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Angle-resolved polarization-dependent photoelectron spectroscopy using synchrotron radiation has been used
to determine the energy-versus-momentum band dispersions and magnetic exchange splitting of Ni. Using
Ni(111) and Ni(100) crystals, the band dispersions along the I'-L and I'-X lines have been determined for
the s and d bands. The temperature-dependent magnetic exchange splitting A E,, of the upper A; band has
been directly observed and found to be independent of momentum k for a large region of the Brillouin zone.
The experimental value of AE,, = 0.3140.03 eV is smaller than recent calculated values (0.6 < AE,, < 0.9
V) obtained with spin-polarized self-consistent band calculations. Also, calculated d-band widths are larger
(typically 40%) than measured (3.4 eV at L). Our results are consistent with Fermi-surface data and the
polarization reversal observed in spin-polarized photoemission. A number of previous contradictory
photoemission studies of Ni are discussed in view of our results. The observed bands show that ferromagnetic
nickel can be described by a Stoner-Wohlfarth-Slater spin-split band model.

I. INTRODUCTION

Asaprototype transition metal, nickel hasbeen
the subject of many studies involving d-band elec-
tronic structure,’” many-body effects, itinerant
ferromagnetism,® ' surface crystallography,'® and
chemisorption. Despite this extensive work, until
recently there has been noagreement about basic
concepts or quantities suchas the adequacy ofa one-
electronpicture versus a many-body description of
the d-band resonance, the magnetic exchange split-
ting, and changes in the electronic structure of Ni
atits surface. Asexamples, angle-integrated
photoemission estimates of the d-band width® ®
(~3.3 eV) are narrower than self-consistent one-
electron band-theory estimates®? (~4.5 eV). One
explanation given for the observed narrow d bands
is that photoemission samples only a few atomic
layers and band narrowing occurs at the sur-
face.'® Another recent explanation of the narrow
experimental widths is that the lower d states in
Ni have very short electron-hole lifetimes.”
However, several recent angle-resolved photo-
emission experiments report larger widths?’

(e.g., ~4.2 eV), or claim to agree with theory.!®

Photoemission, optical, and theoretical studies

of the magnetic exchange splitting!® have been even

more uncertain, with many experimental studies

reporting negligible or unobservable splittings

and self-consistent theoretical studies®™* typically

reporting large (~0.6-0.9 eV) and uncertain split-

tings. Two recent angle-resolved photoemission

studies have reported exchange splittings of ~0.3
eV (Ref. 13) and 0.5 eV.'* Spin-polarized photo-

" emission measurements!! have provided new

information that is not explained by existing ab

inito band-structure calculations.

As we have recently reported,’® angle-resolved
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photoemission data taken with variable photon
energy and polarization show that uv photoemission
from the Ni d bands can be described by a one-
electron band picture and that many-body effects
are not dominating. However, present self-
consistent calculations give 40% larger d-band
widths than observed. In addition, we have ob-
served a temperature-dependent magnetic ex-
change splitting AE,, =0.31+£0.03 eV (at 300 K)
for the upper A, d band which is essentially in-
dependent of k over a large region of the Brillouin
zone. Our data rule out an interpretation!3 which
accidentally gives the correct AE_ but wrong
band positions, and show that a reported value
of AE_=0.5 eV (Ref. 14) is based on a misinter-
pretation of interband transitions.

The paper is organized in the following way: The
experimental techniques are described in Sec.
II. Section III presents experimental results
for photoemission normal to low index planes of
Ni and describes the methods used to obtain band
dispersions from such data. Section IV presents
experimental results and discussion concerning
specifically the temperature-dependent ferro-
magnetic exchange splitting. In Sec. V, we com-
pare our experimental band dispersions with
theory; relevant critical-point energies are sum-
marized in Table I. Section VI discusses the
interpretation of other recent experimental re-
sults in view of our observations.

II. EXPERIMENTAL

The radiation source was the 240-MeV storage
ring at the University of Wisconsin. Two spectro-
meters attached to the same monochromator were
used in order to optimize the range of light po-
larizations. A cylindrical-mirror double-pass
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TABLE I. Experimental and calculated energy values for special points of the Ni energy
bands (energies in eV with Ep=0).

This Wang and Callaway®  Moruzzi et a.f Zornberg$8
experiment KSG? vBH®  ferro paramagnetic PSVI®
AEex=Lg ~Lgy 0.31+0.03 0.84 0.60 0.67 0.0 0.42
(Ly -3.4 0.4 —4.78 —4.62 -4.711 —4.56 -4.14
(Xp —3.8 0.4 —4.45 ~4.31 -3.95
(AT -1.75+0.05 -2.5 -2.5 -2.3
(ATiny -1.2 *0.1 -1.6 -1.7 -1.5
(T -1.2 04 —2.15  -2.04 -2.14  -1.97 -1.75
Ty -0.5 34 -1.01 —-0.92 —~1.02 —0.84 -0.87
(LY -0.9 *§:2 —0.64 —0.40 —0.37 —-0.22 —0.54
Ly -0.15 3-8 -0.68 —-0.47 -0.53 -0.03 -0.27
X5 —0.10 345 —-0.51 —0.30 —-0.33 +0.29 —-0.17
Ly +0.16%0.1 +0.16 +0.13 +0.14 —0.03 +0.15
X5, ' +0.37 +0.33 +0.37 +0.29 +0.27
Ly +6.0 +0.29 +6.55
X3 S +9.5 0.5 +9.7
L! +24 %2 +22.8

2 KSG: Kohn-Sham-Gaspar exchange potential.
b yBH: von Barth—Hedin exchange potential.

¢ PSVI: parameter set VI.

4 An angle-integrated photoemission experiment reported L{=5.7+0.4 eV (Ref. 37).

¢ Reference 3.
f Reference 4.
8 Reference 24.

analyzer with a drum-type angle resolver was
used to obtain nearly pure s polarization (E vec-
tor perpendicular to the plane of incidence, e.g.,
s-polarized data in Figs. 1, 5, 9, and 10 with
mixed polarization). This spectrometer was
operated with a full angular acceptance 60 =4°
and 150-meV overall energy resolution (photons
and electrons). For p polarization (E vector in
the plane of incidence) a new two-dimensional
display-type spectrometer was used (Figs. 2, 3,
4 p-polarized data in Figs. 5 and 6). An angle-
resolving detector selected a cone (full angle 66
=4°) from the total image field of 1.8 sr. The
overall energy resolution of the system was 100
meV. For these conditions, count rates were
typically 10*/sec for the Ni d bands. Ni crystals
were prepared by ion etching and annealing to

< 600°C and recleaned by mild heating after about
0.5 h with a working vacuum in the 10" -Torr
range. Cleanliness was checked with Auger
spectroscopy in both systems. However, we found
that in addition to the usual contaminants, submo-
nolayer (~0.1 L, 1 langmuir=10"° Torr-sec) ex-
posures of hydrogen have a strong influnce on the

EDC’s of Ni(111) and must be avoided to keep this
surface clean.

III. EXPERIMENTAL E vs k BAND DISPERSION

We present angle-resolved photoelectron en-
ergy distribution curves (AREDC’s) for emission
normal to the Ni(111) and Ni(100) faces and dis-
cuss them in terms of the bulk and surface en-
ergy-band structure. Only the Ni(111) data are
discussed in detail since the interpretation is
similar for Ni(100). The AREDC’s presented in
Figs. 1-6 show direct interband transitions from
bulk states which change their initial energy as
the photon energy hv varies, as well as a surface
emission peak for Ni(111) with an initial energy
of —0.25 eV (hv <13 eV) which does not shift with
hv. The latter is due to a A, surface state in the
gap above L/.'® In order to see the interband
transitions underlying the surface-state emission,
we have suppressed the surface state by a,sub-
monolayer coverage of oxygen (about 0.06 of a
monolayer if we scale the measured work function
shift of 0.2 eV to the known work function shift
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FIG.1. Overview set of angle-resolved EDC’s showing
the photon energy (2v) dependence for normal emission
from Ni (111) with mixed (s andp) polarization.

of ~1 eV at § monolayer coverage?®). This small
oxygen exposure only alters the surface-state
feature (see Fig. 4). For Ni(111), the surface-
state emission is removed by submonolayer
quantities of CO and H, as well, and the same
bulk transitions underlying the surface state are
seen, including the splitting of the A,-band tran-
sition.

In Fig. 7, energy-band dispersions (E vs k)
along the I'-L line in k space are shown. They
are obtained from the energies of direct inter-
band transitions observed in normal emission as
follows. The initial energy is measured directly
with respect to the Fermi level E;. E, was de-
termined from the spectrum of an iz situ prepared
polycrystalline gold film, since direct transitions
near E; make an accurate determination of E,
difficult for nickel. The component of k parallel
to the surface, k,, is zero in normal emission
because the reduced E,, vector is conserved and
no surface reconstruction occurs.!® The component
perpendicular to the surface 2, has a one-to-one
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FIG. 2. Low-hv angle-resolved EDC’s for normal
emission from Ni(111) showing surface-state emission
dominating for the clean surface.

relation to the observed final-state energy via

a free-electron-like A, conduction band [A, for
the (100) face]. For this analysis, we use a cal-
culated final band (abd initio Korringa-Kohn-

Ni(11)+0, NORMAL EMISSION
p-POLARIZATION

ep = 60°

s

=)

=

é h (eV):
§ 13.0
’.—

a 12.0
N

= 1o
=

&

g \ 10.0
>

% 9.0
2

= — 80
P-4 / 75

70
6.5

6.0
O=EF

| 1 l | | 1
-3 -2 -l
INITIAL ENERGY (V)

FIG. 3. Angle-resolved EDC’s for normal emission
from Ni(111) showing the exchange-split upper A; band
appearing after adsorption of <0.1 monolayer oxygen
(Ap=0.2 eV).
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FIG. 4. Angle-resolved EDC’s for normal emission
from Ni(111) showing the transition from the A; band
remaining unchanged by oxygen exposure. Data are

taken with p-polarized light 30° from grazing incidence.

Rostoker calculation?) which we have slightly
modified in order to match it to our observed
critical points. We see the bottom of this band
at L and X (L1:X1) and have an indication where
the first T" point is located.

In the following, we describe in detail how the
critical points can be observed directly. To find
L, we watch direct transitions turning on with
increasing kv across the band gaps L,—~L, and
L,~L, The A -valence-band transition (lower
peak in Figs. 2 and 3) is first seen at hv=6.8 eV
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FIG. 5. Angle-resolved EDC’s for normal emission
from Ni(111) showing the polarization dependence of
transition intensities for bands of A; and A; symmetry
(after Ref. 18).
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FIG. 6. Angle-resolved EDC’s for normal emission
from Ni(100) for different photon energies hv (p-polar-
ized light). Interband transitions from A, and A, initial

bands are marked by tic marks.

with an initial energy of —0.9 eV. This yields
-0.9 eV for L} and, adding 2v=6.8 eV to this,
5.9 eV for L,. The A,-valence-band transition
(upper peak in Fig. 3) does not disappear com-
pletely after tuning zv below the L ,~L, band gap,
but jumps upwards in initial energy by about 0.08
eV. This happens between 7v=6.2 eV and Av=6.0
eV. This jump canalsobeassociated with the L point
inthe followingway: Forhv>L —-L ,4 direct tran-
sitions from A,, to A, are possible, and dominate.
Forhv<L,-L,,, only indirect transitions from A,
and A, into evanescent A states canbe excited. Thus
the photoelectron spectrum reflects the density of
the states of both A,y and A, which has a center
of gravity higher than A;,. Therefore, indirect
transitions below hiv=L, ~ L, =6.1 eV are peaked
at higher initial energy than direct transitions
above hv=L - L. The initial energy for the L
point is determined to be —0.15 in this way and
yields 5.95 eV for the L, point by adding kv =6.1
eV. This agrees well with the value of 5.9 eV
obtained via the L} -~ L, band gap.

The minimum of the A, final band, X, is seen
directly as a steplike structure in the AREDC
of secondary electrons” (triangles in Fig. 6).
Below X, there are only evanescent final states
available, which reduce the effective sampling
depth and therefore the emission intensity. Above

X, there are Bloch states available but the emis-

sion increases only slowly with energy since the
low group velocity at the bottom of the A, band
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FIG. 7. Experimental E vs k energy-band dispersions
for nickel. Unoccupied bands just above the Fermi level
Ep and their Fermi-level crossings are drawn after
Zornberg’s (Ref. 24) calculation, which was fit to de
Haas—van Alphen data. The lowest band has been extra-
polated by a free-electron parabola matched to the ex-
perimental points. The final-energy scale gives the
final-band energy used to determine the component of k
normal to the crystal surface. Only a portion of the
lower A band is seen owing to small matrix elements,

and &, and A bands are not shown since normal emission

from them is forbidden (selection rules for dipole trans-
itions) (Ref. 22).

restricts the escape depth. We place X, at 9.5
eV above E;, where the curvature of the secondary
electron spectrum changes sign. ,

Considering the first final-state I" point, there
is an indication in our spectra which places it
~24 eV above E,. A weak structure in the secon-
dary electron spectrum is observed 23.7 eV
above E; (independent of zv) and can be attributed
to the high density of states in the second empty
A, band (Fig. 8). Interband transitions from the
lower A, initial band show an enhancement at
hv=25 eV (Fig. 1), where they are in resonance
with the second final-state band mentioned above.
A free-electron final band that has been used for
the analysis of Cu data?' (compare Fig. 8) would
have the first I point 36.6 eV above its bottom,
which lies somewhere in the lower valence-band
region. This places I'" about 30 eV above E; ina
free-electron model.

The calculated bands (Ref. 4 and Fig. 8) re-
produce our observed critical points of final
bands with a typical accuracy of +5% of the
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FIG. 8. Calculated energy vs & band dispersions for
Ni after Ref. 4. The E (k) parabola for a free electron in
a constant inner potential is shown (connected dots).

Brillouin-zone-boundary momentum. To make

the agreement even better we have shifted the
calculated A, band down by 0.5 eV for deter-
mining &, from the observed final energy E , (see
E energy scale in Fig. 7). For higher final en-
ergies there is an ambiguity in the E; vs &, re-
lation because more than one final band is avail-
able. However, this ambiguity is largely removed
by symmetry selection rules for normal emission??
which allow only A, final bands to contribute in
normal emission from a (111) face [A, for a (100)
face]. In the remaining region having an am-
biguous E vs k, relation (shaded part below the
E. scale in Fig. 7), we have chosen the final

band closest to the free-electron dispersion

(Fig. 8), which yields a primary Mahan cone.

As shown in Fig. 5, polarization selection rules
can be used to determine the symmetry of the
initial-state band. For normal emission with a
final-state band of A, symmetry, A, bands are
excited by the component of the electric field
vector perpendicular to the surface and A, bands
by the parallel component.?? For our data, the
suppression of A, bands in s polarization is not
complete since the incident radiation is only
~80% polarized and the suppression of A, bands
in p polarization is incomplete because of both
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the unpolarized component of the incident radi-
ation and a finite difference angle from grazing
incidence (15° and 30°, for Av=19 eV and hv =9
eV, respectively, in Fig. 5). For the (100) face,
only A and A, initial bands can contribute to
normal emission via a A, final band. Indeed, we
do not see transitions from A} which should be
easily visible, since this band is well separated
in energy from the rest of the bands along A.

The dominating features in normal emission
from Ni(111) (Figs. 1-5) are transitions from the
d-like upper A, band and the sp-like upper A,
band. The lower A, band is seen as a weak shoul-
der about 1.2 eV below E in the AREDC for hv
=20 eV (Fig. 1), and increases its intensity for
higher hv. For Cu(111), we see a similar be-
havior in the relative transition intensities of
the corresponding bands. The lowest s-like A
band (see Fig. 6 for the analogous A, band) can
be seen as a very weak feature superimposed on
a large background of secondary electrons. The
transition disappears before the L point [X point
for Ni(100)] is reached because L ,~L, (X, ~X))
transitions are dipole forbidden. This interband
transition is distinguished by its dispersion with
photon energy and by its relatively weak intensity
from a second structure seen at ~6.5 eV below
E, with an apparent threshold of ~26-eV photon
energy. The latter has been interpreted in an
atomic picture.?

IV. TEMPERATURE-DEPENDENT FERROMAGNETIC
EXCHANGE SPLITTING

Our data can be interpreted in terms of an
itinerant band model of ferromagnetism.®*°® For
the upper A, band, we resolve the exchange split-
ting between majority (AM) and minority (Ag‘)
spin states (see, e.g., Fig. 3). We have taken
AREDC’s below and above the Curie temperature
T (T,=631K) in order to establish the magnetic
origin of this splitting and to determine its tem-
perature dependence.

The emission from the nonmagnetic A surface
state has to be suppressed in order to obtain
quantitative information on the temperature-de-
pendent exchange splitting. This can be achieved
by observing photoelectrons off normal and
choosing a proper direction of the light polariza-
tion. In Fig. 9, AREDC’s are shown for various
escape directions in the (110) mirror plane with
the E vector perpendicular to that plane. The
surface-state emission produces an extra peak
only for 6 =0° (normal emission); for all other
escape angles there remains a slight enhancement
of the A, transition due to surface emission with-
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FIG. 9. Transitions fg_om the upper spin-split d band
are shown for different k, obtained by varying the escape
angle 6 from the normal of a Ni(111) face. Surface emis-
sion contributes only for normal emission (6 =0°) to the
line shape. The inset shows the expected topology of the
bands lising dHvA Fermi-surface data (triangles). E§i4?’
=1.46 A",

out any change in l'm_g shape. The dispersion of
the transitions with k, is shown as an inset in
Fig. 9. Off normal the double degeneracy of each
A, band is removed, with one state dispersing
rapidly upwards through the Fermi level as shown
by de Haas—van Alphen (dHvA) data (triangles).
The remainiag flat band has odd symmetry with
respect to the (110) mirror plane and is therefore
preferentially excited by s-polarized light with
the E vector perpendicular to the (110) plane,??

in contrast to the surface state and the bands dis-
persing upwards which have even symmetry. The
exchange splitting of about 0.3 eV remains con-

" stant over a large portion of the surface Brillouin

zone, in good agreement with a simple itinerant
band model and ferromagnetic band calculations.
Figure 10 shows AREDC’s at an escape angle

6 =30° from normal (dashed line in Fig. 9 inset)
for various temperatures above and below T.
The observed d-band line shape is narrower for
T =693 K than for 7=293 K, with the lower-en-
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FIG. 10. Temperature dependence of the magnetic ex-
change splitting of the upper d band. The dashed curves
provide a line-shape analysis (7=293 K) using two Lo-
rentzians of equal integrated intensity (Ey=—0.19, —0.47
eV; I'=0.3, 0.5 eV, respectively) and an estimated back-
ground of secondaries.

ergy edge shifting upwards towards E, and the
peak intensity increased. This upwards shift is
expected in an itinerant band model since the
minority band is strongly pinned with a large

T T T T T T T T T
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NICKEL
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FIG. 11. Comparison of XPS data (Ref. 33) from poly-
crystalline Ni with a calculated DOS (Ref. 24) narrowed
by a factor 1.3 to account for our experimentally deter-
mined d-band width. The DOS curve includes a lifetime
broadening increasing linearly from 0.2-eV FWHM at
Ep to 1.1-eV FWHM at -5 €V, which corresponds to the
broadening observed for direct interband transitions.
The quoted experimental XPS resolution of 0.55-eV
FWHM (Gaussian) is included as well.

density of states at E;. A line-shape analysis
using a spin-split SWS model with two Lorentzian
spectral functions of equal integrated intensity
yields peaks at —0.19 and -0.47 eV with a peak
splitting A_,=0.28+0.03 eV (see Fig. 10). Be-
cause these two direct interband transitions take
place at slightly different k points, the vertical
d-band exchange splitting AE,, differs from A,
by a small correction factor

AE =41 +mz/m,) - (m,/m,) AE?

ex ?

where m,; and m, are the magnitudes of the slopes
of the d band and conduction p band, and AE? is
the conduction-p-band exchange splitting. Since
my/m, is about 0.09 and AE?_is certainly smaller
than AE,,, we thus determine an exchange splitting
AE, (293 K)=0.31+0.03 eV. The lower peak
(~0.5 eV full width at half maximum) is substan-
tially broader than the upper peak (~0.3 eV
FWHM) due to an increased Auger lifetime broad-
ening which increases away from E,. We have '
analyzed the temperature dependence of AE,,
elsewhere!® in terms of different models for the
range of the exchange interaction. Essentially,
we find a reduction of AE_, by a factor of ~2
above T, which favors a short-range order model
versus either a long-range order model that pre-
dicts AE., =0 above T or a completely localized
intra-atomic interaction model that would pre-
dict no temperature dependence. The observed
AFE,.=0.31 ev+0.03 eV at 293 K is much smaller
than the results of self-consistent calculations?*
(0.6-0.9 eV) and somewhat smaller than the best
estimates?* (0.4-0.6 eV) based on fitting Fermi-
surface data and the Bohr magneton number.

This difference cannot be explained by a mag-
netically “dead” surface layer,?® both because

our photoemission experiment samples about

five layers® and because of the observed spin
polarization of the photoelectrons.'!

V. SUMMARY OF EXPERIMENTAL Ni BANDS AND
COMPARISON WITH THEORY

In this section, we list our experimentally
determined critical points, and compare with
calculated values (Table I). For the lower bands,
we have spin-averaged the calculated bands since
the exchange splitting is not resolvable at those
initial energies. The most striking feature is
that the calculatec d-band widths are always too
large. If we take the energy separation between
E, and extremal points in the band dispersions
as a measurement of the bandwidth (such as

ALY =Ep, (AT™-E,, (Ly—(T,)), ab inito

calculations give typically 1.4 times the experi-
mental values.
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Several explanations have been given why band-
widths observed in photoemission appear narrower
than in calculated bulk bands. We can rule these
out in the following ways:. A band narrowing is
expected at the surface of a solid because of the
reduced coordination number. Recent experi-
ments on Cu,'® as well as self-consistent ab
inito calculations (see Ref. 27 for Pd), indicate
that this narrowing effect concerns essentially
only the first atomic layer which in turn rep-
resents only ~20% of our sampling depth (~10
.2&, see Ref. 26). Since the narrowing in the first
layer is estimated to be about 9%,%7 the net ef-
fect on our data is negligible. A second expla-
nation for narrow observed d-band widths in Ni
is that the lower bands are suppressed in photo-
emission by excessive lifetime broadening.”
Indeed, we have observed a strong increase in the
width of angle-resolved interband transitions with
the lifetime broadening I' (FWHM) increasing
roughly linearly with binding energy from I'~0.2
eV near E, to I'~0.8 eV at —1.7 eV initial en-
ergy. But the lifetime broadening depends on the
sp vs d character of the bands with the lower sp-
band states having a relatively longer lifetime.
Therefore, the lower bands are not washed out
in the experiment. Excitonic effects® 2° may
shrink the apparent density of states, but no
direct comparison to our experimental bandwidth
can be made, since we take only single-electron
interband transitions into account to determine
bandwidths. Recent calculations about magnon
effects®®"32 are still too controversial to be dis-
cussed here.

De Haas—van Alphen (dHvA) Fermi-surface
data have been analyzed in detail®?* by means
of band-structure calculations. These calculations
fitted to the dHVA data?? give rather reliable mo-
mentum contours for bands at E,. Our observed
Fermi-level crossings of bands are in good agree-
ment with these Fermi-surface results. The bands
at and above E in Fig. 7 are based on an analysis
of dHVA data by Zornberg.?* His potential VI (fit
to dHvA and optical data) matches our experi-
mental results much better than ab inito calcu-
lations.

VI. DISCUSSION OF VARIOUS EXPERIMENTS ON Ni

Nickel has been the object of intense study be-
cause of its prototype character for several phe-
nomena. Based on our results, we can make the
following statements concerning recent experi-
ments: (i) Two claims for a direct observation
of the magnetic exchange splitting'®* are based
on misinterpretations. (ii) The d bands of Ni are

narrower than calculated, in agreement with x-ray
photoemission spectroscopy?®® (XPS) and older
ultraviolet photoemission spectroscopy® (UPS)
results. Recent angle-resolved UPS data’ claim
a larger d-band width because of an incorrect
assignment. (iii) Our observed energy-band dis-
persions can explain spin-polarized photoemis-
sion results!! and play an important role in in-
terpreting spin-polarized field emission. Spin-
polarized d-like surface states for Ni(100) do
not have to be invoked!? to explain spin-polarized
photoemission results. :

Our comments towards other experimental re-
sults are i detail: (i) Heimann and Neddermeyer®
place L, at -0.5 eV by misinterpreting the A
surface-state emission as being due to indirect
transitions from L, (discussed in more detail
in Ref. 19). Combined with their quoted value of
AE_=0.3 eV, this would not be compatible with
the Bohr magneton number since L,, would lie
below E .. Dietz et al.'* quote an exchange split-
ting of 0.5 eV, observed at kv =16.8 eV for a
polar angle 6,=-30°. For the same experimental
parameters, we have found that the splitting is
not reduced above T, rather, it is due to different
interband transitions. The exchange split bands
are so far below E, for hv=16.8 eV and 6, =-30°
that Auger lifetime broadening prevents them from
being resolved. For the structures seenathv =10.2
eV in Ref. 14, we have an analogous assignment
but observe completely different line shapes. (ii)
Previous data for the d-band width of Ni can be
explained by our experimentally determined band
dispersions. In Fig. 11 a calculated density of
states reduced by a factor of 1.3 with E, kept
fixed is compared to XPS data from polycrystalline
nickel.®® The reduction factor 1.3 corresponds
to the ratio between our results and Zornberg’s
PSVI calculation® for critical-point energies.
Our observed lifetime broadening and the spec-
trometer broadening of 0.55-eV FWHM quoted
in Ref. 33 are included as well. This reduced
and broadened density of states (DOS) fits the
experiment much better than an ab inito cal-
culated DOS. Excitonic effects® are expected
to transfer spectral weight from the bottom of
the d bands to a lower-lying satellite. This
shrinks the apparent DOS, but the calculated
spectrum is still too wide by ~20%. X-ray emis-
sion spectra (see Ref. 34) have large experi-
mental variations, but tend to be narrower than
calculated as well. A recent angle-resolved
photoemission experiment” finds agreement with
the calculated d-band with at L. We doubt that
the observed transition (hv=18 eV, -4.3 eV initial
energy) takes place at L because the final-state
L point would be 13.7 eV above E;, which is far
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from any calculated (6.6, 23 eV) or observed
(6.0, ~24 eV) L point. (iii) Spin-polarized photo-
emission data for Ni(100) and Ni(111) (Ref. 11)
show a sign reversal of the polarization at ~0.05
eV above threshold. Within a simple Stoner-
Wohlfarth-Slater model,*? this can be explained
by a Stoner gap A<0.1 eV, A being the binding
energy of the top of the majority bands. According
to our data, A=E,-X,; 0.1 eV for Ni(100) and
A=Ep-L, =0.15 eV for Ni(111).* Thus we do
not have to invoke the existence of d-like sur-
face states above X, to explain spin-polarized
photoemission, as has been postulated in a recent
Ni(100) surface calculation.!? We observe the top of
the A,y bulkband, X,, at the same energy where the
majority-spin fs surface state is calculated in Ref.
12. As hasbeennoted correctly in Ref. 12, nondirect
transitions into evanescent final states are the
only process for photoemission near threshold

in Ni(100) [and Ni(111)], since the observed
bottom of the Bloch-type final bands is 4.3 eV

[0.8 eV for Ni(111)] above the vacuum level.%¢
This explains why a Stoner-Wohlfarth-Slater
model using simply the density of states works
rather well.

For the Ni(111) face the observed A, surface
state is expected to play a dominant role in spin-
polarized photoemission (with p polarization) and
field emission. Because of its sp-character, it
contains electrons of either spin direction at about
the same binding energy. Thus, the observed spin
polarization should be substantially smaller than
expected from bulk calculations.
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