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New Correlation Effects Observed for Inner-Shell Excitations in Titanium and Vanadium
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An interpretation of energy-calibrated appearance-potential spectra for Ti and V reveals new correla-
tion effects. A proposed initial-state, final-state rule is utilized to understand these and other many-body

effects which arise in the x-ray, Auger-electron, and appearance-potential spectra for these metals.

PACS numbers: 79.20.Hx, 71.55.Dp, 78.70.Dm, 79.90.+b

A quantitative interpretation of new energy-calibrated
L3 appearance-potential spectra (APS) for Ti and V re-
veals large and positive (5 to 7 eV) core-hole, valence-
electron interaction energies (U) in the final state. This
result is in sharp contrast to a recent interpretation' of
x-ray-absorption spectra (XAS), which indicates nega-
tive U values ( —2 to —3 eV).

Both APS and XAS probe the unfilled electronic
states, and the above apparent contradiction is only one
of several hard-to-explain results reported for the filled
and unfilled states of the early 3d transition metals. For
example, while the L23 and M23 XAS line shapes appear
atomiclike (i.e., are very similar to gas-phase atomic Ti
and V line shapes), the x-ray-emission spectra (XES)
generally reflect the filled one-electron density of states
(DOS) of the metal. ' . Another example, the L23VV
Auger-electron spectra (AES), which probe the filled
states, reveal negative hole-hole repulsion energies for
these metals.

All of the above results are consistently explained in
this work on the basis of two newly proposed many-body
interaction effects. The first of these indicates that the
monopole term in the core-hole, valence-electron interac-
tion energy is driven by the higher-multipole terms, and
further experiences large screening eAects. The second
indicates that for the early transition metals, initial-state
electron coupling is more appropriate than final-state
hole coupling. These two correlation eA'ects are dis-
cussed in the context of a proposed initial-state, final-
state rule for interpretation of spectroscopic line shapes.

APS data have been recorded with several different
techniques, but a particularly simple method to realize
is Auger-electron APS (AEAPS) in which electrons of
variable energy bombard the target material and a mea-
surement is made of the target current, I, as a function
of electron energy, eV, in the vicinity of expected core-
level binding energies. When core levels are ionized,
they can initiate an Auger-electron cascade that leads to
a change in the secondary emission coefficient. Since
this change is small, it is convenient experimentally to
apply a small modulation voltage to the gun cathode and
detect the target current at the modulation frequency;
that is, dI/dV is measured as a function of V.

APS data have frequently been interpreted in terms of
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FIG. 1. Comparison of measured (bottom) and calculated
appearance potential spectra for Ti. The top curve (U 0) was
calculated with N(E) and the other curves with N ~(E) for
the indicated values of U. The calculated spectra were plotted
with an XPS L3-shell binding energy of 454. 1 eV.

a simple one-electron model in which both the excited
core electron and the incident electron have final states
near the Fermi level of the target. According to this
model, a self-convolution is made of the empty DOS and
this is convolved with a Lorentzian function to represent
core-hole lifetime broadening. A derivative is then taken
for comparison with experiment. While this model has
long been known to be oversimplified, it has been em-

ployed successfully for a number of materials including
some 3d metals.

Our AEAPS measurements were made with polycrys-
talline Ti and V foils that were cleaned by prolonged
Ar+ sputtering. The measured AEAPS data (Figs. I

and 2) were obtained with a modulation of 0.35 V peak
to peak and are similar to those reported previously.
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The top curve in each figure has been calculated by use
of the one-electron model for each metal and the empty
DOS computed by Jepsen for Ti and by Boyer et al.
for V. We used the bulk DOS since, for our electron en-

ergies, the APS signal due to bulk atoms is expected to
predominate over that due to surface atoms; use of a sur-
face DOS is not expected to change materially the
present results. In each calculation, a Lorentzian full
width at half maximum of 1 eV was assumed to
represent both the core-hole lifetime broadening' and
the energy spread of electrons from the thermionic
source.

The energy scales in Figs. 1 and 2 were based on the
sum of the voltages applied to the gun cathode and 4.95
eV to represent together the thermionic work function of
the tungsten cathode and the mean thermal energy of the
electrons. " The zero of energy in the XPS convolution
calculation corresponds to two electrons having final
states at the Fermi level. We chose to plot the calculated
spectra by making this energy zero correspond to the
L 3 shell binding energy determined by x-ray photoelec-
tron spectroscopy (XPS) with the same target materials.

Close agreement in the shapes and positions of the
measured and calculated APS would indicate: (I) reli-
able calculations of the empty DOS; (2) validity of the
one-electron model; and (3) correspondence of the core-
level binding energies measured by XPS and APS. It is
clear that the top curves in Figs. 1 and 2 do not agree at
all with the corresponding measured spectra. We note

FIG. 2. Comparison of measured and calculated appearance
potential spectra for V (see Fig. 1 caption). The calculated
spectra were plotted with an XPS L3-shell binding energy of
512.6 eV.

that our comparison is directed to the main features
shown to the left in Figs. 1 and 2. We have not attempt-
ed to include spin-orbit effects in the calculated spectra
(i.e. , the Lq component shown to the right in the experi-
mental data) or the eA'ects of inelastic electron scattering
(which would smear out much of the structure on the
right side of the calculated curves). Similar calculations
using DOS reported by other authors did not materially
affect the resulting APS data.

We interpret the inconsistency between the calculated
and measured spectra in terms of an initial-state, final-
state (IS-FS) rule. A final-state rule was first proposed
for the XES and XAS one-electron process by Mahan,
von Barth, and Grossman. ' It was extended to the AES
two-electron process by Ramaker, ' and is here extended
to the APS process. The IS-FS rule arises from a
dynamical calculation based on the independent-fermion
model due to Mahan, Nozieres, and De Dominicis
(MND). ' In this model the system is represented by an
effective one-electron Hamiltonian H* in the initial
state, and a different one-electron Hamiltonian H in the
final state, the difference being that one state has a core
hole and the other does not (e.g. , AES and XES have an
initial core hole, XAS and APS a final core hole). The
transition probability is then given by the appropriate
many-electron matrix element, Mk„, involving these two
states. It has been shown that for both one- and two-
electron processes, ' ' Mk„reduces to the product of a
one- or two-electron matrix element and a many-electron
overlap (the latter introduces the edge eH'ects) plus small
higher-order terms. This approximation is known as the
final-state (FS) rule because the line shapes far from
threshold reflect the one-electron DOS in the final state;
however, the relative intensities of the components (e.g. ,
the ss, sp, and pp contributions in AES or AEAPS)
reflect the initial state. ' ' The FS rule is derived by use
of the hole picture, i.e., it enumerates the final- and
initial-state holes. By instead enumerating the electrons,
we could similarly derive an initial-state (IS) rule. It
turns out that both the IS and FS rules indicate that the
intensity is determined by the initial state, and the line
shape far from threshold by the DOS appropriate to the
final state. '

In spite of the similarity between the IS and FS rules
indicated above, they do not give similar results with re-
gard to the particle coupling and multiplet structure.
The reduction of the many-electron matrix element to
the well-known one- or two-electron matrix elements im-
plies the validity of a two-particle coupling scheme. This
is most fortunate since many-particle coupling is very
complex, and introduces a large number of multiplets. '

Clearly a two-electron coupling scheme is more ap-
propriate when the band is nearly empty, and a two-hole
coupling scheme more appropriate when the band is

nearly filled. Thus we conclude that the IS rule, with
electron coupling, is more appropriate for less than or
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equal to half-filled bands, and the FS rule, with hole cou-

pling, more appropriate for more than half-filled bands.
The IS-FS rule can be summarized as follows: (a)

The spectral intensities should reflect the initial state,
(b) the spectral line shapes should reflect the final one-
electron DOS, (c) the multiplets should reflect electron
coupling for the lighter elements of the transition series,
and hole coupling for the heavier elements.

Application of the above to APS is not straightforward
because the final state has three particles, the core hole
and the two participating electrons. However, the in-

teraction of two electrons added to the relatively broad
3d bands in Ti and V is not expected to be significant.
We shall ignore the valence-electron, valence-electron in-
teraction, but include the core-hole, valence-electron in-
teraction for both excited electrons. Points (b) and (c)
of the IS-FS rule then indicate that the APS should
reflect a fold of the one-electron DOS appropriate to the
final state (i.e., in the presence of the core hole) and p d
electron coupling. We can determine the DOS in the
presence of a core hole by use of the central-cell tight-
binding approximation (TBA) and Green's-function
techniques, which give'

(E) N (E)
[I —UI(E)] 2+ [UTFN(E)]

where N(E) and N~~(E) are the calculated and
modified DOS, respectively, I(E) is the Hilbert trans-
form of the DOS, and U is the eA'ective core-hole
valence-electron attractive energy.

Figures 1 and 2 show calculated APS curves for the
values of U indicated. As U is increased the calculated
curves become closer in agreement with the experimental
spectra. For Ti, the calculated curves for U =6 and 8 eV
provide the best agreement with the experimental spec-
trum: The small peak in the calculated spectrum at 458
eV is not seen experimentally. For V, the computed
curves for U=5 and 6 eV are the most similar in shape
to the experimental APS. Although the measured spec-
trum does not show two clear peaks, there is a weak
shoulder at 515 eV. Better agreement could be obtained
by addition of more broadening in the calculated spectra.
Such broadening could be ascribed to the lifetime of the
excited two-electron state.

The U values of 7 and 5 eV obtained here for Ti and
V, respectively, are in sharp contrast to those obtained
recently from a similar interpretation of the L23 XAS. '

To understand this we need to express the U's in terms of
the Coulomb, F, and exchange, G, Slater integrals. U
is equal to the difI'erence between the total interaction
energies of the p d final state and the p ground state.
For simplicity, we will work here in the LS coupling
scheme, although a mixed coupling scheme is more ap-
propriate (i.e., jj coupling for the core hole and LS for
the 3d electron). " The dipole selection rule of the
XAS process dictates that of the six terms, F, 'F, D,

'D, P, 'P, only the 'P term is populated, which has
U=F +( —,', )F —( i, )G'. " The Slater integrals
have the values F =0.4, F =4.84, and G ' =3.37 eV for
Ti as determined by our assuming a 20% reduction of F
and G ' from the tabulated atomic values, and empirical-
ly determining F from the XAS. ' The large reduction
by screening of the more symmetric monopole F in-
tegral, but only slight reduction of the nonsymmetric
multipole F and exchange G ' and G integrals has been
generally found for the 3d-3d and 3p-3p interactions in
the transitions metals, as exhibited by the multiplet
structure seen in many of the Auger line shapes. ' The
APS process populates all of the six terms; however, the
simple degeneracy of the terms dictates that the F term
dominates. This interpretation is supported by large
changes found in the L3 electron-energy-loss spectra
(EELS) as the incident electron is reduced from 1500
eV, where the dipole selection rule dictates population of
the 'P state, to about 80 eV above the L3-shell binding
energies, when the dipole selection rule breaks down. '

For the F term, U =F + ( —,', )F . ' If the APS spectra
are reflecting primarily the F state, then a U of 7 eV in-
dicates F must now be 6.7 eV for Ti, much larger than
the 0.4 eV reflected in the XAS, but still significantly re-
duced from the free-atomic value of 24.2 eV. Similar
results are obtained for V, where F increases from 1.1

eV for the XAS' to 4.7 eV for the APS, compared with
26.5 eV in the free atom. We assumed above that F
and G' remain constant (i.e. , reduced 20% from the
atomic values), but that the spherical monopole term
varies as a result of screening, consistent with the as-
sumption of Ref. 1.

The large difl'erences found for F in the F (AEAPS)
and 'P (XAS) final states indicates that substantially
diferent screening occurs in the two states. The large
negative exchange contribution in the U expression for
the 'P term causes U to be negative. Utilization of Eq.
(1) above on the calculated N(E) for Ti shows that
N Od(E) with a U= —3 eV (i.e. , that exhibited by the
XAS) exhibits large unoccupied intensity at the top of
the 3d band. This means that the 3d orbital on the atom
with the core hole is primarily unoccupied in the 'P
state, and therefore F is small. On the other hand, the
F term has a positive F contribution, which when add-

ed to Fo, causes U to be large and positive (i.e. , 7 eV as
exhibited by the AEAPS). N ~ then exhibits a nearly
localized state at the bottom of the 3d band in the F
state, and the core-hole, localized-3d-electron interaction
is large. We see then that the higher-multipole terms
not only may dominate F in metals, as found in Ref. 1,
but actually dictate the magnitude of the screening pro-
cess which determines the value of F . Consequently,
the eAect of the band structure is to spread the terms
over a larger energy range compared with the free atom.

The IS-FS rule, in particular point (b) as summarized
above, also explains several other characteristics of the
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transition-metal spectra. The change in the L23 EELS
and XAS" as one progresses up the series (the ele-
ments on the left exhibit peaks 2 to 3 eV above the Fer-
mi level while those on the right exhibit peaks immedi-
ately above the Fermi level) can be explained by the

p d-electron coupling on the left, which causes the 'P
term to have the highest energy, while on the right pd-
hole coupling causes the 'P term to have the lowest ener-

gy. Similarly, the changes in the AEAPS spectra (ele-
ments on the left exhibit large final-state core-hole
effects while those on the right exhibit negligible core-
hole efl'ects ') can be explained by the same p d-
electron coupling on the left and pd-hole coupling on the
right and its effect on the F term.

The changes in the Lz3VV Auger spectra (elements on

the left exhibit negative values of U while those on the
right exhibit positive values ) can also be explained by
the IS-FS rule, since initial-state 3d-electron coupling
on the left makes U negative, and final-state 3d-hole
coupling on the right makes U positive. U is eff'ectively

negative for initial-state electron coupling because a
large repulsion interaction in the initial state increases
the Auger-electron kinetic energy. The '64 and '50
terms of the d configuration together dominate the
Auger intensity, and both terms have large repulsive F
contributions in either electron or hole coupling, so
that this helps to increase the magnitude of U, even

though U has different signs on the left and right. Thus
we believe the negative U values in the early transition
metals arise directly from initial-state "two-body" corre-
lation effects, rather than from "many-body" bipolaron
relaxation or initial-state- final-state orthogonality
effects as previously proposed. Initial-state-final-state
orthogonality effects should also be present in XES spec-
tra, but they reflect the normal one-electron DOS3 (the
final state has no core hole and only a single valence
hole) suggesting that such elTects are small. Further, the
IS-FS rule can explain similar trends in both the L22VV
and L 23M23 V AES data, but initial-state- final-state
orthogonality effects should not be present in the
L 23M23 V line shapes, since both the initial and final

states in this case have a core hole.
In summary, a comparison of our interpretation of L3

APS for Ti and V with previously published XAS reveal

large differences in the magnitudes for F, which are at-
tributed to the different higher-multipole terms that
drive the many-body screening effects in the metal. The
utilization of a proposed initial-state, final-state rule
helps to explain several apparent contradictions in the
spectroscopic line shapes found for the transition metals.
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