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We present the results of a systematic investigation of the empty electronic states up to 10 eV
above Ef in the 3d and 4d transition metals with the use of bremsstrahlung isochromat spectroscopy
(BIS). We compare these data to calculations of the unoccupied densities of states. The agreement
between theoretical and experimental d-band widths and peak positions is quite good, -although
small discrepancies ( <0.5 V) are found for the early transition metals. The unoccupied band-
widths are usually larger for the 4d than for the 3d metals and decrease from left to right across the
Periodic Table, except where magnetic ordering of the 3d elements is important: A prominent step-
like spectral feature observed at 7—10 eV above Ej in all spectra is attributed to a critical point in
the band structure. The BIS spectra in the region up to 10 eV above Ej are not strongly affected by
electron-energy-loss effects. Discrepancies between one-particle densities of states and the spectral
response are smaller for BIS than for photoemission in these elements.

I. INTRODUCTION

One of the most significant developments in solid-state
physics in the 1970s was the widespread use of photoelec-
tron spectroscopy (PS) to study the occupied electronic
states of condensed matter. However, the wunoccupied
electronic states in the range 0—10 eV above the Fermi
level are known to have equal importance for understand-
ing many physical properties of materials, such as optical
or cohesive properties. This explains the development,
similar to that in photoelectron spectroscopy in the last 15
years, which is now taking place in studies of the unoccu-
pied states. Techniques such as bremsstrahlung iso-
chromat spectroscopy (BIS),!~%! inverse photoemis-
sion,”2~3% and even the old technique of x-ray-absorption
spectroscopy (XAS) (see, e.g., Refs. 31—33) are being
focused on the density of states (DOS) above the Fermi
level (Efp). We present a systematic comparison of
transition-metal BIS spectra and calculated DOS curves
which gives a clear picture of the trends in the unoccupied
states up to 10 eV above Ep. We focus on high-energy
BIS because its analysis is comparatively straightforward,
which is desirable for a general study.

The history of BIS can be traced back to the work of
Duane and Hunt in 1915. However, the first observation
of structures in the short-wavelength limit of the
bremsspectrum emitted when a monoenergetic beam of
electrons bombarded a solid were probably those made in
1942 by Ohlin,> and interpreted as DOS features by
Nijboer in 1946.3 As shown in Fig 1, in the isochromat
technique one varies the kinetic energy of the incident
electrons, and by measuring the intensity of the light at
one frequency one obtains information on the number and
position of states above the Fermi level.} In the 35 years
following Nijboer’s work BIS was periodically
rediscovered as a spectroscopic tool whose use was limited
by vacuum capabilities in that era.3~7-°~!! The regenesis
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of the technique dates to the start of ultrahigh-vacuum
(UHV) measurements (see, e.g., Refs. 8 and 12—16) and
the realization that an x-ray-photoemission—spectroscopy
(XPS) monochromator could also be used for BIS stud-
ies.’® However, much BIS work by Baer and others'6—1
has concentrated on lanthanides, actinides, and their com-
pounds. BIS spectra of the pure transition metals have,
surprisingly, not received proper attention in the last de-
cade, in which workers have become aware of the impor-
tance of surface cleanliness. In view of the upsurge in in-
terest in empty d states, especially for the understanding
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FIG. 1. Illustration of the principle of bremsstrahlung iso-
chromat spectroscopy.
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of alloy properties, we made rectification of this situation
for the pure elements one of our aims.

There has also recently been an increase in studies of uv
BIS, 22~ now widely known as inverse photoemis-
sion.2’—3% The relationship between x-ray BIS and inverse
photoemission is very similar to the relationship between
x-ray and uv photoemission (XPS and UPS). XPS gives a
picture which is rather closely related to the total density
of states, and it is difficult to extract even rough informa-
tion on the k dependence and dispersion of bands. The
same is true for BIS. By contrast, in UPS and inverse
‘photoemission angular dependence and momentum con-
servation can be used to build up a detailed picture of the
k dependence of the bands. However, it is an arduous
task to obtain the density of states using single crystals,
and even for polycrystalline samples the k dependence of
the radiative transition plays a role.* In addition, BIS is
characterized by smaller electron-loss contributions at
high energy than inverse photoemission, and by different
matrix elements. We thus argue that the uv BIS and BIS
at x-ray energies are complementary, not competitors.

A systematic study of transition-metal BIS spectra and
calculated DOS curves is desirable to confirm the inter-
pretation, in terms of the DOS, of the unoccupied energy
bands. It is common practice to use eigenvalues obtained
from ground-state theories to interpret experimental exci-
tation spectra, but this procedure has no strict, formal jus-
tification.>>3¢ The calculations are generally accepted to
give a reasonable picture of ground-state properties (see,
e.g., Refs. 35—40), but there are questions about the
response of the crystal electrons when an electron is added
or subtracted.’>3® In photoemission of some metals,
correlation effects lead to spectral weight in satellites and
a shift of features in the “single-particle” region of the
bands.! We know of no theoretical predictions for simi-
lar effects in BIS, except for strongly localized f orbi-
tals,'? and it is thus important that our systematic study
of BIS spectra of transition metals include a search for
such effects. We also know that the static exchange-
correlation correction is reduced at high energies, so that
band-structure calculations should really include an
energy-dependence potential.*»** We have discussed this
point elsewhere.* We will also discuss inelastic scattering
of the primary beam. Because the primary beam in BIS
has nearly the same kinetic energy as the electrons in the
XPS valence band, the intensity of the energy-loss satel-
lites in BIS and XPS should have the same order of mag-
nitude.

The three major methods of studying unoccupied states
are x-ray absorption (XAS), optical absorption in the visi-
ble and vacuum uv, and BIS. Each of these measure-
ments implies a perturbation of the ground state of the
system studied. This perturbation is smaller for BIS than
for XAS because the Coulomb interaction between the ex-
tra valence electron above Ep and the valence electrons
below Er in BIS is smaller than the interaction between
valence electrons and a core hole which is relevant to
XAS. For instance, in Ni the effective hole-hole d-d in-
teraction is ~2 eV,* while the 2p-3d interaction is ~6
€V.* In optical spectra, where joint densities of states are
being measured, it has been known for a long time to be
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difficult to extract information on the unoccupied states
of metallic samples.

To summarize our aims: we will attempt a systematic
comparison of transition-metal BIS spectra with calculat-
ed DOS curves. With the help of this comparison, we will
first try to separate out features relating to the physics of
the BIS process and hence basically spurious in a solid-
state study. We then assess how far the DOS calculations
faithfully reproduce the observed spectral features of the
empty states.

II. DOS CALCULATIONS

Our band-structure calculations of bec and fcc metals
were performed in the local-density approximation.*>4’
For bce and fcc metals we used the Korringa-Kohn-
Rostoker (KKR) method, with phase shifts up to /=4
and the first-principles self-consistent potentials of
Moruzzi et al.’®* The densities of states are obtained by
the tetrahedron method with 6144 tetrahedra in the ir-
reducible part of the Brillouin zone. The high number of
tetrahedra reduces the weight of possible spurious peaks
due to band crossings. One point must be considered.
This computed scheme is constructed to minimize the to-
tal energy with the Wigner-Seitz radius rws as a free vari-
able. For Cu and Ag, rws is correctly reproduced to
+1%, but for early transition metals rwg can be 3%
smaller than found experimentally. As the bandwidths
and peak positions scale with rw32, a 3% decrease in rysg
corresponds to a 6% increase in calculated energy posi-
tions. For the tabulated bandwidths and peak positions
given in this paper, we applied an energy rescaling to the
theoretical values. We also performed calculations con-
structing self-consistent potentials for the experimental
rws of V in order to satisfy ourselves that simple rescal-
ing of the energy can be applied as a first approximation
and is sufficient for our purposes.

The electronic structure of the hcp metals was calculat-
ed using the self-consistent augmented-spherical-wave
(ASW) method.*® This is linearized in energy and was op-
timized for the occupied bands so that results should be
reasonable up to 10—15 eV above Er. The DOS was ob-
tained by a discrete sampling of 300 points in the Bril-
louin zone, which leads to a greater roughness in the hcp
DOS’s than for bcc and/or fcc metals, where 6144
tetrahedra were used. The hcp lattice constants were tak-
en from experiment.*’

For the ferromagnetic elements Fe, Co, and Ni, we
made ferromagnetic calculations using standard meth-
ods.*® For Cr, which is antiferromagnetic, we used a non-
magnetic calculation. The “up” and “down” bands in Cr
are calculated to split ~1 eV in antiferromagnetic Cr,°
which should broaden the Cr BIS spectrum noticeably
with respect to our calculation, but should not be as seri-
ous as the magnetic effects in, for example, Fe. None of
our calculations include relativistic effects, which is our
main reason for limiting this study to 3d and 4d elements.
Even for Ag, the heaviest element we studied, the relativ-
istic corrections are known to amount to only a few tenths
of an electron volt.>!

In order to compare the theoretical density of states
with the experimental spectra, it is essential to include
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broadening due to the experimental resolution (for these
measurements, a Gaussian width of 0.7 eV) and the life-
time of the excited state. This lifetime broadening can be
related to the imaginary part of the self-energy and is in-
cluded by a convolution with an energy-dependent
Lorentzian. van der Marel et al.?! used a Lorentzian
whose width increased linearly with energy above Ep
[0.09(E —Ef)] and a larger Gaussian width than we use
heree. We use a Lorentzian broadening of 0.25
+0.09(E —EFf), with the 0.25-eV broadening at Ep prob-
ably being an instrumental contribution.

It is instructive to first consider some general features
of the DOS for the three common crystal structures of the
transition metals. We choose the DOS for the second-row
metals Mo (bec), Pd (fcc), Y (hep), and Ru (hep). The
most prominent features of the DOS curves in Fig. 2 may
be called the “d bands” because their wave functions have
mainly d character. The states below and above the d
band have mainly s (and p) character. The three major
effects in DOS curves are the relative s-d positions, d-d
overlap, and hybridization. In the early transition metals
the centroid of the d bands is at a higher energy than that
of the s bands, but in the later elements the s band moves
up with respect to the d band and is eventually above the
d band. The total d-band widths of the four elements il-
lustrated in Fig. 2 are in the range 5—9 eV with Pd being
much narrower than the others. It is a general trend for
both first- and second-row transition metals that the
bandwidths first increase by ~25% in going from Sc or
Y to the middle of the series.’>>* This happens because
the approximately half-filled d shell is associated with
high cohesion energy, a small atomic volume, and a large
overlap of the d wave functions centered on neighboring
sites. In the later transition metals the atomic volume
varies less, but the d wave function shrinks due to the
larger nuclear potential, and both the d-d overlap and the
d-band width decrease. We return to the question of pre-
cise d-band widths below.
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FIG. 2. Calculated DOS curves for Mo (bcc), Pd (fcc), Y
(hep), and Ru (hep). The curves have been normalized to the
maximum peak height.

Hybridization of the s and d bands is of general impor--
tance, and the so-called “s” and “d” bands are not pure.
Hybridization is particularly important at the lower d-
band edge in early transition metals. At the top of the d
bands, hybridization effects are weaker but still present.
They are stronger in hcp metals.?’

When calculated state densities are compared, it is
found that their overall appearance is similar for metals
with the same crystal structures. For instance, in the case
of the hcp structure we can recognize four main groups of
peaks in Y and Ru the positions of which roughly scale
with bandwidth. However, there are quite strong effects
of hybridization in the bands, particularly for Y. This hy-
bridization between s and d states lowers the energy at

" which we find the rapid rise in the state density associated

with the d electrons, and weakens the lowest of the four
hcp peak groups. The “characteristic” fcc and bec DOS
curves are similar but not precisely the same for all ele-

TABLE 1. Position of major peaks in the unoccupied states (all values in eV). (Theor. denotes

theoretical; Expt. denotes experimental.)

Experimental Theoretical Average
Element BIS DOS Theor. —expt.
Sc 1.8 3.8 14 35 —04
Ti 1.0 2.8 0.8 3.1 ~0
v 2.3 2.5 +0.2
Cr 1.0 1.2 + 0.2
Mn 14
Fe 1.6 1.6 ~0
Co 0.5 0.5 0.0
Ni 0.3 0.3 0.0
Y 20 5.4 1.3 46 —0.8
Zr 09 44 09 4.6 + 0.1
Nb 35 34 —0.1
Mo 2.0 1.8 —0.2
Ru 1.2 1.3 + 0.1
Rh 0.4 0.5 + 0.1
Pd 0.2 0.1 —0.1
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ments. We note here that the lower levels in the band
have more bonding character, and the higher levels have
more antibonding character. In the bcc metals such as
Mo there is a broad minimum between these two groups
of levels which arises from the bonding-antibonding in-
teraction.>® There is no such strong feature in the fcc or
hcp metals.

Hybridization also complicates the interpretation of
bandwidths. One criterion for estimation of bandwidths
is inherent in the band-structure calculation, namely that
at the bottom of the band, dy/dr =0 at the Wigner-Seitz
radius 7wsg, and at the top of the band the antibonding.or-
bital density between the atoms at ryg is zero, i.e.,
V(r=rys)=0. However, this is not an ideal criterion for

the spectroscopist because the strong mixing of s and d
states at the band edges causes a steep rise in the partial
density of d states outside these boundary conditions.>”>>3
For this reason we use different criteria, and the widths,
extracted by the method described in the Appendix and
given in Table I, do not correspond precisely to those de-
fined by the theoretical criteria above. Note, however,
that these difficulties due to hybridization are greater at
the bottom of the bands, in photoelectron spectra, because
hybridization is greater there.

III. EXPERIMENTAL DETAILS

The measurements were performed on a modified XPS
instrument, similar in principle to that of Lang and
Baer,'® but with 54 quartz crystals in the x-ray monochro-
mator to increase its acceptance angle to 0.1 sr. The
monochromator is set at 1486.7 eV, and the x-ray detector
is a CsI photocathode and channeltron.”> The total reso-
lution, as measured by the width of the recorded step in
the BIS spectra at Ep, is ~700 meV. Standard multi-
scanning techniques were used. The high intensity and
good signal-to-noise ratio in this instrument allows us to
better judge the shape of the spectra after a short mea-
surement (as short as 5 min) and to check for a buildup of
contamination.

The samples were cleaned by scraping in a preparation
chamber with a base pressure of 107!° Torr. The pressure
in the measurement chamber during measurements rose
typically to 2X107° Torr as a result of electron-
stimulated desorption by scattered electrons. The level of
contamination was monitored by XPS and changes in the
BIS spectra with time. Total contamination by all ele-
ments except hydrogen is estimated to be less than 0.25
monolayers. The time of measurement between successive
cleaning cycles depended on the sensitivity to contamina-
tion. The most difficult samples were the early transition
metals, where, after 40 min, distinct changes in the BIS
spectra occurred. In these cases the cleaning was repeated
every 10 min. :

IV. RESULTS AND INTERPRETATION

We present the BIS spectra in Figs. 3 and 4 along with
calculated total—density-of-states curves, broadened to ac-
count for instrumental and lifetime effects. The spectra
from the late transition metals are generally in good
agreement with those observed by other workers with
similar photon energy.”~!%!3 This is not the case for the
early transition metals measured until now,>%!! which
were often studied in a rather poor vacuum (~ 107 Torr
or worse) and at poorer resolution, and showed much less
intensity at Er than the present spectra. We cannot com-
pletely rule out the possibility of some contamination ef-
fects from the electron beam for the elements Sc or Y, but
the spectra we present are certainly closer to the true
“clean” spectra than anything we know of in the litera-
ture. .

The general features that we observe in BIS are peaks
near Ep, a broad structureless plateau at energies above
the peaks, and a step about 7—10 eV above Er. We can
use the DOS to give assignments to the features. The
peaks near Er can be confidently ascribed to the empty
transition-metal d band by comparison with the density of
states, and the “step” is ascribed to a critical point.>® This

TABLE II. Theoretical (theor.) values for occupied (W ~) and unoccupied (W) d-band widths, as

compared to experimental (expt.) BIS values for W+,

All values in eV. The dual values given where

the interpretation of experiment is ambiguous are a good guide to the accuracy.

Element W —(theor.) W *(theor.) W +(expt.) W *(theor —expt.)
Sc 1.7 4.0 4.4—-47 —-0.5
Ti 3.1 3.65 3.2-3.8 ~0.0
\'% 3.2 4.0 34-3.8 + 04
Cr 4.5 2.5 1.8—2.3 + 0.5
Mn ~3.5

Fe 5.3 2.6 2.9-3.5 —0.6
Co 5.5 1.15 1.4 —0.25
Ni 5.0 " 0.4 0.4 0.0
Y 2.0 5.3 6.1 —0.8
Zr 3.1 5.3 5.2-5.7 —0.1
Nb 3.5 5.6 5.2—-5.9 0
Mo 54 39 3.9-4.5 —0.3
Ru 6.2 1.95 1.95 0.0
Rh 5.8 1.2 1.1 0.1
Pd 4.8 0.4 0.4 0.0
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FIG. 3. BIS and DOS curves for the first-row transition metals and Cu. The dashed curves correspond to the unbroadened DOS,
the solid lines to the DOS broadened with a Gaussian broadening of 0.7 eV and a Lorentzian broadening of 0.25+0.09(E —EF) to
simulate instrumental and lifetime broadening, respectively. The upper dotted curve in each case is the measured BIS spectrum.
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view is further supported by comparison with Cu and Ag,
where no such prominent peaks are observed. We will
start with a discussion of these d bands. Note that the
other states above the d bands do have structure and that
the bands probably contribute to the high-energy tail of
the d-band region. For instance, when Cu and Ni are
compared, it is seen that all the features are moved down
by approximately 2 eV. The Cu d states are basically all

occupied and, therefore, are below Ep. There is, however,

even in Cu, a rise in the BIS intensity just above E, and
this also occurs in Ni as an apparent tail on the Ni d
band. This tail clearly complicates the estimation of d-
band intensities in BIS discussed below, but is of sec-
ondary importance for the determination of peak posi-
tions and bandwidths.

The d-band peaks and widths found, by using the
method described in the Appendix, in the unbroadened
DOS curves and the experiments are shown in Tables I
and II. There is generally good agreement between the
BIS spectra and the broadened DOS curves, and this
should not be forgotten as we try to isolate small
discrepances and the reason for their existence. For in-
stance, the number of major peaks found in the BIS spec-
tra of Figs. 3 and 4 corresponds well to the number found
in the broadened DOS above Er. For Sc, Ti, V, and Zr
two are found; for the other elements only one is found.
We have even been able to detect, in BIS, the shoulders
near Ep in the DOS curves in Sc, Y, V, and Nb which are
due to peaks in the DOS which cross Er. In addition, we
find a distinct asymmetry of the Mo BIS peak which
closely reflects that in the calculated DOS curve, and we
find that for the bee metals V, Cr, Nb, and Mo the Fermi
level falls in a region of comparatively low DOS between
the “bonding” and “antibonding” regions of the d band.
We also find that the position of the d-band maximum in
Feis ~1.6 eV above Ef, in agreement with the ferromag-
netic DOS curves and not in agreement with nonmagnetic
calculations of DOS curves. As shown by Moruzzi et
al.,* among others, paramagnetic calculations of the Fe
DOS would give a peak much closer to Er. Finally, we
observe that the general trends in observed width of the
unoccupied d states, W, is correctly given by the DOS
curves. :

When we look closely we find small discrepancies for
the d bands in the early transition metals. It is not
surprising that the small differences follow the same trend

for d peak positions and estimated widths, as the higher-

energy peak positions effectively determine the bandwidth
measured. The calculated widths are ~0.5 and 0.8 €V too
high for Sc and Y, respectively. In addition, we note that
the “steps” due to critical points, at 7—10 eV above Ep
are usually found at higher energies in the calculated DOS
than in the observed BIS spectra (by ~0—3 eV; see Table
III). We tentatively attribute these effects to the dynamic
exchange-correlation effects discussed elsewhere.**

In the region higher than ~5 eV above Ep, a partial-
wave analysis of the calculated DOS shows a mixture of s,
D, and d character at nearly all energies, with p being
quite prominent. The BIS intensity in this region is
higher with respect to the d band than in the DOS, and
the steps are shifted. One must consider if this region is
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dominated by electron-energy-loss contributions arising
from inelastic scattering of the primary beam. We
discount this possibility because of the following reasons:

(1) The ratio of the intensity at 6—10 eV to the peak in-
tensity is far higher than corresponding losses found in
XPS;

(2) In general, neither XPS nor energy-loss— spectros-
copy (ELS) measurements carried out in our laboratories
show strong features at the correct energies to explain the
step in the intensity 7—10 eV above Ep.

The experimental fact remains that the d bands of the
early transition metals are weaker with respect to the pla-
teau and step regions in BIS than in DOS calculations.
The most likely explanation for this is that the cross sec-
tion in the plateau and step regions is relatively high. We
note, however, that this point should be checked by calcu-
lations of cross sections.

A calibration of intensities in BIS is difficult using the
present apparatus because such intensities are very sensi-
tive to the precise sample position and thickness. At-
tempts to normalize the absolute intensities with respect
to one standard sample measured simultaneously were un-
successful. The scattering in resulting intensities obtained

- when the same experiments were repeated with new sam-

ples was too large (~40%). The question of the intensity
is, however, important, and thus for purposes of compar-
ison we have adopted the approach of normalizing the
spectra to the intensity minima above the d band, as
shown in Fig. 5. The intensity in the minima is deter-
mined by the broad bands in this region, the DOS of
which varies slowly with element. We then count the area
of the d bands above a line drawn between the minimum
and the Fermi level, as shown for Sc. This method gives a

TABLE III. “Critical-point positions” from theory (theor.)
and the BIS experiment (expt.) (all values in eV, theory values
corrected to expt. I'ws).

Calculated

Element position Expt. Theor. —expt.
Sc 7.4 6.6 0.8
Ti 9.3 8.1 1.2
v 10.1 9.7 0.4
Cr 9.8 9.1 0.7
Mn ~9
Fe 8.3 6.8 1.5
Co 10.1 7.0 3.1
Ni 7 6.0 1
Cu 4.1 4.2° 0.1
Y 7.7
Zr 10.0 8.9 1.1
Nb 10.7 10.4 0.3
Mo 10.7 10.2 0.5
Ru 12 ~10.3 ~1.7
Rh 10.1 8.7 1.4
Pd 7.9 7.8 0.3
Ag 3.8 3.8° 0

~ Avg. 3.77°

2van der Marel et al. (Ref. 21).
YReihl et al. (Ref. 30).
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rough measure of the intensity derived from the d band,
but has some inevitable drawbacks. Especially important
is that subtraction of the straight-line background does
not reliably remove the contribution of other bands, and
the cross section of states at the “minimum” must vary
with element. However, it is the most useful method we
have for assessing broad trends in intensities.

We see in Fig. 5 that the relative d-band BIS intensity
first rises to a maximum at about the middle of the
transition-metal series, and then falls off again. Our
curves of absolute intensities gave similar trends, but with
more scatter. Even here the irregularities in the 3d-metal
curve are probably a symptom of the inadequacies of the
method used. Two effects are responsible for the general
form of the curves. First, there is the rise in d cross sec-
tion with increasing atomic number. This rise must be
similar to the rise in cross section for XPS found both ex-
perimentally®’ and theoretically.® The second effect is
the decrease in the number of d-band holes as one crosses
the transition-metal series. This is the dominant effect in
the late transition metals. Combining these two effects
using Scofield’s cross sections, and approximating the
number of holes in the d band,*® we obtain the theoretical
curves shown in Fig. 5. These follow the form of the ex-
perimental curves quite well, but the differences along the
3d or 4d series are smaller than in experiment. This may
be due to the separation of the d-band contribution from
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FIG. 5. Top: The BIS spectra of Sc—Cr normalized to the
intensity minimum above the d band. Bottom: Variation of
BIS d-band intensities (dots) and calculated intensities (crosses)
for transition metals. The experimental values on the y axis are
the d-band area divided by the intensity at the minimum, ~6
eV above Er, and normalized to Mo=1. The 3d curve would
be reduced by +20% if we were to use absolute intensities.
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BIS or to the use of the minimum to normalize the
curves. More work is obviously desirable on theoretical
BIS cross sections. Scofield’s photoemission cross sec-
tions are clearly a good approximation for d-band BIS,
but they do rely on atomic wave functions, not solid-state
wave functions, and they do not take into account the
variation of wave function and, hence, cross sections with
position in the band. We also need a guide to the cross
sections for the s-p contribution of the BIS, both in the
band and above it. Only when these results are available
will we be able to give a fully reliable separation of d-band
BIS intensities.

In analogy to matrix-element effects in XPS from al-
loys, we wish to illustrate the importance of the cross sec-
tion effects for BIS of alloys and compounds. As a ran-
dom example, we choose ScPd, where we might expect the
Sc contribution to the empty d band to dominate BIS be-
cause Sc has 8.5 holes as compared to 0.4 in Pd.
Nevertheless, the lesson we learn from Fig. 5 is that the
disparity in cross sections per hole is so great that the 0.4
Pd holes should actually be the determining factor in the
shape of the BIS of such an alloy (also see Ref. 59).

V. CONCLUDING REMARKS

Our most general conclusion is that the agreement be-
tween calculated one-particle DOS curves and BIS of the
transition-metal d bands is better than that between one-
particle DOS and photomission curves. Thus, for in-
stance, Eastman et al.%° find discrepancies in the occupied
d-band widths of 0.4, 0.9, and ~1.5 eV for Fe, Co, and
Ni, respectively, in photoemission. The Ni discrepancy,
in particular, is larger than anything we find. - In addition,
we note that the XPS spectra of early transition metals
also gives curves which are very distorted with respect to
the one-particle DOS curves.®! In these metals it is very

- difficult to even recognize the bottom of the bands be-

cause of the long tail arising from many-body elec-
tron-hole—pair creation of the Doniach-éunjié type.61-62
Furthermore, there are no obvious satellites due to local-
ized d"*! states analogous to the f? peaks in Ce BIS (see,
e.g., Ref. 19), and nor are there any satellites analogous to
the d® structure in XPS of Ni valence bands.*' The only
possible candidate for strong many-body effects which we
see in the spectra is the very high BIS intensity in the re-
gion immediately above the d bands, but it is necessary to
make a thorough study of the single-particle matrix ele-
ments before one should speculate about many-body ef-
fects in the spectral response here.

For the d-band region, clearly a one-particle DOS calcu-
lation is a good starting point for rationalization of the
spectra. We note that this behavior is quite different from
that of the rare earths or actinides,!”~'? or even for the
Mn 3d levels of Mn impurities in a Ag matrix,** where
strong atomic multiplet effects dominate the spectral
features.

Only one of the BIS spectra stands out for its excep-
tional width and broad, featureless peak just above or at
Ep, namely Mn. Mn has an unusual crystal structure (a-
Mn) with 58 atoms per unit cell, which is not very amen-
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able to band-structure calculations. However, we note
that in the absence of such calculations it is difficult at
present to assess the relative importance of single-particle
and atomic (multiplet) effects. The latter are expected to
be large because of the high stability of the d> configura-
tion.
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APPENDIX

Estimation of precise bandwidths from experimental
spectra with instrumental and lifetime broadening is non-
trivial, partially subjective, and there is no “correct” way
to do it. We will give details of the method we used to ob-
tain numbers suitable for discussion, and if other people

should need another measure more suitable to their uses,

the spectra are also presented. We started by arguing that
the long tail of very low partial-d-wave character has lit-
tle significance, and so we seek the limits within which
most of the transition-metal d character is found. This
- point is usually easily found in the unbroadened theoreti-
cal curve; for instance, in V we would set it at +4.0 eV, as
indicated by an arrow in Fig. 6. If we then look at the
height of the broadened curve at 4.0 eV, we find it to be at
25% of the high-energy flank in V. In other elements it
may be higher. We then seek the corresponding point in
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FIG. 6. Illustration of the method used to estimate experi-
mental bandwidths. For further details, see text.

the experimental spectrum and define this as the experi-
mental width. For instance, as shown in Fig. 6 we esti-
mate the experimental width of the unoccupied d band to
be 3.4—3.8 eV, which is slightly lower than the theoretical
value. This method seems to be sensible and reliable for
all the elements studied and makes use of the fact that we
do have computed band shapes for all elements except
Mn. This use of the calculated DOS seems fair because
no one would argue about the ability of the computing
scheme to reproduce the band shape. The uncertainties
arise because of scaling factors, energy-dependent poten-
tial arguments, and the application of a one-particle DOS
to spectroscopy, all of which affect the exact positions of
the features much more than the overall shape.
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