PHYSICAL REVIEW B

VOLUME 13,

NUMBER 4 15 FEBRUARY 1976

Effect of ground-state and excitation potentials on energy levels of Ni metal

R. E. Watson
Brookhaven National Laboratory,* Upton, New York 11973

J. F. Herbst ™%
National Bureau of Standards, Washington, D.C. 20234

L. Hodges
Ames Laboratory- ERDA and Department of Physics, Iowa State University, Ames, Iowa 50010

B. I. Lundqvist" and J. W. Wilkins?
Laboratory of Atomic and Solid State Physics, Materials Science Center, Cornell University, Ithaca, New York 14853
(Received 9 June 1975)

Self-consistent energy-band calculations for paramagnetic Ni have been performed in an effort to compare
ground-state and excitationpotential prescriptions; potentials of the Hartree-Fock-Wigner-Seitz and Hedin-
Lundgqvist type are examined. We find the bandwidth and placement of the Fermi level within the bands to be
rather insensitive to the choice of potential, while the absolute position of the bands with respect to the
appropriate reference energy is potential dependent. Use of the Hedin-Lundqvist excitation potential instead of
the ground-state potential produces level differences no greater than 0.1 eV.

1. INTRODUCTION

The theory of solids is plagued by the fact that
electron-electron interactions involve a nonlocal
electron potential. In a classic series of papers
Hohenberg, Kohn, and Sham'® discussed the cir-
cumstances under which a local potential, i.e.,
one that depends only on the coordinates of the
sampling electron, could replace the exact non-
local form. They observed that a local potential
could yield ground-state properties such as the
charge density and Fermi surface and that a dif-
ferent local potential could describe the excitation
spectrum of states away from the Fermi surface.?

In general the crystal potential is dominated by
the Hartree contribution. The exchange-~corre-
lation part of the potential is often written

Volr) == Alp(n)]'* (1)

where p(r) is the local electron number density.
On physical grounds Slater and co-workers have
employed several, nearly equal, values of the
prefactor A in constructing ground-state poten-
tials, Hedin and Lundqvist,® exploiting the di-
electric-function results of Singwi et al., ! have
derived a ground-state potential for which A is a
slowly varying function of p. This potential yields
results quite similar to those of the Slater pre-~
scription. Hedin and Lundqvist have also defined
an excitation potential which depends on a state’s
one-electron energy measured with respect to
the Fermi energy €. In this paper we calculate
self-consistent energy bands for paramagnetic
fce nickel employing the two Hedin- Lundqvist po-
tentials; comparison is also made with previous
results based upon the Hartree-Fock-Wigner-

Seitz approximation, In addition to factors such
as d-band width and the relative position of the
d and non-d conduction bands we investigate the
absolute position of the bands; absolute placement
of the bands is crucial to an understanding of work
functions, The predictions of the excitation po-
tential for the minima of the d and conduction bands
will be compared with the predictions of the ground-
state potentials. To our knowledge this is the
first such comparison® for a transition metal.
Briefly our results are as follows: (i) As is
the case for most band calculations for fcc nickel
we find that the bandwidth and the placement of
the Fermi level within the bands are rather in-
sensitive to the potential choice. (ii) On the
other hand, the absolute placement of the bands
relative to the crystal zero is sensitive to the
choice of potential; for the case of the Hedin-
Lundgvist potential the bands lie too shallow in
energy. (iii) Finally, we find that differences
in energy levels arising from use of either the
Hedin-Lundqvist ground state or excitation po-
tential are small, no more than 0.1 eV, which is
at the limit of present experimental resolution.

II. CALCULATION

The calculation combines augmented plane wave
and interpolation scheme methods in a two-step
procedure. First, for a given potential the wave
functions are calculated at selected energies.

These results together with an interpolation scheme®
permit the calculation of a density of states and,
more importantly, a density p(r). Second, a new
potential can be constructed from the density,

band energies determined at a few high-symmetry
points, and the parameters of the interpolation
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TABLE I. Results for energy levels (in eV) at certain
selected points in the zone as given by three calculations.
The d-band width is slightly larger than the difference
between X; and X;. The first column is from a renor-
malized-atom-scheme calculation using a potential
(HFWS) with the hole localized in the center of the cell.
A self-consistent version of that calculation is listed in
the next column. The final column gives the result of
using a potential which includes the fact that the hole
really follows the electron.

“Place” in Hrws? Self-consistent HL
band HFWS"

r, ~10.5 -12.9 -9.5

X - 7.0 - 9.1 -4.2

X, - 2.5 - 5.2 -0.3

€p - 2.7 - 5.4 -0.5

scheme rescaled by these new band energies.
This procedure is iterated to self-consistency-
i.e., until energies change by less than 0.005 Ry.
A special aspect of the calculation is that the elec~
tron density is normalized to the Wigner-Seitz
cell. Accordingly the zero of energy is the crys-
tal zero, V;, i.e., the vacuum zero shifted by
the metal’s surface dipole energy D. This fact
allows us to discuss the absolute placement of

the ground-state levels. In order to calculate the
excited-state levels we use the appropriate ex~
citation potential, A discussion of both potentials
and their use in a calculation is given in the Ap-
pendixes,

III. RESULTS

In Table I the results for energies at a few
selected points in the Brillouin zone are given,
The Appendixes outline the procedures by which
these energies are calculated. For the ensuing
discussion we note that €. is the bottom of the
non-d-band. The width of the 4 band is here ta-
ken to be” the difference between €y, and €x,.

The first column of figures lists the results of
Hodges, Watson, and Ehrenreich.® In this work
a Hartree-Fock (HF) potential, with either a d or
s hole (as appropriate) centered at the nucleus,
is used in the renormalized atom method.® This
approximation (denoted HFWS, the WS standing
for Wigner-Seitz who first proposed this self-
Coulomb hole approximation) gives a fairly broad
d band with a width of 4,5 eV and a Fermi level
lying 0.2 eV below the top of the 4 band in a high
density-of-states region. This latter feature is
common to the other two results we discuss.

The effects of doing a self-consistent calculation
are shown in the second column, ® The basic pro-
cedure is similar to that described in Sec. I.
Since in the self-consistent result the charge
spreads out slightly in the cell, the effective at-
tractive potential is stronger, all the levels drop,
and the d band narrows to about 3,9 eV. The gen-
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erally accepted experimental value for the d-band
width is'! 3-3% eV; in contrast with the results
for neighboring metals such as Fe, Co, and Cu,
band theory consistently overestimates the Ni
bandwidth.

Finally in the last column of Table I are the re-
sults of our self-consistent calculation using the
ground-state potential of Hedin-Lundqvist® (la-
beled HL in the table). We observe that, while
the d-band width is the same as for self-consis-
tent HFWS, both the d and s bands have moved
upward relative to the crystal zero. The quali-
tative reason for this is that the HL potential in-
corporates an exchange-correlation hole which is
more diffuse than in the WS approximation, for
which the hole is centered in and confined to the
WS cell. Accordingly, in the HL approximation
the electron sees a weaker effective potential and
the levels rise relative to HFWS results,

At this juncture we may compare our results
with those of other calculations, We note that for
the HL potential the factor A of Eq. (1) hovers
near a value corresponding to a~0.7, while the
HFWS approximation may be taken to loosely corre-
spond to @~0,9. Connolly'? and Callaway and
Wang!® have performed self-consistent band cal-
culations for ferromagnetic Ni with a=3%. Their
results for the d-band width and Ty — X; level
separations agree well with each other; they ob-
tain a d width of 4,0 eV and T, - X, differences
of 4.7 and 5.4 eV for the majority and minority
spins, respectively, These values compare rea-
sonably with our results (see Table I) except that
we find smaller T’} - X; separations for the HFWS
calculations; the smaller values are a direct con-
sequence of the fact that HFWS may be crudely
related to a density-dependent exchange-corre-
lation potential having o nearer to unity. Without
detailed information on the treatment of the energy
zero in the other calculations we cannot compare
absolute band positions.

One feature of the upward shift of the levels in
the HL approximation is that the Fermi level is
placed 0.5 eV below the crystal zero V,. The
work function for Ni is 5.0 eV, and this equals
the surface dipole energy D plus (Vy—¢€z). Di-
pole-term estimates suggest'* that D is of the
order of 1-2 eV, Admittedly, this estimate is
based on results for simple, polyvalent, and no-
ble metals, but nof for transition metals. In any
event, unless the dipole term is grossly under~
estimated, the HL potential has placed € sub-
stantially too high. It would appear that the ex-
change-correlation hole associated with the Hedin-
Lundgvist, and for that matter the Slater, poten-
tial is too weak, placing the bands too shallow
with respect to the crystal zero. (On the other
hand, the WS approximation has placed them too
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deep.) In one instance of this, Janak et al., in
their study® of Cu, found that to reproduce the
experimental Fermi surface it was necessary to
invoke a more localized hole, i.e., a larger val-
ue of A in Eq. (1) than that supplied by either the
HL or Slater potentials,

Despite the fact that both the HL and Slater po-
tentials place the bands too shallow, this does
not necessarily imply that cohesive energies (E,)
calculated with these potentials will be unreliable,
Calculations for sodium®® and lithium!? with o =%
have yielded E, results in excellent agreement
with experiment. The principal reason for this
is that the two-electron terms have to be properly
included in the total energy computations, which
diminishes the importance of absolute one-elec-
tron-level position. The absolute position of the
bands is consequently an even more stringent test
of a band-structure potential than the value of E,
to which it leads, We have not calculated E, for
the HL potential; results for the 34 and 4d tran-
sition metals in the HFWS approximation, both
non-self-consistent'® and self-consistent,'® are
in good overall agreement with one another and
with experiment.

Another aspect connected with the upward shift
of the bands concerns the relative placement of
the d and non-d-bands and the number of holes in
the d band. An argument that the 4 band should
be shifted down relative to the non-d band by 0. 4
eV is as follows. Ferromagnetic Ni has a mo-
ment of 0.59 p 5. !'° Scott and Reck'® have divided
the magnetization of Ni into orbital and spin com-
ponents, obtaining a spin moment of 0,55u 5. On
simple, intuitive, and single-particle grounds
the paramagnetic hole count (for both spins) equals,
or is slightly less than, the spin moment of fer-
romagnetic Ni. To produce a hole count for a
single spin of $(0.55), as compared with our cal-
culated hole count of 3(0.59) per spin for the HL
ground-state potential, the non-d-band must be
raised ~0.4 eV relative to the d band. In sum-
mary, the ground-state HL potential works fairly
well, but places both bands too high relative to
the crystal zero with the 4 band lying a little too
high relative to the non-d-band.

Finally we turn to the effect of using the HL
excitation potential, which is slightly more at-
tractive®® than the ground-state potential for band
states below €. In contrast to the results for
the ground-state potential, €r, is lowered by 0.05
eV and the bottom of the 4 band by 0.08 eV. These
shifts are small, but they are beginning to be
accessible experimentally as evidenced by the
recent investigations of Grobman and Eastman?
for Ge. They report deviations of the order of
0.1 eV between experiment and what were, in ef-
fect, ground-state predictions for levels well

away (~ 10 eV) from €r. Clearly both experimen-
tal resolution and theoretical calculations must
be improved before such effects, arising from
differences between the ground-state and exci-
tation potentials, can be ascertained.
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APPENDIX A: DETAILS OF THE CALCULATION

The Schrodinger equation with a given band po-
tential is integrated, and the energy at which a
4s-like orbital is flat at the Wigner-Seitz radius
rws 1s determined; this energy corresponds to
the T'; level in the band structure. The energies
at which a 3d orbital is flat and noded at r,g are
also found; these energies correspond closely®
to the levels at X; and X; and thus may be used to
specify the position and width of the d bands. Al-
though the states determined by these Wigner-
Seitz-type criteria are not precisely characterized
by the wave vectors at the points X; and X; in the
Brillouin zone, the (small) deviation from the
energies at those points has been investigated. 22
This information on band extrema is fed into the
Hodges interpolation scheme.® From iteration
to iteration the scheme’s d-d matrix elements are
scaled by the d-band width, and the s- and d-band
extrema determine the relative s- and d-band po-
sitions., The s-d hybridization and the plane wave
pseudopotential matrix elements are not modified
in a normal iteration. When convergence is al-
most achieved, the band potential at that stage
is used in an augmented plane wave band calcu-~
lation which, in turn, is fitted to determine all
the parameters employed in the interpolation
scheme, except for a spin-orbit constant.

A uniform mesh of 1877 points in Zth of the
Brillouin zone is used in the interpolation scheme
to obtain the density of states and to determine
€r. The d components of the interpolated eigen-
functions are found and a density of d states con-
structed. This, together with d functions obtained
in the band potential at a set of energies, is used
to make an accurate estimate of d-component con-
tributions to the electron density. Non-d contri-
butions to the electron density are obtained more
crudely; namely, the charge density of an s-like
orbital, determined at the energy € =er, + (e
~ €r,), is weighted by the non-d count. These
band contributions to the density are added to that
of a d°s atom core which is held fixed during the
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course of these calculations. Using the full elec~
tron density, the band potential is reconstructed
and the process repeated.

We emphasize that the interpolation scheme
provides a detailed density of states that we use
to find sampling energies at which to integrate
for d wave functions, The d functions are obtained
over the full Wigner-Seitz sphere; together with
the d eigenvector weights, they allow the d charge
density to be constructed with considerable ac-
curacy. Our principal assumption is that the in-
terpolation scheme yields an accurate estimate
of the d weights; in doing this, we obtain a k-space
sampling much more detailed than that of most
self-consistent band calculations (see, for exam-
ple, Refs. 12 and 13). Our primary source of
error is the crude sampling of the non-d compo-
nents of the charge density. We estimate that
our use of a single, average s-like wave function
may lead to an uncertainty as great as a few
tenths of an electron volt in the absolute position
of the bands, but the error in relative band place-
ment is much smaller.

APPENDIX B: CONSTRUCTION OF POTENTIALS
Ground-state potential

One point to keep in mind is that the local den-
sity p(r) defines a local interelectronic spacing
r.(r) and Fermi wave vector k.(r) by

La(r,(r)a,]* p(r)=1 (B1)
and
k3 (r)/37%=p(r). (B2)

Then the wave functions and energies appropriate
to ground-state properties are given by the (self-
consistent) solution of the equations (in atomic
units):

[- Y2+ V() + by ()]s (r) = By (), (B3a)

plr)= 2 [0 ()2

occupied

(B3b)

Here V, is the Hartree potential due to core and
conduction electrons., The remaining exchange-
correlation part of the potential p,(r) has been
the object of considerable theoretical activity. We
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have used the results given in Hedin and Lundgvist.?
In particular

Bye(rs )= Blrulry) (B4)
where
Bolry) = = e/ n)(3n?p)i/2 (B5)

and B(r) is given in Fig. 1 of Ref. 3. Alternately
B is approximated by the analytic formula

Blr)=1+0,77341n(1+1/x) | (B6)

where x =% 7,. The ground-state calculation must
be completed before computing the excitation po-

tential, for which p(r) is a necessary ingredient.

Excitation potential’

To calculate energy levels appropriate to ex-
citation processes, such as optical absorption or
photoemission, we use a result from many body
theory (see, for example, the discussion in Refs.
1-3) that the excitation energies E, are the self-
consistent solutions of the equations

[- V24 Vy(r)+ V()] 0u(r) = Ex,(r)
Veelp, 7Y+ 0% = Ep+ uy(7)

Here V, is the Hartree potential resulting from
the self-consistent solution of (B3), and the local
chemical potential is

Lo (r) =k 2(r) + 1 (7). (B8)

The sticky point is that the exchange-correlation
excitation potential V_(p,r) is a function of the
excitation energy E, via the local momentum p.
Hence one requires a tabulation of V,_ as a func-
tion of both r,(r) and p/kp(r). (Given in Table 2
of Ref, 3.) Unfortunately the calculations for this
are not nearly so sophisticated as those for p(r,)
and it can easily occur in the computation that the
Fermi level depends on 7, for example, To avoid
these physical incongruities we replace V_, in
Table 2 of Ref. 3 by

V” - Uy (,.) Z&(LL)

ch(kp,r)) , (B9)

as already suggested in Ref. 3. Unfortunately
this point seems to have been overlooked in other
calculations using the excitation potential, 2-5+1%

(B7a)
(B7b)
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