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AbslracL me isotropic Compton profiles of vanadium oxides VO, V,O,, VOz. 
V601). and VzOr were measured by using 59.54keV -prays. The Compton profiles 
calculated by using the molecularcluster model were found to be improper in describing 
the experimental mulls of VO and VOz. The molecularcluster madel seems lo 
underestimate the metal-ligand cavalenq. The localization and delocalization oi valence 
electrons when forming oxides will be discussed on the basis of the atomic superposition 
model. 

1. Introduction 

Many compounds exist in the vanadiumaxygen system. A lot of experimental 
and thcoretical studies [la] have been performed on the solid-state structures and 
other properties such as the metal-insulator transition. The crystal structures of 
many of these vanadium oxides have been determined, but the results of band- 
structure calculation varied in different approaches and were applied in different 
fields. Compton profiles may provide a direct check on the band calculations [9, lo]. 
Unfortunately, up to now there have not been many such Compton profile calculations 
to be found in the literature. Recently, Gupta and Ellis [2], using molecular-cluster 
approximations, made the first isotropic and directional Compton profile calculation 
for VO and VO,. This prompted us to conduct the isotropic Compton profile 
measurements for VO, V,O,, VO,, V,O,, and VZO9 These measuremene have 
revealed some interesting features in the Compton profiles, and which are qualitatively 
related to changes in the wavefunctions of valence electrons, especially vanadium 
d electrons in the various vanadium oxides. 

2. The experiment 

2.1. The set-up 

An annular source of about 1 Ci of Amz4' was used for a 59.54 7-ray backscattering 
measurement. The scattering angle was geometrically calculated to be 174'. Both the 
target and the radioactive source of Amz4' were housed in a vacuum chamber at a 
pressure of less than mb. The backscattering 7-rays passing through a beryllium 
window holding the vacuum were detected by a HpGe IOw-energy detector (ORTEC- 
GLP-16195-10) whose resolution was estimated to be 324 eV at the Compton peak of 
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48.3 keV This resolution is extrapolated from the resolution of 400 eV at 59.54 keV 
by the scaling law A E  a a. The overall momentum resolution of this experimental 
set-up is therefore about 0.50 au. 

The powders of vanadium oxides with purity greater than 99.5% were pressed into 
disks 2.0mm thick and 14mm in diameter. In making the targets of the relatively 
unstable chemicals of VO, V20,, and VO,, special care was taken to preserve their 
chemical stoichiometries. The thickness and weight of each target were measured 
before and after the experiment No significant change in these quantities was 
observed. 

The Compton backscattering spectrum was automatically recorded eveq 30 
minutes by a personal-computer-controlled MCA and the spectral line of the 5.9keV 
x-rays of Fess source was used to check the system stability. The drift of the Compton 
peak is estimated as less than 0.5 channel. In this experiment, each channel is equal 
to 32eV 

2.2. The data reduction 

The final result of the Compton profile was deduced from the raw spectrum by 
following a series of corrections. After the background was subtracted, the target 
self-absorption correction was followed by the method described elsewhere [ll]. The 
detector efficiency was reconfirmed experimentally to be the same in the energy region 
of M k e V .  

The correction for the 59.54keV elastic escape peak due to the escape of the 
germanium K x-rays from the detector was made by using a collimated 10 mCi source 
of Am"' put at the target position, even though its contribution to the Compton 
spectrum is less than 0.1%. 

The spectrum so obtained showed no observable asymmetry about the Compton 
peak within about 40 channels, and therefore no corrections that might come from 
source self-scattering [12] and the non-Gaussian tail of the detector's response 
function were made. 

Since the low-energy part oC the spectrum was uncertain for the reason mentioned 
above, we have therefore analysed the high-energy part of the spectrum to obtain the 
Compton profiles. For the purpcse of experimentally checking our measuring system 

of vanadium powder in this work. 
The instrumentation function, consisting of both the angular dispersions of 

incident as well as the back-scattering beams and the detector's resolution function, 
has been approximated as a Gaussian with FWHM = 325eV. A Fourier-transform 
method was employed to d o  the deconvolution [13,14], and a soft cut-off method 
[IS] was utilized to eliminate. the noise amplification included in the high-frequency 
region. The soft cut-off parameters n and X in equation (7) of [15] 

and !hp 4NE re.l..ti3. F'""""', '.'% h--- :!-& Z.--.'G ; cGr,ptc; pmf;:c z,i5~s~ieilic~L~ 

F(u) = ( 1 +  X ( 2 ~ u ) " / G Z ( u ) 1 - ' H ' ( u ) / G ( u )  (2.1) 

were determined via a chi-square fitting process. For example, n = 3 and 
X = were found for vanadium. The corresponding residual instrumentation 
function is listed in table 1 along with the vanadium Compton profile. The 
deconvolution spectrum was corrected for second multiple-scattering effects which 
had been calculated by the Monte-Carlo method. This Monte-Carlo calculation 
method was suggested by Felsteiner et a1 [16] and demonstrated by Pikanen et a1 
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[17]. In this work, we have also experimentally investigated the influence of the 
second multiple-scattering effect, by studying V,O, samples with thickness Of 2, 4 
and 8mm (with identical densities). The results have confirmed the Monte-Carlo 
calculations. The third multiple scattering was found to be insignificant and was 
therefore simply neglected. 

The double differential cross section so obtained was converted into a Compton 
profile J(P,)  by use of the formula derived from the relativistic impulse 
approximation theory (18,191: 

in which wl, w, are the frequencies of the incident and scattered photons, respectively; 
0 is the scattering angle and P, is the electron momentum projected along the 
scattering vector, which can be expressed as 

f2 = - [ E , ( ~ ,  - w2) - LJ,W,(I - C O S S ) ] / C [ ~ :  + w: - 2 w l ~ , c o ~ e ] 1 / 2  (2.3) 

here E, is the electron energy which can be approximated by the rest-mass 
energy of the electron, m,s, without introducing a significant error. The factor 
C(wz ,w l ,  0, P,) used here is the relativistic version for the scattering angle of 180" 
which also introduces a negligible error for our scattering angle of 174'. 

The Compton profile of vanadium in this work is compared with those of Rollason 
er a1 [20] in table 1. These two sets of data (normalized to the same area of 10.31 for 
&7au) are in good agreement within statistical errors. The data of Rollason were 
directional ones. The data of Rollason for the [lOOl, [I101 and [119 directions have 
been averaged via Houston's method [21] to obtain the isotropic Compton profile. 
The Compton profiles of vanadium oxides with the core contribution subtracted are 
listed in tables 1 and 2. The normalization areas for all these compounds are also 
shown in parentheses in these tables. 

3. Results and discussion 

All the results shown in tables 1 and 2 are the Compton profiles of the valence 
electrons, in which the core electrons of vanadium and oxygen have been subtracted. 
Statistical errors are shown at some data points. The corresponding theoretical 
values have been convoluted by our residual instrumentation function (RIF). For VO 
and VO,, both the molecular-cluster model (MO) calculations [2] and the  atomic 
superposition model (AS) results are listed for comparisons. In the MO model, a 
potential constructed from Hartree-FockSlater neutral atomic charge density was 
used, and the covalent mixing between the oxygen 2p and the vanadium 3d was 
seen to be somewhat larger in VO, than in VO. In the AS model, the atomic 
Compton profiles calculated by Biggs et ai [22] for neutral atoms were used, and 
the Compton profile of each vanadium oxide was simply the superposition of the 
atomic profile of vanadium with the appropriate chemical valence (V2+ for VO 
and V4+ for VO,, etc) and the atomic profile of oxygen 2p6. Both of them are 
scaled from the results of Bigs  er ai [22]. For example, the electron configuration 
used in the AS the Compton profile of VO is V(3d34s") + 0(2p6) and that of 
VO, is V(3d14s") + 20(2p6). Since V60,, is a mixed-valence oxide consisting of a 
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4d4+(d') + 2dst (d") electron configuration, its AS Compton profile is calculated from 
the configurations of [4V(3d14s") + 80(2p6)]+[2V(3d"4s") + 50(2p6)]. Comparison 
with a free-ion superposition model would not be very useful, since the 0,- density 
depends strongly upon the external boundary condition imposed [23]. One must bear 
in mind that the metal-ligand covalency was not explicitly considered in the AS model. 

In order to see more clearly the differences between theory and experiment, 
A J = Jtb - Jq is shown in figure 1. The disagreements between our data and 
the theoretical values are statistically significant. The experimental Compton profiles 
of VO and VO, are sharper than the MO calculations. Since sharper Campton 
profiles mean more extended wavefunctions, we thus suspect that the MO theory could 
underestimate the metal-ligand covalency which induces bonding charge distribution 
between atoms. The MO theory predicts stronger covalency in VO, than in VO and 
therefore, brings the theory closer to the experiment However, one must note that 
the better agreement between the MO theory and the experimental results in VO, 
does not necessarily imply this since the MO calculation was performed for the high- 
temperature metal phase of VO, and our data were taken at room temperature (VO, 
is in the insulator phase). 

The disagreements between the AS model calculation and the experiment as 
shown in figure 1 is to be expected since the vanadium oxides are not ionic binding 
substances, whereas the AS model, as stated above, is close to the ionic binding picture. 
However, the differences between the AS model and the experiment do provide some 
useful information about the electronic structures of these oxides. Examining figure 1, 
one immediately realizes that the wave functions of all valence electrons in VO should 
be more extended than they are in the form of ionic bondings. If this wave extension 
is due to the metal-ligand covalency induced by the hybridization of the oxygen 2p 
and the vanadium 3d orbitals as discussed on the basis of the molecular-cluster model, 
then the reverse trend predicted by the MO model deserves further investigation. On 
the contrary, the wavefunction predictions for the valence electrons in VO,, V60,,, 
and V,O, are too extended in the AS model and should be more localized. 

We also list in table 3 the FWHM of the Compton profile for the experiment and 
the AS model, for comparison. The gradual decrease of the FWHM in the AS model for 
the higher oxidation state just reflects the fact that the charge transfer according to 
the chemical valence is higher. The differential of the FWHM between the experiment 
and the AS model again indicates the valence electrons are more extended in VO, 
and more localized in VO,, V,O,,, and V,O, as compared to the respective 'ionic 
bonding' molecules. 

Table 3. The linewidths (PWHM) of the Compton profiles for the vanadium oxides. Both 
values of the aperimen1 and the AS model are shown. 

Samples VO V203 VOX V60u V20s 

fiP. 2.68 2.13 2.14 2.70 2.74 
As 2.18 2.66 2.38 2.57 2.53 

The experimental linewidth as well as the Compton profiles are bound to the 
exact electronic structures of vanadium oxides so they do not show any systematic 
change according to the oxidation states. Nevertheless, it is interesting to note that 
the experimental linewidth of VO, is the largest one among the oxides studied here 
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Figom 1. The difference belween lhe theory and lhe experiment for the vanadium oxide 
Campion profiles. Note ihal lhe Lola1 number of ele~trom in each oxide is diliereni. 

and even larger than VO which chemically retains three 3d electrons around the 
vanadium ion whereas VO, retains only one. This may be partly due to the fact that 
VO, is an insulator at room temperature. V,O, also has relatively large linewidth. 
The Compton profile study on the metal-insulator transition may be very interesting. 
Apparently, a deeper insight into the electronic structure of vanadium oxides rem on 
the theoretical Compton profile calculation of these oxides. Unfortunately, as far as 
we know, no such theoretical Compton profiles have been performed along this line 
except the aforementioned VO and VO, which are calculated within the framework 
of the molecular-orbital model. 

4. Conclusion 

In this  work, we have presented isotropic Compton profiles for the vanadium oxides 
of VO, V,O,, VO,, V,O,,, and V,O, at room temperature. We have shown that 
the Compton profiles calculated by the molecular-cluster approach (MO) for VO and 
VO, deviate substantially from our data. The metal-ligand covalency in the MO 
calculation may be underestimated. The variation of the experimental Compton 
proliles with respect to those of the atomic-superposition-model (AS) calculations for 
the vanadium oxides indicates that the valence electron wavefunctions, especially the 
vanadium 3d wavefunctions are more extended in VO, and more localized in VO,, 
V,O,,, and V,O, than would be expected in the virtually 'ionic bonding' molecules 
of the respective vanadium oxides. 
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