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The near-edge structure of the 2p absorption edges of the complete series of the 3d transition met-

als has been investigated by high-resolution electron-energy-loss spectroscopy. Structures in the
spectra were observed that could not be resolved in previous studies. -The data are compared with

single-particle calculations of the 2p ~3d transition probability as well as with bremsstrahlung iso-
chromat spectra. The comparison shows that the absorption spectra cannot be described by the den-

sity of unoccupied d states even when single-particle matrix-element effects are taken into account.
Especially at' the beginning of the 3d series, the interaction with the core hole is an important pa-
rameter.

I. INTRODUCTION

In core-level absorption spectroscopy, transitions from
a narrow core level to the unoccupied conduction states
are investigated. Thus to a first approximation the struc-
ture in the region of the core edges can be associated with
the unoccupied density of states (DOS). However, there
has been much discussion over many years on the possible
effect of the core-hole potential on absorption spectra'
and on the role of matrix-element effects. 4 In the free-
electron-like metals the most generally recognized effects
are the enhancement or the reduction at the threshold due
to many-body effects. ' At higher energies above the
edge it is generally recognized for the simple metals that
the core-hole potential has relatively little effect on the
observed spectra. At the other extreme, in the rare earths
where very localized wave functions contribute to the fi-
nal states, it is quite clear that in the atomiclike spectra
observed for the d +4f transitions —the core-hole —4f in-
teraction is very large and lowers the energy of these tran-
sitions by —10—20 eV with respect to the d-conduction-
band edge. ' In addition, it is recognized from atomic
calculations that the statistical spin-orbit weights for
core-level edges will only arise if the spin-orbit splitting is
much larger than the electron-hole exchange interaction
(i.e., if iso&~(2p V~ 1/r~z

~
V2p) where Vis the valence

state occupied in the transition 2p~ V). In general this
coupling transfers weight from the lower to the higher of
the edges in a spin-orbit doublet. ' Such nonstatistical
weights have been observed for many cases where the
atomic calculations are valid, such as the 3d~4f transi-

tions of I.a (Refs. 13 and 14) or the Sd ~5f absorption of
Th and U (Refs. 12, 15, and 16).

We will argue that all the effects described above play a
role in the 2p absorption spectra of the 3d transition met-
als (TM's) which are not quantitatively understood at
present. This explains why every improvement in experi-
mental resolution has brought new puzzles to light in
these spectra. Early experiments' were explained in
terms of the unoccupied DOS but latter experiments indi-
cated that the complex structures of the Lz 3 edges of
TiC, TiN, VC, and VN were different for the Lz and L3
edges and could not be explained in terms of the local 3d
DOS in these compounds. ' Further, the experimental ra-
tio of the L3 to the Lz edge intensity is not 2:1,' but
frequently much less for the early TM's.

In this paper we present systematic, high-resolution ab-
sorption spectra of the Lz 3 near-edge structure of all the
3d TM's and show how the effects described in the com-
panion paper ' develop across the 3d series. Due to the
high resolution, we find new structures not resolved in
lower-resolution studies. %'e compare the absorption
spectra with bremsstrahlung isochromat spectra (BIS) and
with single-particle calculations of the 2p~3d transition
probability in order to quantify the discrepancies which
arise when a total DOS and single-particle matrix ele-
tnents are used to analyze the absorption spectra of these
metals. In the companion paper ' we show that for the
early transition metals many of these puzzles can be ex-
plained by a complex interplay of atomic and DOS ef-
fects.

The absorption spectra presented here were recorded by
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electron energy-lass spectroscopy (EELS). The advantage
of this method over x-ray absorption spectroscopy is that
measurements with high and constant resolution over an
energy range of 0 to -2000 eV are possible. The cross
section for inelastic high-energy electron scattering into
small angles is given in the Born approximation by
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where q is the momentum transfer, E is the energy loss, v

is the incident electron velocity, and eq is a unit vector in
the direction of q. For small momentum transfer com-
pared to the radius r, of the core level, we get for in-
dependent electrons (Hartree approximation) the same
matrix elements as for x-ray absorption spectroscopy, i.e.,
only dipole transitions are allowed, and thus quadrupole
transitions can be neglected. For the case of the 2p ab-
sorption in 3d TM elements, this Ineans, that due to the
dipole selection rules (b, l =+1) only final states with s or
d symmetry are reached. As
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and as the density of states of the 4s

band is considerably lower than that of the 3d band, the
near-edge structure of the L2 3 edges is more closely relat-
ed to empty 3d states.

II. EXPERIMENTAL
0

The metallic films having a thickness of 600 to 1000 A
were prepared by electron-beam evaporation or by eva-
poration from a molybdenum boat in an ultrahigh-
vacuum (UHV) system having a base pressure of better
than 1&10 Torr. The film thickness was monitored
using a quartz crystal close to the substrate which was for
the heavier TM's a 100-A-thick amorphous carbon layer
on a standard electron-microscopy grid. In those cases
where a reaction of the 3d TM with the carbon substrate
was suspected or observed (Ca, Sc, Ti, V, Cr, Mn), a thin
film (-200 A) of Pioloform F (Wacker Chemic, Munich)
was used as a substrate. The metal films obtained in this
way were transferred under ultrahigh-vacuum conditions
to the ELS spectrometer having a vacuum of about
5 & 10 ' Torr. The samples were characterized by taking
diffraction patterns in the EELS spectrometer with a reso-
lution of 0.04 A '. With this method we can detect less
than 5% of impurity phases such as oxides. None of the
films used here contained detectable impurities.

The EELS spectra were taken in transmission using an
electron beam with an energy of 170 keV. The major ele-
ments of the spectrometer are an electron gun, a mono-
chromator, zoom lenses, an accelerator, a chamber con-
taining the sample and deflection plates, a decelerator,
zoom lenses, an analyzer, and a detector. The energy
resolution can be varied between 0.08 and 0.6 eV by
changing the pass energy of the monochromator and the
analyzer. The momentum resolution can be varied be-
tween 0.04 and 0.2 A '

by changing the voltages on the
zoom lenses. As the sample was at ground potential, it

- was possible to attach the sample preparation chamber to

the chamber for the sample in the EELS spectrometer.
Details of the spectrometer are described elsewhere. The
BIS spectra were recorded at a photon energy of 1486 eV
and a resolution -0.6S eV in an UHV system. The sam-
ples were treated with either Ar-ion etching or scraping,
and surface composition was checked with x-ray-induced
photoemission spectroscopy (XPS) and Auger electron
spectroscopy.

III. RESULTS
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FICs. 1. L2 3 edges of the 3d metals Ca—Ni.

In Fig. 1 we illustrate the Lz 3 absorption spectra for all
the 31 TM's after background subtraction. The spectra
from Ca to V were taken with an energy and momentum
resolution of 0.2 eV and 0.1 A ', respectively. The other
metals were measured with an energy and momentum
resolution of 0.6 eV and 0.2 A ', respectively, to increase
the counting rate. The spectra were aligned according to
the binding energies of the 2p3/z level as derived from the
EELS spectra. In the cases of Ca, Sc, Ti, and V the bind-
ing energy can be extracted very accurately as in these
spectra sharp edges with a width of 0.3 eV for Ca and 0.5
eV for Sc, Ti, and V are observed. For the other metals,
the edges are less pronounced and thus the binding energy
was derived by extrapolating the L3 edge to the back-
ground line. The binding energies of the 2p3/2 level are
listed in Table I and compared with those derived from
XPS. In addition the apparent EELS spin-orbit split-
ting, derived from the separation of peaks between L3 and
L2 lines is compared in Table I with spin-orbit splittings
given in the literature. Differences of up to 0.8 eV, espe-
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TABLE I. 3d-metal XPS and EELS binding energies (see footnote a) E~ for the L3 shell, spin-orbit

splitting (see footnote a) Aso and differences 5 between XPS and EELS values. All values are given in

eV.

XPS'
~so E

EELS'
~so 5so-

Ca
Sc
Tl
V
Cr
Mn
Fe
Co
Ni

346.0

453.9
512.1
574.3
638.8
706.7
778.3
852.8

3.7
4.9
6.2
7.7
9.3

11.1
13.2
14.6
17.3

346.1

398.4
453.8
5 1'2.0
574.3
638.5
706.6
777.6
851.9

3.2
4.2
5.7
6.9
8.5

11.0
12.9
14.9
17.2

—0.1

0.1

0.1

0.0
0.3
0.1

0.7
0.9

0.5
0.7
0.5
0.8
0.8
0.1

0.3
—0.3

0.1

'From Ref. 2S (XPS) and this work (EELS).

TABLE II. Separations of the major peaks from EF in BIS
and DOS spectra or from the L~3 edges in EELS spectra (all
values in eV).

Experimental
L3

EELS
L2

Experimental Theoretical
BIS DOS

Ca
Sc
T1
V
Cr
Mn
Fe
Co
Ni

2.1

2.1,3.5
13 3.3

-0, 3. 1

2.2
2.0
1.7
1.2
0.9

1.7
1.8, 3.0
1.2, 2.7
2.3
1.1
1.3
1.1
0.8
0.1

1.8, 3.8
1.0, 2.8
2.3
1.0
1.4
1.6
0.5
0.3

1, 3, 4.2
1.4, 3.5
0.8, 3. 1

-0.5, 2.5
1.2

1.6
0.5
0.3

integrated 2@3/2 edge intensity may actually be more than
twice that of the 2p~~q. However, this changes in the ear-
ly 3d TM's and in Ca and Sc the I 2 edge is clearly more
intense than the L, 3 edge. Because we have measured the
complete 3d series, we see that there is a continuous
change on going from Ni to Ca, in agreement with the re-
sults of Leapman and Grunes. ' '

The spectra shown in Fig. 1 contain two groups of
peaks near the I.2 and L3 thresholds. There is structure
in the early TM spectra which has not been observed pre-
viously. This is shown more clearly in Fig. 2. There we
present EELS and BIS spectra for the metals Ca to Ni
and .compare them with theoretical calculations of the
DOS. The theoretical curves are broadened by a
Lorentzian in order to include experimental resolution and
lifetime effects. We note, that in both BIS and EELS
curves there is structure in the d bands above E~. In the
BIS spectra, the peak positions are in reasonable agree-
rnent with DOS calculations and only differences in the
relative intensities with respect to the DOS are observed.
When we compare the EELS peaks we find that not only
are the peak positions different from those found in BIS
and DOS curves, but the separations from the thresholds
are up to —1 eV different in L2 and L3 spe.ctra of the
early transition metals (see Table II). For the L2 edge,
XPS values are taken for the threshold. This is reasonable

because of the excellent agreement of the XPS- and
EELS-derived binding energies for the 2p3/p electrons.
The different peak positions relative to the L2 and L3
thresholds lead then to the apparent difference of the
spin-orbit splitting observed in EELS and in photoemis-
sion spectroscopy.

IV. DISCUSSION

We first discuss those points relevant to our main objec-
tive of preparing a foundation for discussion of many-
body interactions by quantifying the experimental data
and any possible effects due to single-particle matrix ele-
ments. The salient experimental observations which must
be explained are the divergence from the expected 2:1 sta-
tistical weights for the ratio of the L3 to L2 peak intensi-
ties and the differences in shape between L3 and L2 spec-
tral regions and between the EELS spectra and the DOS.

Four effects are at present cataloged in the literature,
which must be considered in the light of experimental ob-
servations. These are the energy dependence of the
single-particle optical transition matrix elements, atomic
multiplet effects within the ground state wave function,
the Coulomb and exchange interactions between the core
hole and the d electrons which we split into the
monopole-like attractive potential and the higher-
rnultipole Coulomb and exchange interactions.

The origin of the single-particle matrix-element effects
arises from the fact that in general the radial part of the
atomic d wave function is dependent on the k vector and
therefore is dependent on the energy. In the tight-binding
approximation, the radial part of the atomic wave func-
tion is assumed to be independent of energy and therefore
the transition matrix elements are constant within the d
band. However, for the early transition metals the atomic
d wave functions have a considerable overlap with those
centered on nearest neighbors. In this case orthogonaliza-
tion will cause the d amplitude in the core region to de-
crease for the bondinglike states and increase for the anti-
bondinglike states. Since the bottom of the d band is
bondinglike and the top is antibondinglike one could ex-
pect the transition matrix elements to increase with ener-
gy. However, a comparison with calculations including
matrix-element effects shows that their influence is much
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too small to explain the experimental spectra. For exam-
ple, in Fig. 3 we see, that single-particle matrix-element
corrections for Ti only renormalize the intensity at Ef by
30% with respect to the top of the band.

The second major effect we consider is that of the
atomiclike multiplets caused by electron correlation ef-
fects in the ground-state wave functions. These effects
have been observed in the 2p~3d transitions of TM's in
environments where the 3d electrons are highly correlated
giving rise to atomiclike ground states. However, cer-
tainly for the early TM's, the success of one-electron band
theory in describing the valence-band structure rules out
large effects due to electron correlation in the d band.

The third major effect to be considered are core-hole-
potential effects. Here we note that the agreement be-
tween BIS and DOS is often better than between EELS
and DOS, e.g., for Cr the BIS and DOS peaks are at 1.0
and 1.2 eV; the 12& peaks are at —1.1 and 2.2 eV,
respectively. As BIS differs from EELS in exhibiting no
core-hole effects, this suggests that core-hole potential ef-
fects may be important in the 2p EELS spectra. Howev-
er, in other spectroscopies ' and in calculations of im-
purities in a TM matrix one universally finds a shift of
local DOS features on a Z+1 element to lower energies
with respect to those of the matrix. Also, nothing in the
literature suggests why the influence of the core hole (po-
tential) should be different for the Lz and I.i holes. In
contrast, the features we find in the spectra are dissimilar
in the 1.2 and I.z regions and the peaks are often found at
higher energies: for instance in Cr the L& feature is —1

eV higher than that found in the DOS. In fact, we do not
dismiss the effect of the core-hole potential for the TM
elements but we show in the companion paper ' that its
effects interact with other effects present and the results
are too subtle to be taken into account by simply calculat-
ing the local density of states around a Z + 1 impurity.

The fourth effect we consider is the exchange interac-
tion G=(2p 3d

~
1/r&2

~

312p). This atomiclike effect
can lead to significant transfer of weight from the 1.2 to
the I.z edges if G is comparable to the spin-orbit cou-
plings iso. ' The observation in the early TM's of a
large decrease in the I.q to 1.2 weight ratio with respect to
the statistical 2:1 ratio is compatible with the smaller

values of Esp in these elements. However, the atomiclike
effect of G cannot explain the differences between I.2 and
I g edge shapes or the other experimental observations
and so it should not be treated in isolation for a solid TM.

Finally we discuss the results on the lifetime of the
2@3/2 core level. The observed width of the steplike 1.3
edge in Ca is 0.3 eV and in Sc, Ti, and V it is 0.5 eV. This
corresponds to a folding of a step function with a
Lorentzian with a full width at half maximum of about
70% of the observed width. Taking into account the ex-
perimental resolution of 0.2 eV we obtain a lifetime
broadening for the 2@3/2 level for Ca, I (0.1 eV and for
Sc, Ti, and V I (0.2 eV. These values are close to the re-
sults of semiempirical calculations of Krause and
Oliver. The EELS-derived 2p level width of V is also
close to the value I =0.18 eV extracted from Auger elec-
tron spectroscopy. However, the EELS values for Ti
and V are much smaller than the level width found in
XPS by Fuggle and Alvarado ' (Ti, I =0.75 eV; V,
I"=0.45 eV). This is a very significant observation. In a
study of core-level lifetime broadening for the whole
periodic table of the elements Fuggle and Alvaradoi'
found an increase in observed XPS linewidth for the 2p
levels in the middle of the TM series that was not predict-
ed by the theory. They could not prove adequately wheth-
er or not this was related to lifetime broadening. The ob-
servation of narrower features in the Li EELS spectra
shows that it was not lifetime related at all. In fact the
observation of these narrow features in EELS highlights
two difficulties in the interpretation of XPS line shapes.
The first is that there are coinplications due to dynamics
of screening of a core hole by a d electron. This is a
much smaller problem in the 2p absorption spectra in
which the primary excitation is 2p~3d and to a first ap-
proxirnation no screening is necessary. The second point
is that in XPS spectra any atomiclike multiplet effects are
difficult to see because selection rules do not forbid any of
the final-state lines in the "well-screened" final states and
no structure is usually discernable. This is because the
screening electron taken from the band can have any
values of S and J necessary to satisfy the selection rules.
By contrast, in absorption spectroscopy, the dipole selec-
tion rules select out a small part of the multiplet states
and multiplet structure can be recognized as such.

CA
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FIG. 3. A comparison of a broadened DOS of Ti metal with
the calculated single-particle transition probability for the Ti I.&

edge (DOS weighted by single-particle matrix elements). The
latter curve has been normalized to the first at the high-energy
peak.

V. CONCLUSION

High-resolution spectra of all 3d TM's have been
recorded by EELS. For the light 3d TM's, information
on the lifetime of the 2p core levels is obtained. A com-
parison with values derived by XPS reveals that screening
of a core hole is more complicated in XPS than in absorp-
tion spectroscopy and/or that broadening of core-level
spectra due to multiplet splitting is stronger in XPS than
in XAS or EELS. We have shown that the detailed shape
of the I 2 q edges in the 3d TM can be explained neither
on the basis of a purely atomiclike picture as in the
3d +4f transitions of the rare—-earth metals, nor on the
basis of the structure in the DOS above E~ with small
modifications due to single-particle matrix elements. The
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major anomalies that must be explained are the following.
(1) The major differences in the early TM's between the

Lt 3 and I.2 weights observed in XAS and EELS and the
statistical spin-orbit splitting ratio of 2:1.

(2) The differences between the shape of the L2 3 edges
on the one hand and the HIS or DOS shapes on the other.

(3) The differences between the L3 and L z edge shapes.
In the following paper we will show how these effects

can be qualitatively explained by a combination of the
atomiclike 2p-3d exchange interaction, the potential of

the core hole created, and the local DOS around a TM
atom in the solid.
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