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LETTER TO THE EDITOR 

Electron energy loss spectra of Sc, Ti, V and their oxides 

Mitsunori Kurahashi, Masahiro Yamamoto and Shizuo Naito 
Institute of Atomic Energy. Kyoto University, Uji, Kyoto 611, Japan 

Received 4 July 1995 

Abstract. Electron energy loss spec0;l have been investigated for Sc, Ti, V and their oxidized 
surfaces. The position and shape of the measwd peaks associated with the 3p e l e m n  excitation 
are found to be consistent with 3p63dn4sm-3p53dn+'4P transitions calculated for isolated Sc, 
Ti and V ions. 

In the past decade, the excitation of 3p electrons in 3d transition metals (TM) and 
their compounds has attracted much interest [l] because it is closely relafed to resonant 
photoemission, which has been used for studying the electronic structure of TM compounds 
and their surfaces [ 1-81, The details of the excitation in some 3d T M s  and their compounds, 
however, have not been fully understood. Many authors [l-301 have reported unusual 
behaviour of the excitation spectra for 3p electrons of Sc, Ti, V and their compounds; 
the peaks associated with 3p electron excitation appear at energies 10 eV or more larger 
than the binding energies of the 3p electrons and their positions for the compounds almost 
completely coincide with those for the corresponding metals. It has been suggested that 
the origin of this behaviour is the quasi-atomic transitions localized at the site of the TM 
atoms [l-301. The 3p63d"-3p53d"+' transitions calculated for isolated Ti and V atoms 
have been shown to give a possible explanation of the excitation spectra for Ti [ll] and V 
111, 19, 201. No conclusive explanation, however, has been reported on this behaviour of 
Sc and the compounds of Sc, Ti and V. 

In the previous paper [31], we have demonstrated that the excitation spectra for 4p 
electrons in Zr, ZrN and ZrOz reflect the characteristics of the 4p64dn5sm-4p54dn+'5sm 
transitions calculated for isolated Zr ions. The discussion in the previous paper is expected 
to apply better to the present case because the electrons involved in the 3p electron excitation 
in the Sc, Ti and V compounds are more localized than those in the 4p electron excitation 
in the Zr compounds. In the present study, we examine the electron energy loss spectra 
(EELS) of Sc, Ti, V and their oxidized surfaces and show that the EELS peaks associated 
with the 3p electron excitation are consistent with the 3p63d"4sm-3p53d"+'4sm transitions 
calculated for the isolated Sc, Ti and V ions. 

We measured the EELS spectra of Ti and V and their oxides. The details of the 
experimental set-up and procedure for measurements have been described in the previous 
paper [31]. Samples used are polycrystalline titanium and vanadium foils of 99.95% purity. 
To obtain the oxides we heated the titanium foil to 773 K for 3 minutes under an oxygen 
gas pressure of 1.3 x Pa and the vanadium foil to 673 K for 5 minutes under an oxygen 
gas pressure of 1.3 X Pa. Auger spectra measured for these surfaces showed a good 
agreement with those reported for Ti02 [32] and Vs013 1331. 

Figures l(u) and (b) show the EELS spectra measured for Ti, V and their oxidized 
surfaces at an incidence energy of 500 eV. Figure l(c) shows the reported EELS spectra 
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Figure 1. The electron energy loss spectra of (a) Ti, (b) V, (e) Sc (upper panel) and their 
oxidized surfaces (lower panel) measured with the primary electmn energy shown. The thick 
solid lines in (c) show the spectra reported by C)fner et nl [34]. The energy and intensily of 
the 3p6?dn4sZ-3p53dn++'4s2 uansition calculated for Sc (n = l), 3 (n = 2), V (n = 3), and 
the 3p63d04s0-3p53d'4so transition calculated for SG+, Ti4+, V5+ are shown by vertical bus 
below the measured specbd of these metals and rheir oxidized surfaces. 

measured, with primary electron energy of 420 eV, for Sc and for its surface exposed to 
oxygen gas of 300 L (1 L Torr s) [34]. The vertical arrows in the figures 
indicate the 3p thresholds for Sc, Ti and V determined by x-ray photoelectron spectroscopy 
[35]. Each spectrum has three peaks: (I) a dominant peak at an energy e15 eV higher than 
the 3p threshold, 01) a small peak at an energy %lo eV lower than the dominant peak and 

a weak peak at energy 10-20 eV higher than the dominant peak. The peak (TI) for 
metallic Ti, V and their oxidized surfaces has been found to decay with increasing primary 
electron energy. This suggests that the peak 01) is due to some non-allowed transitions 
[31, 361. The peak (III) is probably due to the excitation of 3s electrons and will not be 
discussed in this article. We note the following behaviour of the dominant peaks in the 
measured EELS spectra. On oxidizing Ti and V, the width of the peak tends to become 
narrow and its centre to shift slightly (by less than 1 eV) to a higher energy. No significant 
difference, however, is found in the positions and widths of the peaks for Sc and its oxide. 

In order to discuss the measured EELS spectra, we have calculated, within the LS 
coupling scheme, the energies and intensities of possible 3p63dn4sm-3p53d"+'4sm transitions 
for isolated Sc, Ti and V ions. The details of the procedure of calculations have been 
described in the previous paper [31]. The results are shown in figures 2-4. By using these 
results, we discuss below the EELS spectra of Sc, Ti and V and their changes induced by 
oxidation. 

The EELS spectra of Sc, 'Ii and V are now compared with the transitions calculated 

1.0 x 
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Figure 2. The energy and intensiry ofthe 3p63dn4sm-3p53dn+I4sm hansition calculated for Sc 
ions. 

for isolated, neutral Sc, Ti and V atoms. We discuss three electronic configurations (i.e. 
3p63d"4sz, 3p63dn+'4s' and for Sc (n = I), Ti (n = 2) and V (n = 3) 
atoms in the metallic state. For the isolated Sc, Ti and V atoms, the energy of the ground 
state term Calculated for the 3p63d"4s2 configuration is found to be lower than for the 
other two configurations. We first consider the case where Sc, Ti and V atoms take the 
3p63dn4s2 configurations in the metallic state as well. Figure 1 shows the energies and 
intensities of the 3p63dn4s2-3p53dn+14s2 transitions calculated for these atoms. We can see 
that intense transitions lie at energies 10-15 eV larger than the 3p thresholds and the most 
intense transitions agree well with the measured EELS peaks. This is consistent with the 
behaviour of the EELS peaks for these metals. We next consider the case where Sc, Ti and 
V atoms take the 3p63dn+'4s' configurations in the metallic state. The intensity distribution 
of the 3p63d"+'4s'-3p53dn+24s' transitions calculated for Sc and Ti are also consistent 
with the behaviour of the EELS peaks for Sc and Ti (figures 2 and 3). For V, however, 
the intensity distribution of the calculated 3p63d44s'-3p53d54s' transition does not reflect 
the EELS spectra of V (figure 4). This is possibly because of a small contribution of the 
3p63d44s' configuration of the V atom to the spectra. In this article, we will not consider 
the 3p63dni24so configuration of Sc, Ti and V a tom in the metallic state because the energy 
calculated for this configuration of the isolated Sc, Ti and V atoms is much larger than for 
the other two configurations. 
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Figure 3. The energy and intensity of the 3p63d"4sm-3p53dn"4sm transition calculated for Ti 
ions. 

On oxidation of Sc, Ti and V, the density of 3d and 4s electrons in the site of these metal 
atoms is expected to decrease. We therefore compare the change in the EELS spectra of 
these metals induced by oxidation with the change in the calculated 3p63dn4sm-3p53d"+'4sm 
transitions with the decrease in the number of the 3d and 4s electrons. According to the 
above discussion, the EELS spectra of Sc, Ti and V are expected to be dominated by the 
3p63d"4P-3p53d"+'4sm transitions in which the number of 3d electrons (n) is less than 
three. These transitions calculated for isolated Sc, Ti and V ions (figures 2-4) include the 
following changes with the decrease in the number of 3d or 4s electrons: (i) the intensity 
distribution is almost independent of the number of 4s electrons, (ii) the distribution tends 
to become narrower and the average energy to shift to a higher energy as the number of 
3d electrons decreases and (iii) the most intense transition shifts only slightly (by less than 
2 eV) as the numbers of 3d and 4s electrons decrease. To show an example of a comparison 
between the experimental and calculated results, we present in figure 1 the energies and 
intensities of 3p63d04s0-3p53d'4s0 transitions below the spectra measured for oxidized Sc, 
Ti and V. From figure 1, we can see that the position of the EELS peak of Sc, Ti and V only 
slightly changes (within 1 eV) on oxidation. This is consistent with the change (iii). On 
oxidizing Ti and V, the decrease in the width of the EELS peak and the shift in its centre 
to a high energy have been observed. This is consistent with the change (ii). However, 
similar changes in the EELS peak have not been found in the oxidation of Sc. The reason 
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Figure 4. The energy and intensity of the 3p63d"4sm-3p53dnt'4P transition calculated for V 
ions. 

for this observation may be that the spread of the transitions calculated for isolated Sc ions 
and its change with the decrease in the number of 3d electrons are smaller than those for 
Ti and V ions. 

We briefly discuss the origin of the consistency between the EELS peaks associated 
with the 3p electron excitation and the transitions calculated for the isolated Sc, Ti and 
V ions. The factors that are likely to affect the behaviour of the 3p electron excitation 
are Coulomb interaction between 3p and 3d electrons, spin-orbit interaction, crystal field 
parameter (1ODq) and dispersion of 3d band. In the present calculation, only the Coulomb 
interaction between 3p and 3d electrons has been considered. As can be seen from figures 1- 
4, the splitting of the transition energies caused by the Coulomb interaction is more than 
15 eV. This value is much larger than the splitting of the 3p level due to the spin-orbit 
interaction (less than 1 eV for these metals [35]), the value of lODq (less than 3 eV for 
Sc203, Ti02 and V F 3  [37, 381) and the dispersion of 3d bands (less than 5 eV for these 
metals 139, 401, their oxides 1411 and Ti02 1421). This is thus the origin of the consistency 
between the EELS spectra and the present calculation. 

We mention that it has been known that the position of the peak in the excitation 
spectrum for 3p electrons in Sc, Ti and V compounds other than their oxides also agrees 
well with that in Sc, 'll and V [l-3, 24-301. This is consistent with the result of the present 
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calculation that tho position of the most intense transition remains within 2 eV with the 
change in the number of 3d or 4s electrons. 

In summay, we have examined the electron energy loss spectra of Sc, Ti, V and their 
oxidizd surfaces and shown that the position and sbape of the EELS peak associated with 
the 3p electron excitation in these samples are consistent with the 3p63d"4sm-3p'3d'+'4sm 
transitions calculated for the isolated Sc, Ti and V ions. 
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