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Electronic excitations in the transition metals V, Zr, Nb, Mo, and Ta
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The np core-loss spectra and the associated deexcitation processes for the transition metals V
(n =3), Zr, Nb, Mo (n =4), and Ta (n =5) have been studied in low-energy electron scattering ex-
periments in order to investigate the dependence of their nature on the principle quantum number n.
For the metals with n =3 and n =4, the measurements are accounted for in terms of atomic transi-
tions involving the excitation and the decay of localized d electrons. The observations on V can
qualitatively be compared with published computations for isolated atoms. While the 5p core exci-
tations for Ta resemble the gross features of the unoccupied d-band density of states, the decay pro-
cesses involve, besides the conventional Oz VV and 03 VV Auger transitions, autoionization emission
related to 5p 5d -Sp'5d +'-5p Sd '+ef transitions.

I. INTRODUCTION

A primary electron interacting with an atom can lose
energy by exciting a core electron of the target. In the fi-
nal state there are then two electrons which arbitrarily
share the excess energy of the core-level excitation con-
strained only by the conservation of energy and momen-
turn. One distinguishes two cases. The first one is
described by the two electrons well above the Fermi level,
EF, with the atom remaining positively charged. In the
case of a 3p excitation in a transition metal (TM) with an
open 3d shell, this state is described by the 3p 3d con-
figuration. The second limiting case is encountered if one
of the electrons is just above EF, in the vicinity of the
neutral atom, which has the configuration of 3p 3d +'.
In reality, the final state is a superposition of these two
possibilities. In the latter case, the atom is excited to a
higher level than the first ionization state, and one en-
counters the case of autoionization. The relaxation of the
first possibility occurs via conventional Mz 3 VV Auger
emission and leaves the atom in the doubly ionized
3p 3d final state. In the autoionization state there
will be interference between p-d direct recombination and
d ef emission -channels. This autoionization emission
leaves the atom in a 3p 3d ' configuration. ' If these fi-
nal states differ in energy, the electron-emission spectra
will contain both the Auger and autoionization emission
at two different kinetic energies.

According to the criterium postulated by Hirst, it is
the Coulomb correlation energy U,ff between the 3d elec-
trons that is responsible for their localization. For such
localized states, the energy eigenvalues depend on the oc-
cupancy of the 3d band. Since the excitation of a 3p elec-
tron into the 3d band, using photons or electrons, is a fast
process, not only the adiabatic final states, but also all the
possible final states of the excited 3d +' state under the
influence of the 3p core hole appear in the spectrum. Ac-
cording to Fano, the detailed shape of such an excitation
spectrum is determined by the resonant interaction be-
tween the different d +' discrete configurations and the

continuum f levels. For the 31 TM's, these process have
been identified in electron-energy-loss spectroscopy
(EELS), in absorption as well as in emission spectra,
where autoionization emission appears as an intense
high-energy satellite beyond the M23VV Auger transi-
tions. '

In a model calculation dealing with the 3d TM series,
Davis and Feldkamp have ascribed the success of the
atomic treatment in reproducing the solid-state results to
(i) the strong perturbation of the open 3d shell caused by
the 3p core hole, (ii) the narrow 3d-band width, and (iii)
the short time scale for the super-Coster-Kronig transition
via which the 3p 3d + 'configuration decays into
3p 3d 'ef Amore .recent phenomenological study has
revealed that the energy difference between the observed
resonance and the binding energy (Ett) measured with
photoemission is large at the beginning of the 3d TM
series with a less-than-half-full d shell and converges to
zero as the d-shell occupation is completed. ' Bader
et al. have also observed intense high-energy satellites in
EELS beyond the M2 3 VV Auger transitions which they
ascribe to an autoionization emission.

It is recognized that the excitation and the relaxation
processes show (at least for Cr) different angular depen-
dences. ' Furthermore, the autoionization emission de-
pends on the oxidation state of the atoms, i.e., on the
unoccupied density of states (DOS). Therefore, the ef
emission intensity is related to the d-band occupancy and
shows remnants of bandlike behavior. Recently, Ramsey
and Russell observed a transition from atomic to band-
like behavior for Fe, Co, and Ni upon changes in the
chemical environment. This complex interplay of atomic
and single-particle-DOS effects have also been observed in
the 2p-excitation spectra of the 3d TM series.

The purpose of this work is to qualitatively reproduce
the EELS results for vanadium using the computed atom-
ic multiplets and to investigate whether the atomic nature
of the 3p-3d excitations prevails for the corresponding 4d
TM's with broader d bands and even for the Sd series
where the strong spin-orbit coupling effects on both the
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Sp and 5d wave functions are not negligible. We report
on EELS results obtained from single crystals of V, Nb,
Mo, Ta, and polycrystalline Zr. Vanadium is chosen as a
standard for comparison with earlier results and further
along with Nb and Ta in order to investigate the effects of
the principal quantum number as one moves to TM's with
open 4d and Sd shells, respectively. Further, we have
analyzed both the (100) and (110) surfaces of vanadium in
order to find out a possible dependence of the observa-
tions on the orientation of the crystalline surface. Zr, Nb,
and Mo are at the beginning of the TM series with 1ess-
than-half-full 4d bands. The 4p shells are spin-orbit split
by about 2 eV and their binding energies are comparable
to those of 3p electrons in vanadium. Thus, one would
expect the 4p-hole —4d-electron Coulomb interaction to be
the strongest mechanism to perturb the 4p-4d transition
process and to lead to atomic excitations. Therefore, they
are potential candidates to demonstrate EELS phenomena
analogous to those encountered in the 3d TM series.
Hence, measurements on Zr, Nb, and Mo were performed
in order to test the occurrence of the resonances in the 4d
TM series and to reveal the effects of the d-band occupan-
cy N on the electronic transitions 4p 4d -4p 4d +' and
the corresponding autoionization emission. For this pur-
pose, electron-energy losses around the p thresholds as
well as the emission spectra around the corresponding
Auger transitions were recorded. Zr was also measured at
1200 K, above its structural phase transition temperature
of 1135 K, in order to test the effects of the crystal struc-
ture on the p-d transitions.

The experimental apparatus is described in Sec. II. Sec-
tion III contains experimental results and outlines the
concepts of the Fano formalism in order to compare the
results for vanadium with an analytical function derived
on the basis of such a theory. The results are discussed in
Sec. IV, and conclusions are presented in Sec. V.

analyzer with 2V&z. A second derivative, d N(E)ldE,
represents the inverse of the radius of curvature of the
function N(E) and hence is extremely sensitive to small
changes in the integral form, N(E). Additionally, back-
ground is eliminated by this procedure up to a quadratic
contribution to N(E). Our experience with EELS has
shown that in the negative-second-derivative representa-
tion, the energy positions of collective electron oscillations
appear as maxima, whereas the thresholds for single-
particle excitations are detected as minima. The binding
energies of the excited levels lie systematically at slightly
higher energies than these minima. This difference is
probably due to the different final states in photoemission
(excited electron at infinity) and in threshold spectroscopy
(excited electron just at EF ).

In all measurements reported here, a primary-electron
energy of 350 eV was used. With this energy, the total en-
ergy resolution was kept below 2 eV, and it was possible
to excite all the energetically possible transitions; at such
low excitation energies the momentum transfer of the pri-
mary electrons in inelastic collisions is not negligible any
more and hence also dipole forbidden transitions occur, '

such as 3s-3d, which allow us to study the nature of these
transitions.

III. RESULTS

A. Vanadium

Figure 1 shows the EELS spectrum obtained from a
V(100) surface, both in integral, N (E), and negative
second-derivative, —d N /dE, modes. " The abscissa
represents directly the energy loss in eV with zero as the
energy of the elastically scattered electrons. At loss ener-
gies of 10.0 and 21.0 eV, two structures are observed
representing the plasmon losses. ' The bulk plasmon-loss

II. EXPERIMENTAL

The measurements were performed in an ultrahigh-
vacuum (UHV) apparatus with a total pressure in the
10 -Pa range. Positive ions for sputtering and electrons
are produced by means of a hybrid gun. A single-stage
cylindrical mirror energy analyzer with a resolution of
AE/E =0.006 and a Faraday cage are employed to detect
the secondary electrons. The axes of the gun and of the
analyzer are aligned perpendicular to each other. V, Nb,
Mo, and Ta single-crystal surfaces were oriented with x-
ray Laue methods. All samples were polished using dia-
mond powder with gradually decreasing grain size down
to 0.3 pm. In UHV, the surfaces were cleaned by repeat-
ed cycles of ion etching (2000 eV and 0. 1 pA of Ar+) and
heating up to 1000 K until no traces of impurities were
detectable by Auger electron spectroscopy. Operating the
gun, sweeping the energy analyzer, and data collection
were controlled by a preprogrammed personal computer.
Secondary-electron spectra were recorded in integral form,
in which the electron current was registered by an elec-
trometer, as well as in the second-derivative mode, in
which we employed a phase-sensitive detector and modu-
lated the potential at the outer cylinder of the energy
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FIG. 1. Electron-energy-loss spectrum (absorption spectrum)
obtained from a V(100) surface. The abscissa gives the energy
loss in eV. The upper curve is the negative second derivative of
the lower one (integral) measured directly applying a modulation
voltage of 2 V~~ at the energy analyzer.
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as a function of their kinetic energy (a correction in the
abscissa for the work function of the collector would shift
all energies by 4.0 eV to higher values), both in the in-
tegral, %(E) (lower), and the negative-second-derivative
(upper) representation. The curve in the middle is the in-
tegral curve after subtraction of a cubic spine function in
order to eliminate the background. At 28.0 eV the con-
ventional Mz 3VV Auger emission is clearly identified in
all three curves. The autoionization emission appears
with its maximum intensity at 44.5 eV and nearly
stretches over an energy region of 20 eV. We have not
made any effort to analyze the exact shape of this emis-
sion spectrum as the different matrix elements for the
Coulomb interaction and the Slater integrals coupling the
excited state multiplets with the different continuum
states are unknown.

In a sitnilar way, we also investigated a V(110) sur-
face." The excitation and emission spectra obtained were
identical with those illustrated above for V(100). There-
fore, an effect of the orientation of the surface on the ob-
servations can be excluded.

B. Zirconium, niobium, and molybdenum

Figure 4 shows the loss spectra for Zr, Nb(100), and
Mo(100) surfaces in the negative-second-derivative repre-
sentation. All three curves are shifted in energy such that
the 4p3/2 binding energies, ' N3, mark the zero of the
abscissa. All loss spectra contain three pronounced struc-
tures in the energy region well above 20 eV of the 4p-4d
transition thresholds. There are small differences in the
positions and the relative intensities of the three curves
displayed in the figure. In analogy to the results obtained
from vanadium, these structures may represent the final-
state 4d multiplets broadened by interference effects. As

the relevant atomic data for Zr, Nb, and Mo are not avail-
able, a quantitative reproduction of these loss spectra was
not attempted. It will probably be difficult to treat the ex-
citation processes in the 3d and 4d TM's on a similar
basis owing to the different natures of the d bands in-
volved. Also marked in Fig. 4 are the 4p&/z thresholds,
N2. The 3s thresholds, N&, shift, as expected, to higher
energies as one goes from Zr to Mo.

The observed structures and their energy spread mani-
fest the atomic behavior of the 4p-4d excitations. Except
for the position of the first peak in the data, which ap-
pears at 1.5 eV above each 4p3/2 threshold, it is impossi-
ble to recognize a systematic trend in the spectra obtained
from these three TM's without performing a detailed
theoretical analysis.

The electron emission spectra for Zr, Nb, and Mo look
very similar to that obtained from vanadium T.he

3 VV Auger transitions occur at 2 1 .1, 24.3, and 27.0
eV, respectively, accompanied by a broad autoionization
emission contribution centered at 31.2, 35.9, and 38.0 eV.

To investigate a possible influence of the crystal struc-
ture on the reported transitions, the measurements on Zr
were repeated at 1200 K, well above the structural
transformation. As observed in Fig. 5, the excitation
spectra for the a and 13 phases of Zr look very similar. At
a kinetic energy of 267 eV (350—83 eV) the carbon ICVV
Auger signal is detected at elevated temperatures. Indeed
the diffusion of carbon and oxygen is drastically enhanced
at high temperatures, and it was impossible to obtain a
spectrum from an atomically clean surface. Hence, the
minor differences in the two spectra in the energy region
of the 4p-4d transitions probably stem from the surface
composition of the P phase. Nevertheless, the crystal
structure does not affect at least the nature of the p-d
transitions.
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FIG. 4. Energy-loss spectra obtained from 4d transition met-
als Zr, Nb, and Mo. All three curves are shifted in energy such
that the 4p3/2 binding energies (Ref. 13) (N3) for Zr (27. 1 eV),
Nb (30.8 eV), and Mo (35.5 eV) coincide and mark the energy
zero. The negative second derivatives are shown in order to
stress the structures between 0 and 20 eV. Also shown are the
binding energies for the 4p &/2 and 4s levels (N2 and NI ).
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FIG. 5. Energy-loss spectra obtained from a- and P-Zr, mea-
sured at 300 and 1200 K, respectively. P-Zr is formed above
1135 K. Note the carbon Auger emission in P-Zr signaIing sur-
face diffusion of carbon at elevated temperatures.



3066 BI STUCKI AND VANINICORNAZ, ERBUDAK, AE

C. Tantalum
Tg (100)
E =350 eV

35

re 6 shows the loss spectrum obtaine from a (100)
the inte ral, N(E), and negative second

he sixfold multiplication o
f a cubic spline function. e

etected at 7.9 and . e, r
At 23.6 eV the second derivative s ows aly.

e 4 excitation (N6) in accor-
E iven by Nyholm et al. us 7/2-

be attributed to th»2
a g

is hidden probab y in e
d 422 Vg 'nima at 31.2 and . e

excitations o es of electrons in the spin-or st s i

the spectrum shows the(03 and 02). Further in energy, t e spec
Ss transition centered aat 71.5 eV (0&).

from Ta(100)is la s the emission spectrum rom

phfscation,
tructures are identi-Here, three main s rucp

nd 44.3 eV. Owing to e'ed at ~5.~, 34.5, a
about 10 eV in the Sp eve s,p g o

1 Au er emission shows a ou e s a
1 th. i.;ti.l,t.t.. Th, twot for a possible ho e &n t e ini

t 25.2 and 34.5 eV in e e

h h 5d 1 o of T
be assi ned to the 3 an

It is conceivable that t e etransitions.
the excited state andomlike character in e

*

ith the potential of the Sp o es.interact wi
rf between the p-d andex ect that the interrerence e w

autoionization emission. The
ccgy d ccc

p glittin of the Sp eve s. n
toionizing emission is enth r expect that the au o

separated rom ef the Auger emission roughly y e

0-
I—
V)

LLi

10 IN(E) —s. f. ]

u ied Sd band plus the energy differencep
een the observed excitation an

mission bands would appear. or a,
th th t tAu er line coinci es wi

35 V Th
d 443nterpret t e st uc

'on emission related to t e 2 o
h hensit of this peak indicates t a e

t r of the Sp-Sd transition is not ominanaeter o
and 4d TM's displayed above, but p 1 .t it still revails.

IV. DISCUSSION

I I II I I

20 40 60 BQ 100
KINETIC ENE RGY (eV)

s ectrum of secon ary ed electrons emitted fromFICx. 7. The spe
0 VV Auger transitions.Ta(100) in the energy gr re ion of the 23

l'f' t after subtrac-The integral current and its tenfold amp i &ca ion a
tion of a spline background are shown.

UJ

LLj

PV
D

I

LLj

100 80 60 IQ 20
ENERGY LOSS (eV)

current and its negative6. The secondary-electron currenFICx. . e
T (100) with a primary-electronsecond derivative obtained from a

d r -electron current,eV. The measured secon ary-e eenergy of 350 e . e
f t ives the curve inf a cubic spline unction, giv

middle, after a sixfold multiplication. e ithe mi e, a
i nated as vertical lines.of various core levels are designa e a

3d -3 3d" excitations in vana iu
~ ~ ~

ium set in at a

'h dofobserved excita i p
'

ation s ectrum wit an ene
d with the unoccupied0 eV cannot be reconci e winearly 2 e

). Th' henomenon has been3d-DOS (density of states. is p e
for the 4d 4f transitions-

f t of a tomic model
ed in rare-earth meta s for t e

19and has been accoun e oted for in terms o
ch a treatment resides main y in

14 wave functions are trappe in a
+ d behave like electrons+l 1+1 r an e

ms. A fast experiment t en s ow
lti lets of the excite c

d band is quit arrow i
1 1

of vanadium, the 3 an is
e and an additiona eg o
'

n. The overlap o t estrong perturbation.
n e interaction be-s favors a strong exc ange in e

d3d 1 o hi hiand the excite e e
r the s litting of thepo ' p

i lets. For a - eve ocp
'

nized level, there are
ets.

' '
r the 3 -3d excitation havei lets The main lines for t e p

ted for the vanadium atom in an
3- ou lin scheme. Fano asintermediate-coup

'

g
sible continua influencesmixing wi th one or several possi e con



35 ELECTRONIC EXCITATIONS IN THE TRANSITION METALS. . . 3067

the energies as well as the intensities in an asymmetric
fashion. Since the published energies and intensities do
not include modifications due to such a mixing, corre-
sponding calculations have been performed. The result
satisfactorily reproduces the measurements. Incidentally,
the mixing with different continua is also responsible for
the fact that the relaxation via an autoionization emission
and an Auger transition do not occur independently. '

A comparison of the 4p-4d transitions in Zr, Nb, and
Mo indicates that the excitation process in these three ele-
ments is almost identical, " and it is not possible to put
forward a systematic dependence between the observed ex-
citation spectra and the 4d-band occupancy. Also, the
emission spectra show only common features, as seen in
Fig. 4. It follows that an interpretation of the observa-
tions in terms of an atomic picture seems to apply to the
4d TM's, too.

The excitation spectra for V, Nb, and Ta are displayed
in Fig. 8. The abscissa for each metal is shifted such that
the 3p, 4p3/2 and Sp3/2 thresholds coincide with the en-
ergy zero. An analysis of the influence of the principal
quantum number, i.e., 3p-3d, 4p-4d, and Sp-Sd excita-
tions in the 3d, 4d, and Sd TM's, cannot be performed
self-consistently for several reasons. Whereas, the 3d and,
to a certain extent, the 4d bands are spatially localized,
the 5d wave functions show an extended nature. The
crystal-field and spin-orbit effects are strongest for the 5d
bands. The 3p, 4p, and Sp core levels also show differ-
ences mainly because of the increasing spin-orbit coupling
as one goes from V to Ta. Further, the spatial overlap be-
tween the 3p and the 3d wave functions are almost per-
fect, while this is not true in Ta for the Sp and Sd states.

Additionally, for Ta the final-state multiplets have to
be calculated in a j-j coupling scheme. We find, however,
that the line shapes of the Sp~/2-Sd and Sp3/p Sd excita-
tions can roughly be reconciled by the unoccupied Sd-
band DOS. A comparison of the empty DOS measured in

bremsstrahlung isochromat spectroscopy and the EELS
results reported here shows a good agreement. " The ob-
servable differences between the results obtained in these
two spectroscopic methods stem from the core hole
present in EELS, which interacts with the excited 5d
band. The ratio between the intensities of the Sp&/2 and
the Sp3/2 emission should reflect the same statistical
weight as their ground-state occupancies of 1:2. The exci-
tations spectrum from Ta shows a deviation from this ra-
tio. An analogous observation has been made for the
2p-3d excitations in the 3d TM's. ' In that case the in-
tensities of the 2p&/2 and 2p3/2 components have been
analyzed, which show a spin-orbit splitting comparable to
that of the Sp electrons in Ta. This observation was inter-
preted as a deviation of the excitations from a bandlike
behavior. The main difference between the 2p and 3p ex-
citations stems from the nature of these core states and
their interaction with the excited 3d +' configuration.
The spin-orbit splitting in the 2p levels is about 10 eV, '

whereas it lies within l eV for 3p core states. The radial
distribution of the 2p wave functions is less extended
compared to that of the 3p levels which spatially overlap
with the 3d states. Therefore, a 3p core hole Coulomb
perturbation is more effective on the 3d wave functions
than the effects of the ionized 2p levels. One expects that
the 2p-3d excitations require a more profound theoretical
treatment taking into account atomic Coulomb and ex-
change, spin-orbit, and solid-state band-structure effects
than is required for the 3p-3d excitations in vanadium.

The excitation of an s electron into a d band has been
possible owing to the breakdown of the dipole selection
rules at low excitation energies. All the observed thresh-
olds coincide with E~. Probably, that the interaction of
an s hole with the excited d band is so small that the ob-
served line shapes above the s thresholds cannot be identi-
fied with an excitation spectrum of the d +' electrons
but can be understood within the framework of the
ground-state one-electron DOS.

The neutralization of the np holes via conventional
Auger transitions (super-Coster-Kronig in this case) has
been observed in all the metals analyzed here. The emis-
sion intensities are generally stronger than the autoioniza-
tion emission and the linewidths correspond roughly to
the self-convolution of the occupied part of the DOS.
The energy difference between the Auger and the autoion-
ization emission approximately reflects the sum of the ex-
citation energy of the multiplets above the p threshold
and half of the width of the occupied part of the d band.

V. CONCLUSIONS

40 20 0
ENERGY LOSS RELATIVE TO X3 (eVj

FIG. 8. The excitation spectra for V(100), Nb(100), and
Ta(100) in the integral representation. The curves are shifted in
energy in order to align the zero energy with the binding ener-
gies of 3pl/23/2-, 4p3/2-, and 5p3/2-levels, M2/3, N3, and 03,
respectively.

The np core-loss spectra and the related relaxation pro-
cesses for the TM's V (n =3), Zr, Nb, Mo (n =4), and Ta
(n =5) are reported. The 3p-3d excitations in vanadium
metal which have been investigated several times, have
been reexamined in this study for comparative purposes.
Nevertheless, the observed transition has shown strong
features up to 20 eV above the 3p threshold, especially in
the negative-second-derivative representation of the
secondary-electron current, which are interpreted as re-
sulting from the atomic final-state multiplets. Because
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the computations for V in this excited state' only con-
sidered the interaction between the 3d +' state and the
ionized 3p core level, in this work the different possible
channels of relaxation were included within the formalism
put forward by Fano. The agreement between the com-
puted and the measured results is very good and manifests
the atomic nature of these transitions. Therefore, it is
concluded that the exchange energy between the excited
3d configuration and the 3p core hole is at least as 1arge
as the width of the d-band DOS in the ground state.
Then, the criterium for localization alone, put forward by
Hirst, does not suffice to explain the observations, be-
cause it is not only the interaction between the different
3d +' electrons which leads to the atomic behavior, but
also the interaction of the 3d +' electrons with the po-
tential of the core hole from where the transitions occur.
In the case of the 2p-3d excitations, there still exists the
3d +' configuration, however, because of the lack of
2p-3d overlap, the core-hole potential is ineffective, and
the measured spectra almost reflect the unoccupied part
of the 3d-band DOS.

Since the 4p-4d excitations observed in Zr, Nb, and Mo
resemble those observed in V, the interpretation is extend-
ed to the 4d TM's. It is concluded that these transitions
also reflect atomic behavior.

The excitation spectra are generally influenced by dif-
ferent interactions, e.g., Coulomb, crystal field„spin-orbit,

exchange or hybridization. An imbalance of these forces
would lead to unexpected observations. For the 3d and
4d TM's, the Coulomb interaction between the ionized p
and d levels dominates. For tantalum, the spin-orbit cou-
pling is predominant, and the total angular momentum j
is the good quantum number. Ta shows an ambivalent
behavior: the line shapes of the 5p-Sd transitions can be
interpreted in terms of a one-electron DOS, whereas the
deviation of the 02- and 03-emission intensities from the
expected statistical weights and the observation of the au-
toionization emission call for an atomic model. ' The
spatial extent, the hybridization with the 6s electrons, and
the crystal-field interaction of the Sd band do not allow at
present for an unambiguous description of the Sp-Sd exci-
tations.

A detailed interpretation of these findings must await a
quantitative theory of many-body excitations in solids.
These data are presented in the hope of offering some gui-
dance in the elaboration of such a theory.
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