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An empirically adjusted band structure for ferromagnetic Ni has been constructed us-

ing a combined interpolation scheme. The principal adjustments consist of narrowing the

d band by -25 /o and raising it upwards in energy relative to the sp manifold in order to

reproduce recent angle-resolved photoemission data. The exchange splitting is chosen to

reproduce the experimental magneton number. This yields an exchange splitting

(6,„=0.310 eV) and a Stoner gap (5=0.100 eV) in excellent agreement with other photo-

emission data. The bands are then used to compute the optical absorption and magneto-

optical response with full inclusion of momentum matrix elements. After inclusion of
lifetime effects, the optical absorption is found to be in good agreement with experiment

over the fun & 30 eV photon energy range, permitting reliable identification of structures

and their k-space locations. The calculated magneto-optical response is in good agree-

ment with experiment in the range %co & 6 eV, but only for the energy location of struc-

tures. The empirical adjustments are compared with recent calculations of self-energy

corrections due to hole-hole correlation effects.

I. INTRODUCTION

The optical properties of nickel and their rela-
tion to the electronic band structure have been the
subject of many investigations. ' It is only recently,
however, that a clear picture has emerged of' the
band structure, and this is due largely to the ac-
quisition of high-quality angle-resolved photoemis-
sion data using synchrotron radiation. ' In this
paper we describe a ferromagnetic band structure
for Ni which has been obtained empirically by fit-
ting the angle-resolved photoemission results. We
show that it leads to predictions for the optical ab-

sorption and magneto-optical response which are in
agreement with experiment. The exchange split-

ting in our empirical band structure is determined

by requiring that we reproduce the experimental

magneton number. The values thereby obtained

for the exchange splitting and the Stoner gap are

also in excellent agreement with angle-resolved and

spin-polarized photoemission data. By adjustment

of relatively few parameters, we have arrived at an

empirical band structure which is capable of ac-

counting for a large amount of data on Ni ~

The organization of this paper is as follows. In
the remainder of this Introduction we summarize

the history of the photoemission properties of Ni,
since the situation has evolved quite substantially

over the last decade. Section II describes our em-

pirical bands and the procedure used to obtain

them. Section III describes the method of compu-

tation for the optical absorption and magneto-

optical response. Numerical results for each of
these two properties are presented and compared
with experiment in Sec. IV. The previous work to
which ours bears the closest resemblance is that of
Wang and Callaway; the difference is that they

worked from first principles, whereas we have

adopted a second-principles approach with empiri-

cal adjustments. The paper closes in Sec. V with

some discussion on why the empirical bands differ
from those obtained in first-principles calculations.

The very earliest photemission measurements on

the valence bands of Ni indicated "anomalies. "
These anomalies might be summarized as follows:

(l) the exchange splitting, expected on the basis of
the band model of ferromagnetism, was found to
be below the level of detectability or rather small;
(2) the width of the d bands was found to be signi-

ficantly smaller than that predicted by first-
principles band calculations, a result in distinct
contrast with that for, say, Cu; (3) the

spin polarization of photoelectrons failed to display

the expected negative sign at threshold; (4) a satei
lite was observed at about 6 eV below the Fermi
level whose explanation must lie outside one-
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electron band theory. With the exception of (3),
subsequent measurements have confirmed and re-
fined these observations. In particular, angle-
resolved photoemission measurements by Himpsel
et al. and by Eberhardt and Plummer have deter-
mined the E(k) relations, and have resolved the
exchange splitting with some precision. Later
measurements of the photoelectron spin polariza-
tion on better characterized samples have now
shown the negative polarization at threshold, ' but
indicate small values for the Stoner gap (the
separation between the top of the majority spin d
band and the Fermi level) consistent with the small
value of the exchange splitting. What we shall
show is that these anomalies are linked with each
other, and that they, and a large amount of other
experimental data, can be accounted for by an em-

pirical band structure in which two or three key
parameters have been adjusted.

We shall not treat the 6-eV satellite. This is
now known with some confidence to be a shake-up
or excitonic "effect involving many-body correla-
tions beyond the scope of the one-electron ap-
proach adopted here. It will be mentioned only in-

cidentally in the theoretical discussion of Sec. V.

Refs. 2 and 3 place L2 considerably lower than
previously supposed. We regard this as perhaps
the most important recent new piece of informa-
tion on the band structure of Ni. As discussed ear-
lier' and repeated below, this observation leads au-
tomatically to small values for the exchange split-
ting.

(3) Exchange splitting, b„„. The relative posi-
tions of the majority- and minority-spin d bands
were adjusted to reproduce the experimental
magneton number (0.56 Bohr magnetons's). That
is, the adjustments were performed in conjunction
with precision calculations of the density of states,
and it was required that the majority (minority)
band contain exactly 5.28 (4.72) electrons per atom.

The band structure obtained is shown in Fig. 1

where it is compared with the experimental photo-
emission results of Refs. 2 and 3. It is seen that a
quite reasonable overall fit can be obtained. Near
the Fermi level, the experiments are able to resolve
the exchange splitting. The quoted experimental
values for 5,„(0.31+0.03 eV from Ref. 2 and
0.26+0.05 eV from Ref. 3) are in remarkably good
agreement with our value of 0.310 eV obtained by
the procedure described in (3) above. Strictly
speaking one should consider the variation of 5,„
with k and with orbital character, ' but this has

II. EMPIRICAL BAND STRUCTURE

We have used here the combined-interpolation-
scheme approach described elsewhere, ' and used
in the earlier papers of this series. ' The starting
point was to fit the parameters of the scheme to a
first-principles augmented-plane-wave (APW) cal-
culation by Mattheiss. '" To these bands we made
three parameter adjustments. These adjustments,
and the specific pieces of experimental data to
which the parameters were fitted, are listed im-
mediately below.

(1) d band width -The widt. h W of the d band
was reduced by -25% to achieve agreement with
the angle-resolved photemission data of Refs. 2
and 3. In terms of the scheme this is done by scal-
ing the Fletcher-Wohlfarth parameters, (A I 6 and
I5,) as W and the hybridization coefficients (B, and
B,) as W'~ . (We are adopting here our previous
nomenclature of the combined-interpolation
scheme. '

)

(2) d band position. T-he position of the d bands
(parameter Eo) was adjusted upwards relative to
the sp bands to obtain the correct distance of the
p-like L2 level below the top of the d band. The
angle-resolved photoemission measurements of

0
I

FERMI
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LLI

z —4
0
D —5

QJ

FIG. 1. Comparison of the empirically adjusted
bands with the angle-resolved photoemission data of
Ref. 2 (circles) and Ref. 3 (squares). The full (dashed)
curves represent the majority (minority) spin bands.
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not been done here; h,„has been treated as a con-
stant. The parameters of the combined interpola-
tion scheme required to generate the bands of Fig.
1 are listed in Table I. Also listed are the parame-
ters obtained by fitting the original APW calcula-
tion of Mattheiss.

The way in which the position of L2 influences
the self-consistent value of 6,„ is illustrated in Fig.
2. This figure shows the integrated density of
states, expressed in electrons per atom, for the
majority- and minority-spin band structures in the
region of EF. The discontinuities in slope mark
the tops of the respective d bands. Since L2, and
hence the entire sp complex, lies lower than in

first-principle calculations, this has the effect of
drawing a substantial fraction of an sp electron
below EF. Thus the energy which just encloses
5.28 electrons/atom in the majority-spin band
structure lies just above the top of the d band.
Specifically, we obtain a value of 5=0.100 eV for

Empirical
bands

First
principles

TABLE I. Parameters of the empirically adjusted
band structure for ferromagnetic Ni compared with

those obtained by fitting the first principles APW results

for the paramagnetic Ni (energies in Ry). The Fermi

energy in the empirical bands occurs at 0.67972 Ry.

the Stoner gap. Likewise, we are led to the rather
small values 6,„=0.310 eV for the exchange split-
ting. Had we not adjusted the position of L2
downwards, it would have been necessary to make
a rather large excursion along the shallow slope
portion of the curve to find 5.28 electrons. This
necessity appears to be built in to all the attempts
to calculate the band structure of ferromagnetic Ni
from first principles. '

The anisotropy of the Stoner gap is relevant to
spin-polarized photoemission experiments near
threshold. ' ' For normal emission from the (100)
and (111)crystal faces, our values for the Stoner

gap are 6~ ——0. 100 eV and 6L ——0.263 These corre-
late well with the experimental values for the fre-
quency above threshold at which the spin polariza-
tion changes sign: 0.075 eV for (100) . and 0.270 eV
for (111). The crossover is expected to be compar-
able with the appropriate value of the Stoner

gap
19j20

To summarize so far, what we have done is to
vary three key parameters to achieve a reasonable
match to the known magneton number and to the
E ( k ) relations derived from angle-resolved photo-
emission work. This has led automatically to
values for 6,„ in agreement with angle-resolved
photoemssion and values for the Stoner gaps in

agreement with spin-polarized photoemission. The

A2

A4

A5

0.64609 (maj)
0.668 88 (min)

—0.001 97
0.006 68
0.000 83
0.002 77
0.002 80
0.001 23
0.001 93
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—0.002 60
0.008 82
0.001 10
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0.001 63
0.002 55
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0.0067 FIG. 2. Integrated density of states for the two spin
bands in the vicinity of EF.
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additional consistency of the experimental E(k) re-
lations with Fermi surface data has already been
noted. In the next sections we investigate the ex-
tent to which our empirical band structure can ac-
count for the optical absorption and magneto-
optical properties of Ni. It should be mentioned
that need for major adjustments to the one-electron
band structure is not universally accepted.
Kleinman et al. ' have argued, primarily on the
basis of angle-resolved photoemission data from
Smith et al. , that the one-electron bands are ade-
quate. The weight of evidence, however, is
presently in favor of the adjustments. Specific to
the concerns of this paper, the agreement for the
optical absorption and magneto-optical response to
be elaborated upon in Sec. IV would not be possi-
ble without the adjustments.

A further adjustment was made in our calcula-
tion; the orthogonalization parameter S was in-
creased slightly. This has no effect on the preced-
ing arguments, and was done to improve agreement
with photoemission data for the positions of the
lowest unoccupied levels of X& and I.

&
symmetry.

A comparison between the theoretical and experi-
mental energy eigenvalues at high symmetry points
is given in Table II.

Experimental
Ref. 2 Ref. 3

This
work

Occupied levels

&r, )
&les)
&l »)

—1.2
—0.5

—8.8
—1.1
—0.4

—9.04
—1.44
—0.62

(X, )
&X, )
(X, )
x„

—3.8 —3.3
—2.8
—0.85

—3.31
—2.78

+ 0.06
—0.10

(Li)
(I-&)
(L, )
L3,

—3.4

—0.9
—0.15

—3.6
—1.3
—1.0
—0.2

—3.43
—1.40
—1.04
—0.26

(w, )
(W, )
(w, )

—2.6
—1.7
—0.65
—0.15

—2.70
—2.01
—0.75
—0.10

TABLE II. Comparison between band energies for
Ni determined from angle-resolved photoemission with
those reproduced by the empirically adjusted band
model. Energies are expressed in eV relative to the Fer-
mi level. Levels denoted by angular brackets denote the
unresolved mean for both spins.

III. COMPUTATION OF THE OPTICAL
RESPONSE

The optical response of a ferromagnet is ex-
pressed in terms of the conductivity tensor o.. In
the case of a cubic material with magnetization
along the z axis, this takes the form

xx 0xy

&K, )
(K, )
(z, )
(It, )

Unoccupied levels

(X, ) 9.5
(I-, ) 6.0

—3.1
—3.1
—0.9
—0.45

9.8

—2.81
—2.52
—1.39
—0.57

9.59
5.87

w, 0

The ordinary optical properties are determined by

the diagonal components. The contribution of
direct interband transitions to the real (i.e., absorp-
tive) part of the conductivity is given by the
Brillouin-zone integral '

2

Re[a~(co)]= 2 g I d k
~
(mp)„~ 5(Ey E; fico), ——

g iri co y. Bz

where EI(k) and E;(k) are the energies in final and initial bands f, i, respectively, and (irIc) is a Cartesian
component (cc=x,y, z) of the matrix element of the operator m, related to the usual momentum operator by
the standard expression

ir =P+ cr )& V' V( r ) .
4mc

For Bloch functions we may write "
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m c)H(k)
7r =

ak
(4)

In the presence of both an exchange splitting and spin-orbit interaction, the off-diagonal term o„~ is
nonzero. It can be determined experimentally through the measurements on the magneto-optical Kerr effect
(MOKE). ' The imaginary part of cr„~ is the absorptive part, and the interband contribution to it is given
b 4, 23

2

Im[o~(co)]= z g I d'k Im[(~f ) (ref')y]&(&y &; —~—) .
g Nl co f. BZ

(5)

Equation (5) is very similar to Eq. (2); each is
essentially the joint density of states with a weight-

ing factor.
These expressions were evaluated numerically by

the same methods used in previous papers of the
series. ' Calculations were performed both with
and without inclusion of spin-orbit splitting. The
spin-orbit parameter g was set equal to 0.0067 Ry,
a value found by Wang and Callaway, and which
is slightly larger than the atomic value of 0.0055
Ry.

IV. RESULTS AND COMPARISON WITH

EXPERIMENT

A. Overview: 0—+30 eV

Theory and experiment for the optical absorp-
tion of Ni are compared over the photon energy
range %co =0—30 eV in Fig. 3. The experimental
data are taken from Weaver et al. We choose to
plot here the quantity (fico)Ez which is equal to
4MRe[o~(co)]. In this subsection, and those im-

mediately following, we shall present results of cal-

100

80—
Ni

60—
3
CV

40

culations performed without spin-orbit coupling.
The majority and minority band structures are
then distinct from each other, and this facilitates
the numbering of the bands and the display of the
band-by-band decompositions, ez(i —+f), where i
and f denote, respectively, the indices of the
initial- and final-state bands. Introduction of
spin-orbit effects is deferred to Secs. IV 0 and
IV E.

Over the 30-eV range of Fig. 3, it is seen that
the agreement between theory and experiment is
quite good for locations of the main maxima,
minima, and broader structures. The theoretical
structures are much sharper than those seen experi-
mentally, the most dramatic example being the in-

tense and narrow theoretical peak at fuu-4. 7 eV.
This suggests a strong need to include lifetime
broadening effects. As an approximate way of do-

ing this, we convolved each partial contribution
ez(i~f) with a l.orentzian broadening function of
full width at half maximum (FWHM), 2I;. The
values of I; were taken from the experimental re-

sults in Fig. 7 of Ref. 3 at the meari energies of
bands i = I —5. The effects on the theoretical ez of
this broadening are represented in the dashed curve
in Fig. 3. It is seen that there are improvements in

comparison with experiment. In particular, the in-

tense peak at -4.7 eV is considerably reduced and
is now quite close in magnitude to the correspond-

ing experimental peak. Since there is no arbitrary
scaling factor in Eq. (2), the comparison for the
absolute magnitude of e2 is significant.

20 B. Higher frequencies: fico )7 eV

15

%su (ev)

FIG. 3. Comparison between the calculated optical
absorption (histogram) and experimental data (circles)
from Ref. 27. The dashed curve is the calculated ab-

sorption after inclusion of lifetime broadening effects.

At Lo-7 eV there is a pronounced minimum in
the theoretical (fun)ez curve followed by a sharp
edge and a number of structures extending up to
30 eV. This behavior is very reminiscent of that
noted earlier in Rh and Pd, ' where the
corresponding minima occur at 9.0 and 8.9 eV,
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FIG. 5. Thermomodulation reflectance data on Ni by

Hanus et al. (Ref. 27) showing the prominent structures
in the 7—9 eV range.

the edge and peak in e2(4~7) for the minority
bands; this is followed by very similar structure in
the majority e2(4~7) but shifted upwards in ener-

gy by about 0.2 eV. The peak at 8.3 eV is a com-
posite structure arising through peaks in ez(2~7)
at around this energy in both spin band structures;
a smaller peak in e2(3~7) also makes a contribu-
tion to this feature. The peak at 9.5 eV is attribut-
able to the sharp onset in e2(1~7) for both spin
band structures; this feature has some composite
character since e2(2~7) for the majority-spin
bands also has a peak near this energy. Assign-
ments for the k-space locations of the -7.1 eV
and the -9.3 eV features are shown in Fig. 6.
The transitions shown are on the Q( WL) symme-

try line. The appropriate band pairs are seen to be
quite parallel, thus accounting for a high joint den-

sity of rates.
Between the minima at 11 and 21.5 eV in the

theoretical (fico)Fz there is a broad structure. This
is seen in the experimental data. It is identified as
a composite structure due to transitions into bands
8 and 9. The theoretical peaks at about 23 —24 eV
also have a weak counterpart in the experimental
data. There are also composite structures involv-

ing transitions into bands 8 and 9. Transitions
into band 10 also contribute, with ez(4~10) being
particularly strong.

In the region above 11 eV, the experimental ab-
sorption is consistently higher than theory. This
discrepancy has been noted previously' and may
represent an experimental problem rather than a
fundamental disagreement. At these short

r X W L r K,U X

FIG. 6. Empirical band structure of Ni indicating the
k-space locations of transitions responsible for prom-
inent structures in the optical absorption in the range
Rco&4 eV.

wavelengths, surface scattering becomes increas-
ingly important, and so a specular reflectance
measurement will tend to overestimate the absorp-
tance. There are also uncertainties due to the
high-frequency extrapolation in the Kramers-
Kronig inversion of the data.

C. The 4.7-eV peak

The most intense feature in the theoretical
(fico)e2 spectrum is the sharp peak at about 4.7 eV.
This agrees in energy with a well-established exper-
imental peak. After inclusion of lifetime broaden-
ing effects, the agreement between theory and ex-
periment for the magnitude (as well as position) of
the peak is quite good. Reference to Fig. 7 shows
that the peak originates in e2(1~6). The locations
of the transitions in k space are indicated in Fig. 6.
The transitions occur primarily along the X direc-
tion, where bands 1 and 6 are seen to be quite
parallel over an extended region. Contributions to
this e2(1~6) peak are also permitted from transi-
tions near X and I..

Our assignment above is the same as that made
by Wang and Callaway. In their work, however,
the peak is predicted to occur at about 1 eV higher
in photon energy. The improvement in agreement
in our work is directly attributable to the empirical
adjustments we have made to the first-principles
band structure, particularly the narrowing of the d
bands. The good agreement which we obtain for
this peak therefore provides strong support for the
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ous. In Fig. 7 it can be seen that in the majority-
spin band structure e2(5~6) vanishes below about
0.2 eV, whereas the corresponding contribution for
the minority-spin band structure continues all the

way down to zero frequency. Also, there are signi-
ficant contributions e2(i~4) and e2(i~5) for the
minority bands, because bands 4 and 5 are partially
unoccupied. This should therefore be the frequen-

cy region in which magnetic effects are most ob-

servable. In particular, we would expect signifi-
cant changes on passing through the Curie tem-

perature T&.
Experiment and theory are compared for this

low-frequency region in Fig. 8. The dotted histo-
gram in Fig. 8 is the theoretical (fico)e2 computed
with inclusion of spin-orbit splitting. This brings
about a dramatic change at the extreme low fre-
quencies with the introduction of a strong peak in

the 0.1-eV region. There are changes also in the
form of the multiple structure in the %co—1.1 —1.6
eV range. Elsewhere the effects of spin-orbit split-
ting are rather small. Let us now discuss in turn
the three principal structure groupings in this low-

enefgy reg1on.

1. 0.2—0.7 eV

p I

10

4 6

flea (eV)

The experimental data of Fig. 8 show a peak at
0.28 eV. This is followed by a minimum at 0.4 eV
and a broad peak in the 0.5—0.7 region. %e iden-

tify these structures with the structures in the same

energy range in the dotted histogram of Fig. 8.
These transitions occur in the k-space localities in-

dicated as a and a' in Fig. 9. In the absence of
spin-orbit coupling, transitions a occur in the
minority-spin band structure between bands 4 and

5; the transitions a' occur between bands 5 and 6
in the majority-spin band structure.

'0' 2 4 8 8
flcLl (eV)

FIG. 7. Band-by-band decompositions, e2(i~f), for
the optical absorption of Ni involving transitions into
bands f=4, 5, 6.

modifications to the band structure as determined

by the angle-resolved photemission data. '

D. Low frequencies: Ace & 3 eV

At the lower photon energies, effects due to ex-

change splitting are predicted to be more conspicu-

2. 1.1—1.6 eV

In the range Ace = 1.1 —1.6 eV, our calculations
shown in Fig. 8 predict a prominent set of struc-
tures. These are modified quite appreciably by the
inclusion of spin-orbit splitting. These structures
are attributed to transitions in the k-space vicinity
of those labeled b and b' in Fig. 9. The
corresponding experimental structure is seen only
weakly in Fig. 9, but has been widely document-
ed. ' %e display in Fig. 10 the data of Stoll
which brings out somewhat better the structure in
the 1.1 —1.6 eV range.
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FIG. 8. Calculated optical absorption of Ni both
with (dotted histogram) and without (full histogram) in-
clusion of spin-orbit splitting. The full circles are the
experimental data from Ref. 27.
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The transitions designated b in Fig. 9 occur
within the minority-spin band structure. The final
states are only just above Ez. On passing through
Tc into the paramagnetic state, the final-state band
for these transitions will fall below EF and thereby
become occupied. The b transitions are therefore
expected to disappear on passing through Tc. The
transitions b', on the other hand, occur between
bands 5~6 for both spins, and should therefore
survive passage through Tc. The data of Stoll in
Fig. 10 shows some evidence for these expecta-
tions. At the lowest temperature (77 K) there is a
broad structure in the 0./c with two substructures
at about 1.0 and 1.5 eV. At the highest tempera-
ture (500 K) there is a single peak at about 1.2 eV.
We interpret this as the disappearance of the b
transitions and the consolidation of the b transi-
tions at the common energy.

3. The 2.3-eV structure

The theoretical calculations of Fig. 8 show a
peak at fico-2. 3 eV. From the ei(i —+f) decompo-
sitions of Fig. 7, we identify this structure with
transitions between bands 2~5. The k-space loca-
tions are labeled as c in Fig. 9. Since these transi-
tions occur entirely within the minority-spin band
structure with final states just abour E~, there
should be a substantial change on passing through
~C'

The data of Stoll (Fig. 10) do show a weak set
of structures at about 2.3 eV, and there is an ap-
preciable temperature dependence. It should be
mentioned, however, that these structures are not
well established. Some workers report a profusion

0 „i,:.:Ll- ~

.:.-;i' '.'., '
~

' ~"
t

~ ~ +b, ' „(~pm ~ li'

-4
r x w r K,U x

FIG. 9. Band structure of Ni in the d-band range
calculated both with (lower part) and without (upper
part) the inclusion of spin-orbit splitting. The arrows
indicate k-space locations of transitions responsible for
observed absorption structures.

of structures in this range. Others find none. '

Studna, using high-resolution ellipsometric tech-
niques, has detected a single very weak structure at
2.36 eV. On balance, therefore, there does seem to
be experimental evidence for a 2.3-eV structure,
but it is much weaker than that predicted theoreti-
cally. Note that the transition c with which we
have identified this structure is between initial and
final states which are both predominantly d-like.
Since d~d transitions are forbidden in the purely
atomic case, the predicted magnitude of this struc-
ture is presumably very sensitive to the details of
the sp-d hybridization in our parametrization
scheme.

Note that the transitions c occur from states in
the lower d-band region to the uppermost d band,
thus providing an estimate of the d-band width.
The agreement between our model and the experi-
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FIG. 10. Experimental optical absorption data on Ni by Stoll (Ref. 29) showing the well-established structure around
fico-1.4 eV and the less well-established features close to Ace-2. 3 eV.

mental data for the energy of this feature provides
further support for the narrowing of the d bands.

E. Magneto-Optical Response

Our calculations for the dissipative part of the
off-diagonal conductivity cr„z are shown in Fig. 11,
where they are compared with the experimental
values obtained from MOKE data. ' The com-
parison is much less satisfying than for the diago-
nal conductivity, but there are nevertheless some
significant features of agreement.

At the lowest frequencies (fico (0.5 eV) o„~ is
negative in both theory and experiment. This is at-
tributable to the predominance of contributions
from the minority-spin band structure, very analo-
gous to the situation in spin-polarized photoemis-
sion at threshold. ' ' The experimental o.

z
switches sign at Ace-0.4 eV. The theoretical 0. ~,
however, remains negative over this range. The ex-
perimental o.„~ has a maximum at 3.2 eV followed
by a minimum at 4.6 eV. We identify these
features with corresponding behavior in the
theoretical 0.„&, where a maximum at 4.2 eV is fol-

lowed by a minimum at 4.7 eV.
The failure of the theoretical model to reproduce

the correct sign for o.„z is not too surprising. The
weighting factor Im[(irf; )„(irf; )~ ] in the integrand
of Eq. (5) can occur with either sign. In summing
over the various band pairs f, i, there are a number
of comparable contributions of alternating sign, so
that the magnitude and sign of the final result is
sensitive to details of the parametrization.

The locations of structures may still be of signi-
ficance, however, and we identify the experimental
peak at 1.4 eV with the theoretical maximum at
the same energy. The optical transitions involved
here are also responsible for structure in the same
energy region in e2, and their k-space locations are
designated as b and b' in Fig. 9.

The very dramatic behavior of the theoretical

cr„„ in the 4—5 eV range can also be located in k
space. It is associated with the transitions between
bands 1—+6 located along the I E direction and in-
dicated in Fig. 6. As discussed in Sec. IV C, these
give rise to a very prominent peak in e2. Referring
to Fig. 7, it can be seen that this feature in
e2(1~6) is essentially the same in both spin and
band structures but is displaced slightly to higher
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bringing about the positive- to negative-sign se-

quence in agreement with experiment.
The 4—5 eV feature is much sharper in theory

than in the experimental MOKE data. This points
once again to the desirability of including lifetime
broadening, as pointed out previously by Wang and
Callaway. Since the initial states are well re-
moved from EF, the broadening should be quite
large. The calculations of Ozy by Wang and Cal-
laway predict a similar strong structure, but place
it about 1 eV higher in photon energy. The lower

energy and therefore closer agreement with experi-
ment in our calculations is once again directly at-
tributable to our empirical adjustments to the
first-principles results. Note that the energy posi-
tion of the positive-to-negative feature in cr„y can-
not be simply equated to the d-band width, as at-
tempted previously. Indeed, the agreement ob-
tained in the present work provides further support
for a significantly narrowed d band as suggested by
photoemission data.

V. THEORETICAL DISCUSSION

I i I i I i I i I

2 4 120 6 8 10

4 ru (eV)
FIG. 11. Calculated results (histogram) for the dissi-

pative part of the off-diagonal conductivity, Imo.„~,
compared with the experimental results of Ref. 26
(smooth curve).

What we have demonstrated above is that if one
makes adjustments to only the width and position
of the d bands of Ni to agree with angle-resolved
photoemission data and the experimental magneton

I l I

photon energies for the minority spins. On the
low-energy, rapidly rising portion of this peak,
contributions from the majority-spin barid struc-
ture predominate, leading to a positive sign for
o.„y. Conversely, minority-spin contributions
predominate on the falling side of the peak, leading
to a negative 0.„„.The MOKE response for this
feature is therefore expected to resemble the
derivative of the optical absorption. This particu-
lar ordering might seem surprising. Because of the
exchange splitting, the minority d bands lie higher
in energy than the majority d bands, so that transi-
tions from d-band initial states at any point in k
space should occur at lower photon energies for
minority spins. The reason for the reversal of this
expectation is that the transitions involved here oc-
cur across the sp-d hybridization gap. The initial
and final states both have some d character, and in
this instance the exchange splitting is greater for
the final-state bands. Consequently, the minority-
spin contribution is shifted to higher photon ener-

gies relative to the majority-spin contribution,

U
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FIG. 12. The empirical adjustments to the one-
electron band structure, represented here as the energy-
dependent shifts S, and S„are compared with the
theoretical results of Ref. 34 for ReX, the real part of
the self-energy correction due to hole-hole correlation ef-
fects.
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number, a gratifyingly large amount of additiorial
data immediately falls irito place: namely, the ex-

change splitting, the Stoner gap and its anisotropy,
the Fermi surface, the optical absorption, and the
magneto-optical response. The empirical band
structure arrived at differs significantly from those
obtained by conventional one-electron band calcu-
lations using realistic potentials. In this section we
discuss briefly the reasons which have been pro-
posed for this difference.

Within the framework of one-electron band
theory, our two key adjustments (i.e., an increase of
the mean energy of the d band, coupled with a de-

crease of the d-band width) are inconsistent with

each other. As one raises the energy position of
the d resonarice, its lifetime against tunneling

through the 1 =2 centrifugal potential decreases,

leading to an increased d-band width. This expec-

tation is amply borne out by numerical band calcu-

lations using a variety of one-electron potentials. '

Current theoretical explanations ' of the

photoemission anomalies in Ni consider the correc-
tions to the self-energy X„(co,k) due to intra-

atomic correlations between the 3d electrons. The
spectral function of the created hole state is writ-

ten

1 ImX„(ci),k )
A„~(c0,k) =—

~ [co—E„(k)—ReX„(co,k)] +[ImX„(co,k)]

where E„(k) are the one-electron band energies.
Such theories can account qualitatively for both
the existence of the satellite structure and the nar-

rowing of the d band. The latter arises through
the differential energy shifts across the d band
represented by the real part of the self-energy
ReX„(co,k). Initially, the theories encountered

quantitative difficulties in accounting simultane-

ously for the magnitudes of the satellite binding

energy arid the d-band narrowing. Liebsch has
argued recently that this problem is removed by
proceeding beyond the low-density approximation.

The empirical adjustments we have made to
width and position of the d-band may be represent-
ed equivalently as shifts S, and S, which are
linear in energy. These are shown in Fig. 12 where

they are compared with the corresponding values

of Re[X(co)—X(EF)] obtained numerically by
Liebsch. Over the energy range of the d band,
X(co) varies in a very linear fashion, and the slope
(directly related to the d-band narrowing) is equal
to the slopes of the experimental lines S, and S,.
This is not unexpected since Liebsch chose the
magnitude of the intra-atomic hole-hole Coulomb
interaction (U=2. 5 eV) to reproduce the measured
d-band width. The achievement in the results for
X(co) in Fig. 12 is that they lead simultaneously to
a spectral function having the two-hole-bound-state
satellite at the same binding energy as that ob-
served experimentally.

Note that the theoretical results for ReX(co) are

I

averaged over band index, and spin, and are given

only relative to the value at the Fermi level

ReX(EF). Our empirical curves S, and S„on the
other hand are presented for the individual spins
and on an absolute scale. The reason we are able
to do this is that in our adjustment procedure we

have treated the sp manifold as a stationary back-
ground over which the d manifold has been slid.
The key piece of experimental information which
fixes the d bands relative to the sp background is
the distance of the top of the majority d band over
the p-like level of L2 symmetry. This distance is
given directly by the angle-resolved photoemission
data, ' and is significantly larger than predicted in
the best and most recent one-electron band calcula-
tions. As stated in Sec. II, we regard this measure-

ment as perhaps the most important new piece of
information on the band structure of Ni.

Note added in proof Professor . J. L. Erskine

has kindly drawn our attention to a paper by him

[Physica 89B, 83 (1977)],which presents MOKE
data up to the photon energy 12 eV. A structure is
seen at -7 eV which, after suitable allowance for
lifetime broadening, corresponds reasonably well to
the structure in this range in the theoretical results
of Fig. 11.
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