cu.

(hk1)  Jennings  Freund®  Schneider X0 nx Snow? Snow* Arlinghaus®
et al.? et al.® (a=6.809) (a=6.831) (a=1) (az%) (Chodorow)
(1964) (1981) (a=6.831) (a=6.831)

(111) 21.52(10) 22.63 21.38(9) 21.65 21.73 22.33 21.63 21.54

(200) 20.10(6) 20.32 20.39 21.04 20.40 20.25

(222) 14.01(10) 14.64(10) 13.99(8) 14.19 14.25 14.53 14.16 13.90

(333) 9.45(9) 9.63 9.66

(511) 9.41(10) 9.54(10) 9.49(6) 9.64 9.67 9.51

#Reference 17.
YReference 18.
‘Reference 16.
dReference 19.
‘Reference 20.
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FIG. 3. Changes in the self-consistent oo(r) for Ag
and Au due to changes in the xc potential. The solid
curves give the changes produced by the relativistic ex-
change correction with the left axis giving the scale for
Au and the right axis the scale for Ag. The dashed
curve shows the change produced by the correlation con-
tribution to the local potential. The vertical scale in the
middle of the figure corresponds to this curve.

On the other hand, the rx correction, which is
repulsive and increases sharply in magnitude as
density increases in the deep core region, generally
shifts charge away from the nucleus. The minima
and maxima of the rx density correction curve gen-
erally reflect peaks in the density contributions
from individual orbitals in the nx and rx potential,
respectively. We note that, as expected, the rx den-
sity corrections are reduced in the lighter atoms;
the corrections decrease by a factor of about 3 in
going from Au to Ag and by a further factor of 3
in going from Ag to Cu (not shown).

The non-muffin-tin components of the self-
consistent crystal potentials are presented in Fig. 4.
The non-muffin-tin terms are roughly the same for
Ag and Au and roughly the same in form but
smaller than those obtained'® for Pd and Pt. They
are slightly larger for Cu and more comparable to
the Pd and Pt results. These non-muffin-tin con-
tributions to the potential are dominated by elec-
trostatic contributions, especially near the muffin-
tin-sphere boundary. Relative to relevant energy
scales, such as the d-band widths or free-electron
Fermi energies, the magnitude of the non-muffin-
tin terms cannot be regarded as small. Neverthe-

FIG. 4. Kubic Harmonic expansion coefficients V,(r)
and Vi(r) for the non-muffin-tin terms in the self-
consistent crystal potentials of Cu, Ag, and Au. The
solid curves give V,(r) and the dashed curves give V(7).

less, the changes in single-particle energies pro-
duced by these terms are fairly small (<10
mRy).?2

The influence of the rx correction on the crystal
potential is shown in Fig. 5 along with, for the
case of Au, the local correlation influence. The rx
correction makes a repulsive contribution to the
crystal potential which increases sharply in magni-
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FIG. 5. Changes in the self-consistent crystal poten-
tials due to changes in the xc potential. The solid
curves give the changes due to the relativistic exchange
correction and the dashed curve the change due to the
correlation contribution to the xc potential in Au. The
vertical scales at the left, center, and right of the figure
are for Au, Cu, and Ag, respectively.
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tude in the high-density region near the nucleus
thereby causing the shift in charge away from the
nucleus shown in Fig. 3. For Au we have also
shown the attractive contribution to the self-
consistent crystal potential due to the local correla-
tion potential. We see that in the outer region of
the muffin-tin-sphere the correlation contribution
to the crystal potential is larger in magnitude, but
nearer the nucleus the rx correction becomes more
important. Note that in the outer part of the
muffin-tin sphere the rx correction to the self-
consistent potential becomes attractive. This
feature reflects the reduced screening of the nu-
clear charge caused by the outward shift of the
core electrons in a region where the direct effect of
the rx correction is small. The influence of these

changes in the crystal potential on the single-
particle eigenvalues is discussed in the next section.

III. SINGLE-PARTICLE EIGENVALUES

A. Core levels

The core-level energies and their dependences on
rx corrections and correlation corrections are listed
in Table II. For a given orbital the size of the rx
correction increases by a factor of ~ 5 in going
from Cu to Ag and by a further factor ~ 5 in go-
ing from Ag to Au. All rx eigenvalue corrections
are positive (i.e., weaker binding) except for those
of the 4d and 4f levels of Au; for these levels

TABLE II. Core-level eigenvalues for metallic Cu, Ag, and Au. These eigenvalues were
determined by integrating the radial Dirac equation using the spherical part of the crystal
potential. Changes in the eigenvalues produced by the rx correction, and in the case of Au
the correlation correction as well, are listed. The numbers in parentheses are the rx correc-

tions calculated using the Breit interaction (Ref. 24) in atoms.

Cu Ag Au

(nlj) —€Enx €rx —Eny —€Enx €rx— Eny — €Enx €rx — €Eny €x0— Enx
(1s3) 6483  1.93(0.86) 1858 8.4 (4.2) 5923 40.1 (23.1) 0.2
(253) 7719 0.17(0.06) 2730 09 (0.4) 1044 57(26) 0.1
(2p3)  67.62  0.09(0.100 2538  0.6(0.7) 1001 49 (4.5 0.1
(2p3) 6611 008 (0.08) 2410  0.6(0.5)  866.1 3.14(3.0)  0.10
(3s3) 7632 0023 49.51  0.15 245.7 1.15 0.07
(3p3) 4662 0.010 41.87  0.08 226.4 0.89 0.07
(3p3) 4470 0.009 39.60  0.07 196.7 0.55 0.07
(3d5) 2601 0.009 164.7 0.22 0.07
(3d3) 25.56  0.008 158.3 0.18 0.07
(455) 6.328  0.025 52.66 0.22 0.06
(4p3) 3.909 0,011 44.47 0.14 0.06
(4p3) 3.526  0.008 37.32 0.06 0.06
(4d3) 2391 —0.02 0.05
(4d) 2258 —0.03 0.05
(4r3) 5358  —0.08 0.05
(4f7) 5077  —0.08 0.05
(5s3) 7.205 0.012 0.037
(5p3) 4.5371  —0.006 0.035
(5p3) 33078 —0.017 0.033
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much of the weight of the radial wave function is
centered near the attractive region of the rx poten-
tial shift noted in Sec. II. Similar results for core-
level energy shifts due to rx corrections have re-
cently been reported by Das et al.?® who have per-
formed self-consistent atomic calculations for neu-
tral uranium and ions of the lithium isoelectronic
sequence. (Their rx energy shifts in U are a factor
of ~ 2 larger than those obtained here for Au.)

Energy shifts obtained from the rx potential
contain field-theoretic contributions which, in the
case of atomic calculations, are normally included
by using the Breit interaction.!> More precisely,
the rx correction in our work represents a local
density approximation to magnetic interactions, re-
tardation corrections to the Coulomb interaction,
and corrections to the Dirac-Fock exchange poten-
tial. Since, to leading relativistic order, only the
magnetic interactions contribute to the rx correc-
tion?? it is natural to compare the rx energy shifts
with magnetic interaction contributions to atomic
binding energies calculated using the Breit interac-
tion.”* From Table II the agreement is seen to be
very satisfactory except for the s levels where the
rx energy shifts are seen to be about a factor of 2
larger. Part of the discrepancy might be thought
to result from our use of a point-nucleus approxi-
mation in our solid-state calculations.”> We have
checked this by performing atomic calculations us-
ing both the point approximation and finite nu-
cleus capability. We find that only the 1s;/, re-
sults are affected at all appreciably in the LDA. A
consistent overestimate of the s-state rx correction
does persist which may reflect the failing of the
local density approximation in the region near the
nucleus. Because of the great simplicity of the
local density approximation method of including
these field-theoretic corrections, we believe the pos-
sibility of improving of the approximation, in the
s-state case, should be investigated.

B. Valence levels

We first discuss some qualitative features of our
results for the valence-band energy levels and then
turn our attention to the small changes produced
by the relativistic exchange corrections. The
valence-band densities of states are illustrated in
Figs. 6—8. The most important feature of these
results concerns the width of the d-bands and their
position relative to the Fermi level. Our results in
this respect have been summarized and compared
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FIG. 6. The valence-band density of states D (€) and
the number of occupied states N (€) for Cu. The left
scale is for D(€) and the right scale is for N(e). The
spin-orbit correction has been included.

with selected experimental and theoretical work in
Table IV. For Cu we have compared with the
first-principles calculation of Moruzzi et al.?®

This calculation is similar to ours in that the
single-particle equations were solved self-consis-
tently and a local density approximation (LDA) ex-
change potential was used, but differs in that non-
muffin-tin and relativistic effects were excluded.
Not surprisingly the d-band widths and positions
do not differ greatly. Comparing these results
with the experimental values assigned by Knapp

et al.”’ on the basis of angular-resolved photoemis-
sion (ARP) data suggests that self-consistent treat-
ments with a LDA exchange potential yield d
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FIG. 7. As in Fig. 6 but for Ag.
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FIG. 8. As in Fig. 7 but for Au.

bands which are both too wide and too weakly
bound. This is the same situation which was
found to prevail for Pd and Pt.!> On the other
hand, it has been found that the valence-level
eigenvalues obtained from non-self-consistent band
calculations with crystal potentials constructed
from overlapping atomic charge densities (OCD)
and a a=1, Xa exchange potential agree well with
photoemission-assigned values. As an example we
have listed the eigenvalues so obtained by Christen-

sen et al. for Ag (Ref. 28) and Au (Ref. 29) in
Table III. For both Ag and Au the OCD a=1
calculation yields d-band position and widths much
closer to these assigned from the photoemission
data than the present calculation does. This may
be either due to the OCD a=1 eigenvalues being
closer to the metal eigenvalues or due to relaxation
effects being mimicked by this particular prescrip-
tion for a non-self-consistent calculation.'?

For Ag and Cu spin-orbit induced valence-level
eigenvalue shifts are < 1 mRy except in those
cases where a degeneracy is lifted by the spin-orbit
interaction. The larger shifts in Au reflect the fact
that in this latter case there is a significant separa-
tion of the jz% and j———% components of the d
band.’> The spin-orbit splittings are compared
with experiment in Table IV in terms of an effec-
tive crystal-field spin-orbit splitting parameter for
the d band &;. The spin-orbit interaction is ex-
pected to be stronger near the top of the d band
since these wave functions are more localized in
the core region.>® This expectation is fulfilled in
our results by the larger value of &, inferred from
the splitting of the X5 level at the top of the d-
band compared to that inferred from the splitting

TABLE III. d-band widths and positions in the noble metals. Results have been listed in
each case for the three high-symmetry K points ', L, and X. The width is here defined as
the energy difference between the highest and lowest d-band eignevalues at the K point and
the position as the highest d-band eigenvalue. All energies are in mRy and are measured
with respect to the Fermi energy. Results of this paper have been obtained with the rx po-
tential and for Ag and Au include spin-orbit coupling. OCD refers to calculations with po-
tentials constructed from overlapping atomic charge densities.

Metal r X L

Position Width Position Width Position Width
This paper Cu —172 60 —116 253 —129 252
MwJ? Cu —177 59 —119 268 —131 259
Experiment® Cu —210 59 —151 232 —165 202
This paper Ag —295 90 —209 273 —232 250
C-OCD° Ag —349 85 —274 250 —292 218
Experiment? Ag —351 84 —291 219
This paper Au —233 175 —86 464 —130 435
CS-OCD*¢ Au —257 170 —121 431 —161 386
Experiment’ Au —261 173

*Reference 26.
YReference 27.
‘Reference 28.
dReference 30.
‘Reference 29.
fReference 31.
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TABLE IV. Crystal field spin-orbit splitting parameters £, for the noble metals. From
the theoretical calculations parameters have been deduced from the splitting of the I's level
in the middle of the d band and from the splitting of the X5 level at the top of the d band.
These values have been compared with those deduced from photoemission data. All energies

are in mRy.

Source Cu Ag Au
Splitting of T, 19 58
Splitting of X5 11 24 72
ARP (of T%s) 18+1° 52+4°

#Reference 29.
bReference 30.

of the T'ys level near the bottom of the d band.
The agreement between I',s splitting and the aver-
age &4 assigned from ARP data is excellent.

For the valence levels the rx contribution leads
to a lowering of the d band relative to the s band
by about 1.7, 2.9, and 4.8 mRy in Cu, Ag, and Au,
respectively. To put these numbers in perspective
we note that the correlation contribution to the
crystal potential lowers the Au d band by about 15
mRy relative to the s band and that the discrepan-
cies in the d-band positions discussed above are
about 30, 55, and 35 mRy for Cu, Ag, and Au,
respectively. Thus, for these metals the magni-
tudes of the rx corrections are appreciable but not
sufficiently large to cause any gross change from
results obtained with the nx potential. Changes in
valence-level properties due to rx corrections are
expected to be largest when orbitals of greatly dif-
ferent spatial dependence have similar energies,
e.g., in the case of the rare-earth metals.

X r

FIG. 9. Fermi-surface intersections with high-
symmetry planes in Cu.

1IV. FERMI SURFACES

The intersections of the Fermi surfaces obtained
here with the high-symmetry planes are illustrated
in Figs. 9—11. Several calipers of these Fermi
surfaces have been used to compare our Fermi sur-
faces with the accurately known experimental Fer-
mi surfaces in Table V. To the number of figures
given, the Fourier fits of Coleridge and Temple-
ton**3 are identical to the phase-shift fits of Shaw
et al.>® We first consider the neck radius. This
feature of the Fermi surface has been examined in
some detail by Janak et al.*”* in the case of Cu,
who have pointed out that the neck radius given by
a nonrelativistic non-muffin-tin calculation with
the nx potential is about 10% too large. These au-
thors found that, in using Xa potentials, increasing
a from the value @ = 0.70, which corresponds
closely with the nx potential in the case of Cu, to
the value @ = 0.77 brings the neck radius into
close agreement with experiment. To understand
why this occurs we note that a simple effective-

Ag

X r

FIG. 10. Fermi-surface intersections with high-
symmetry planes in Ag.
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Au

X T

FIG. 11. Fermi-surface intersections with high-
symmetry planes in Au.

mass treatment yields ky~m* (Ef—E,, )12 where

E; is the Fermi energy and E L) is the eﬁergy qf
the occupied sixth-band state at"L. A decrease in
neck radius with « implies that Ep decreases with
a more quickly than E Ly Since the increased at-

tractiveness in the potential caused by increasing a
is larger in the high-density core region this im-
plies that the d character of L) wave function has
less weight than for the average Fermi-surface
wave function.®® This observation is consistent

with the partial densities of states obtained from
Fermi-surface phase-shift fits by Coleridge et al.*
who point out that the d fraction is very anisotro-
pic over the bellylike portions of Fermi surface (see

below). Comparing the xo and nx potential Fermi
surfaces in Au we see that including correlation,
which corresponds to increasing «, decreases the
neck radius in Au as well. The agreement obtained
between nx and experimental neck radii for Au is
remarkably good.

The d fraction of the wave function has consid-
erable anisotropy even over the belly portion of the
Fermi surface, reaching a maximum in the (110)
direction and a minimum in the (100) direction.
Thus we expect the inclusion of correlation (i.e.,
going from xo to nx potentials), or equivalently the
increase of a in an Xa calculation, to increase the
Fermi radius in (110) direction. This is exactly
what we observe for the case of Au. See Table V.
Parenthetically, note that the spin-orbit interaction
also has a sizable impact on the Fermi surface of
Au. On the other hand, for Cu we find that the
present inclusion of relativistic and non-muffin-tin
effects reduces the neck radius discrepancy from
about 10% to less than 4%. This is a very pleas-
ing result since the ad hoc increase in a used by
Janak et al. would have a detrimental impact on
the bulk property results.*! = We should note
that Jepsen et al.** have recently found an 11%
discrepancy in the neck radius of Cu in a self-
consistent muffin-tin relativistic calculation. In
order to compare with this result we have recalcu-
lated the Cu neck radius with the non-muffin-tin
terms in our crystal potential self-consistently set
to zero. When this was done the neck radius

110

TABLE V. Some Fermi-surface calipers for the noble metals. ki and k}'© are the Fer-
mi radii in the (100) and {110} directions while k2 is the free-electron Fermi radius. k7 is
the neck radius on the (111) face. The theoretical results obtained using nx, rx, and xo po-
tentials are listed. For the nx potential the Fermi surface obtained when the spin-orbit in-

teraction is neglected (—S0) is also listed.

Expt.? nx(—S0)rx X0

Cu 1.058 1.079(1.078)1.078

KA /K Ag 1.048 1.059(1.057)1.057
Au 1.123 1.146(1.136)1.142 1.156
Cu 0.951 0.949(0.949)0.950

k7K Ag 0.963 0.968(0.969)0.969
Au 0.942 0.948(0.950)0.950 0.944
Cu 0.189 0.193(0.192)0.193

KNy sk Ag 0.136 0.134(0.130)0.133
Au 0.179 0.178 0.174 0.186

2References 34 and 35.
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discrepancy increased to ~7%. The origin of the
difference between this result and that of Jepsen
et al. is uncertain, although it appears that the
main difference between the two calculations is
that they have used a more approximate procedure
in constructing the self-consistent crystal potential.
As Jepsen et al. have emphasized the neck radius
is extremely sensitive to the crystal potential. (In
terms of energies the difference corresponds to ~5
mRy for the sixth-band energy at L.) This conclu-
sion has a bearing on attempts to explain this
discrepancy on the basis of improved approxima-
tion for the self-energy operator of the metal.*’
The changes in the Fermi surface produced by
the relativistic exchange corrections tend to be in
the same direction as those produced by the corre-
lation contributions and, in the case of Au, about
half as large. The shifts in this case come about
because the free electronlike wave functions are
large enough near the nucleus for the rx correction
to raise their energy (where the correlation poten-
tial pulls the d states down relative to the plane-
wave-like states). These rx corrections move the
nx potential Fermi surface slightly toward the ex-
perimental Fermi surface in the case of Cu and
slightly away from the experimental Fermi sur-
faces in Ag and Au.
The Fermi-level densities of states obtained here
are listed and compared with the experimental
specific heats*® and accepted values for the noble-
metal electron-phonon mass enhancement parame-
ters*’ in Table VI. In each case the calculated
specific heat masses are larger than those derived

from experimental data. We have made no at-
tempt to include possible modifications in the elec-
tron mass due to electron-electron interactions. In
the case of Cu, Liu et al.*® have considered these
modifications using formulas suggested by Sham
and Kohn? and Kohn and Sham,* both of which
involve using the electron-electron modification
factor of the electron gas at some average density
of the metal. Using recent electron-gas calcula-
tions in these formulas would produce small
reductions in the specific heat masses for each of
the noble metals and result in somewhat better
agreement with experiment. In addition, recent
work* using a more accurate approximation for a
simple metal self-energy operator suggests that
large mass renormalizations may be produced even
when the mass renormalizations in the electron gas
of the same density are small. Thus we believe
that the discrepancies between theory and experi-
ment in Table VI are of the expected sign for
electron-electron renormalizations and have a mag-
nitude which is plausible for an electron-electron
renormalization effect.

V. SPIN SUSCEPTIBILITY

The spatial dependence of the spin magnetiza-
tion densities induced in the noble metals by con-
stant magnetic fields is illustrated in Fig. 12. This
figure presents the L =0 coefficient in the Kubic
harmonic expansion of the induced spin magneti-
zation density y(T’), normalized so that the integral

TABLE VI. The densities of states at the Fermi level D (er) in the noble metals. Results
have been listed for both nx and rx potential and, in the case of Au, also the xo potential.
The specific-heat effective masses corresponding to these values for D (€) are listed under
the column headed by m fr. Also listed is the average square velocity over the Fermi sur-
face VX er), and the corresponding effective mass my. m e and m} represent different
averages of the electron mass over the Fermi surfaces.

€r D (EF) m :;\eor ( V?'( EF) > ml‘; m:x?)t
(mRy) (d Ry~ 'atom™!) (a.u.)

Cu nx 594 3.967 1.375 1.12 1.36 1.21
X 595 3.958 1.372

Ag nx 462 3.578 0.972 1.84 0.94 0.91
rx 463 3.575 0.971

Au nx 543 3.899 1.062 1.63 1.01 0.91
rx 546 3.860 1.052
X0 563 4.001 1.090

2References 46 and 47.
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FIG. 12. yo(r) for Cu, Ag, and Au. y,(r) is the an-
gular average of the induced magnetization inside the
muffin-tin sphere. The solid curve is for Cu, the dashed
curve for Ag, and the chained curve for Au. The verti-
cal scales at the left, center, and right of the figure refer
to Cu, Ag, and Au, respectively.

of y(T') over one unit cell is 1. y(T) is proportional
to the contribution to the charge density from elec-
trons at the Fermi surface. From Fig. 12 we see
that the atomiclike d-band contribution to y(T) is
larger in Cu and Au than in Ag. The more free-
electronlike character in Ag is expected since, as
pointed out earlier, the d bands are farther below
the Fermi surface.

These induced magnetization distributions enter
when calculating the spin susceptibility from the
variationally based expression of Vosko and Per-
dew.” Our results for the spin susceptibility are
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listed in Table VII, and compared with values de-
duced from the Landau level spin-splitting meas-
urements of Bibby and Schoenberg.’"">? The agree-
ment is excellent except for Au. In that case the
large spin-orbit coupling partially invalidates our
treatment of the spin susceptibility as evidenced by
the large variations in the g factor observed experi-
mentally.** It should be emphasized that for all
three metals the exchange-correlation enhancement
is much weaker than that for the corresponding
electron-density uniform gas. Thus we believe the
frequently adopted approach of estimating many-
body influences in the noble metals by referring
directly to the corresponding uniform gas (e.g.,
Ref. 54) is misleading.

V1. SUMMARY AND CONCLUSIONS

For each of the noble metals, we have solved the
relativistic Kohn-Sham single-particle equations,
self-consistently including non-muffin-tin terms in
the crystal potential. Of the quantities we have
calculated, the electron-number density and the
Pauli magnetic susceptibility depend only on the
adequacy of the LDA for the xc energy functional
for their reliability. For Cu we were able to com-
pare our calculated scattering form factors with ex-
periment and found close agreement (< 2%), al-
though a tendency toward larger form factors
(more contracted charge densities) was noted in the
theoretical results. The same level of agreement
(~2%) was obtained in comparing theoretical and
experimental Pauli susceptibilities.

Theoretically the identification of the Fermi sur-
face calculated from the Kohn-Sham eigenvalues

TABLE VII. The Pauli susceptibility in the noble metals. I is the density functional
Stoner parameter. S is the exchange-correlation enhancement factor.

Metal  Potential D(ep) I Xp XFPe S
(d Ry~ 'atom™!) (mRy) (emu/mole) (emu/mole) 1.096
Cu nx 3.967 22.1 10.33 10.1 1.096
Cu rx 3.958 22.1 10.31
Ag nx 3.578 18.9 9.12 9.0 1.073
Ag rx 3.575 18.9 9.11 1.073
Au nx 3.899 15.3 9.86 10.1 1.063
Au rx 3.860 15.3 9.75 1.063
Au X0 4.001 15.3 10.13 1.065

2Reference 46.
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with the experimental Fermi surface requires ap-
proximations in addition to the LDA.? Our results
indicate that the agreement between experiment
and our first-principles Fermi surfaces in the noble
metals is remarkably good (see Table V). In the
worst case, Cu, the discrepancy between theory and
experiment is only ~2% for typical Fermi-surface
calipers. Even the neck radius, a more sensitive
Fermi-surface index, was found to be given more
accurately than what would have been expected on
the basis of nonrelativistic non-muffin-tin calcula-
tions. In fact, the deviations of the noble-metal
Fermi surfaces from sphericity are much more ac-
curately rendered by single-particle theory than the
corresponding deviations for the alkali metals.*

On the other hand, for energies away from the
Fermi surface and the associated excitation ener-
gies of the solid, discrepancies between the single-
particle interpretation of Kohn-Sham eigenvalues
and experiment are evident. The d bands inferred
from our valence-level eigenvalues are too weakly
bound and too broad compared to experiment.

The same relationships held in our earlier work in
Pd and Pt.1> As we have noted, closer agreement
with photoemission-assigned d bands is obtained
from non-self-consistent OCD a=1 calculations.
We believe this situation can be understood in
terms of the comparison between the corresponding
atomic calculations,-in which the use of full Slater
exchange was found to simulate relaxation effects
in the eignevalue differences.

One objective of this paper was to examine the
influence of the relativistic correction to the ex-
change potential which appears in the relativistic
generalization of the density functional formai-
ism®1° for the noble metals. This correction is not
large enough to induce any qualitative changes in
electronic properties but does produce quantitative
changes on roughly the same scale as those due to
the correlation contribution to the potential. By
comparing our rx core eigenvalue shifts with the
corresponding atomic eigenvalue shifts calculated
using the Breit interaction we were able to demon-
strate that the rx correction is given accurately ex-
cept in the case of s levels; it is our hope that the
LDA rx potential can be altered in a way which
will remove this difficulty. For the valence-level
eigenvalues the rx energy shifts are, at least in the
case of Au, comparable to those produced by the
correlation potential. Since much effort has been
devoted to obtain accurate forms for the correla-
tion potential, we suggest that the equally impor-
tant rx correction should be included in relativistic
electronic structure calculations, especially for sys-
tems containing atoms at the upper end of the
periodic table.
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