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Abstract m e  anisotropy of the inelastic mean free path (m) for electrons with energies 
behveen -1&lOWeV has been studied for the tint time in Re@, NaWOg and Ti0 crystals. 
The MFP was calculated within the one-plasmon and local density approximations from the 
imaginary part of the complex energy-dependent exchange and comlation potential of the Hedin- 
Lundqvist type. It is shown thal the MFP in compounds with a highly anisotmpic elecvon density 
distribution. such as ReOS and NaWOI, differs in various crystallographic directions from the 
MFP calculated for the averaged electmn density. In particular, it was found that m the Re03 
crystal, the MFP values in (100) directions coincide with those for a spherically averaged cluster 
potential and are - 1A smaller than in (110) and (111) directions. This result explains the 
variation of the outer shell amplitudes in the Re L+ge EXAFS in ReO3. 

1. Introduction 

The inelastic mean free pa@ (m) plays an important role in x-ray absorption spectroscopy 
(XAS), as in almost any experiment in which the excited electron moves through a solid, for 
example Auger, electron energy loss and x-ray photoemission spectroscopies, low-energy 
electron diffraction, etc. However, the experimental data for a given compound are usually 
available in an extremely limited energy range and, moreover, have a great degree of 
uncertainty due to associated experimental difficulties r1-31. From the theoretical point 
of view, the MFP 1(E) can be calculated using either a purely phenomenological theory 
derived from a general behaviour of MFP in different materials [3], or statistical theory [2,4- 
61. The phenomenologicd theory is based on approximating existing experimental data'by 
the simple form h(E) = AE-* + BE'12, where A and B are fitting parameters [3]. The 
statistical approach is based on the assumption that the inelastic scattering of an electron 
in a small volume of the solid can be approximated by the scattering appropriate to a free 
electron gas of electron density p ( r ) ,  in the same volume [4]. It was successfully applied to 
several free-electron-like compounds and gave the MFP values that agree well with known 
experimental results [2,6]. Both approaches are currently widely used in the analysis of the 
XAS data [7-101. 

In x-ray absorption spectra, the inelastic M F p  leads to exponential amplitude damping 
of the extended x-ray absorption fine structure ( E M S )  beyond the absorption edge, and 
limits a region around the absorber in which located atoms contribute in EXAFS [7]. A 
precise knowledge of MFP is needed to obtain other amplitude-related parameters, such as 
coordination numbers and Debye-Waller factors 171. Moreover, the dependence of MFP 
on electron density can in some cases make doubtful the possibility of transferability of 
scattering amplitudes and phases from one compound to another, often used at present in 
EXAPS analysis. 
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The general approach to the calculation and interpretation of EXAFS spectra is based 
currently on the multiple-scattering (MS) formalism utilizing a complex optical potential 
within statistical exchange and mum-tin (MT) approximations [IO]. In such an approach, the 
potential is spherically averaged around each atom and volume averaged in the interatomic 
(interstitial) region. As a result, the inelastic MPP of the exited electron is isotropic. Recently 
it was noted [7] that, in reality, the losses due to the electron-electron interaction cannot 
always be described by an isotropic MFP, particularly for covalently bonded solids, in 
which the valence charge distribution is directional; therefore, further studies are required 
to estimate the magnitude of correction due to the effect of anisotropy. 

In the present work the anisotropy of the inelastic MFP in Reo3, NaWO3 and Ti0 
crystals is studied for the first time within the statistical approximation, which should be a 
good approach since all three compounds have metallic conductivity [Ill. The origin and 
magnitude of the MFP anisotropy, found in the Reo3 crystal and supported by the results of 
the Re L3-edge Exm analysis, is discussed and compared to other compounds. 

2. Theory 

We present below a brief description of the theoretical background for the inelastic MFP 
calculation and its relation to Ems.  Atomic units (fi = m = e = 1) will be used throughout 
this section. 

The normalized EXAPS-signal x(E) is related to the absorption coefficient p(E)  by the 
expression [ 121 

x ( E )  = (!&E) - LLO(E))/CLO(E) (1) 

where /.LO is the atomic absorption coefficient in the absence of neighbouring atoms (it is 
usually a smooth function). In the dipole and one-electron approximations, the absorption 
coefficient p is given by [13,14] 

K 

where @K is the oneelectron final-state wavefunction of the excited electron (the 
photoelectron) with momentum k in the presence of the core-hole, q 5 ~  is the oneelectron 
atomic-like initial-state wavefunction and 2 is the x-ray polarization vector. The S: 
factor (Sg c 1) describes the amplitude reduction due to the intrinsic multielectron 
excitations [13,141, and the calculations done within different approximations show that 
St lies in the range 0.8-1.0 [13]. 

The many-body interactions between the excited electron and other electrons, leading to 
the extrinric losses, are taken into account in the one-electron approximation (equation (2)) 
through an appropriate complex optical potential, which has Coulomb V ( T )  and exchange 
correlation Vx&) parts [131. In this case, the final-state wavefunction &(z) of a 
photoelectron satisfies a Schrodinger-like equation [15] 

where z denotes both the space coordinate and spin, P = (r,s) ,  and C is a non-local 
complex energy-dependent potential describing exchange and correlation effects. If the 
charge density of the system p ( r )  is a slowly varying function compared to the local 
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de Broglie wavelength (A = 2rr/k) then in the local density approximation (LDA), according 
to Sham and Kohn [16] 

/ z‘: E&?&’) dz’ & ( p ( r ) ;  Ex - V ( r ) ;  p ( r ) ) M z )  (4) 

where is the self-energy of a photoelectron with momentum p ( r )  and energy E(p ,  p )  = 
t?k - V ( r )  in a homogeneous electron gas of density p(r ) .  Following Lee and Beni [17], 
the self-energy & can be further approximated using the Thomas-Fermi description of an 
atom: 

xh(P(r); Ek - v(r); P(r)) &(P(T);  iP2(r)) vxc(T). (5) 

The lifetime of an electron with energy Ek = k2/2 and momentum k propagating in 
a free-electron gas of density p is equal to (21mCh)1/2, and its MFP h (E ,  p) is given 
by [5,6,181 

In the photoabsorption process, the liietime of a photoelectron is additionally limited by the 
presence of the core-hole, and the effective MFP can be introduced in this case (91: 

where rcH is the full width of the core-hole level [19]. In Hartree-Fock theory, the eleceon 
self-energy & is related to the dielectric function e ( q , ~ )  and can be found using the 
Lindhard theory of screening, also known as the random-phase approximation (RPA) [4,18]. 
Within this approach, the extrinsic losses arise due to the excitation of plasma oscillations 
by the photoelectron [HI. However, it was shown [5,15] that further simplification based 
on the one-pole approximation for the dielectric function can be used without significant 
loss of accuracy. In this work, the imaginary part of the photoelectron self-energy was 
calculated using the analytical formula given in [9]. 

Table 1. Structural data for the calculation of the cluster potentials. (a is the lattice parameter, 
RMT the mumn-tin radius and pave the average elecwon density.) 

cu Au ReOS N a W e  Ti0 

a 6) 3.615 4.079 3.750 3.860 4.1766 
RMT (A) 1.30 1.47 1.06 (Re) 1.10 W) 1.27 (Ti) 

1.00 (0) 1.03 (0) 1 .05 ~(0) 
1.03 (Na) 

Overlap (%) 1.7 2 10 10 10 

Edge K-Cu L3-Au L3-Re L3-w K-li 
pax (electrons 2456 4.657 1.877 1.895 1.647 

The electron density for the compound of interest in a given direction as a spherically 
averaged cluster density were calculated using the MSCALC code [SI. The cluster, including 
all atoms inside a sphere of radius 8 A centred at the absorber, was used and its potential was 
constructed from a set of overlapped MT potentials using structural data presented in table 1. 
The MT potentials were built according to the following procedure: the atomic charge 
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densities obtained from self-consistent solutions of the Dirac equations were placed on each 
atomic site in the cluster, and the superposed charge density was averaged sphericully or in 
a solidangle about the central atom (absorber). The total number of electrons in the whole 
cluster was the same as in the real compound: therefore, in the case of sphericul averaging, 
the average electron density pave corresponds to the one in the real system (table 1). In the 
case of the averaging in a solid angle, it differs for different crystallographic directions 
depending on the compound. In particular, for the Re03 crystal the average electron 
density in (100) directions, coinciding with R e 4  bonds, is greater than in (110) and (1 11) 
directions. Furthermore, the complex energydependent exchange-correlation potential (ECP) 
of Hedin-Lundqvist (HL) type [9] was calculated from the averaged electron density, and 
the MFP was found from the imaginary part of the HL ECP according to (6) and (7). 

l o  t 
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0 
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-. _..- present work (full curves) f” the imag- 
inary part of the complex Hedin-Lundqvist 
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,. 10 .. 
;--... 
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TO illustrate the accuracy of the approach used, the MFPS calculated for copper and gold 
in this work are shown in figure 1 in comparison with experimental data taken from [2,6] and 
the calculations of Penn [6] based on a model dielectric function. The agreement between 
the present results and experimental data is good enough. However, some deviation from 
Penn’s results for copper at high energies is present. This may be due to the fact that 
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calculations of MFP in 161 are based on experimentally measured dielectric functions, while 
in the present work they were calculated as suggested in [13]. 

The influence of MFP on the EXAFS amplitude is clear from the analytical expression for 
x (k) .  In the multiple-scattering approach [ 101, the oscillating structure of the absorption 
coefficient ~ ( k ) ,  given by (I), has the general form 

x ( k )  = A,@, RY) sin(kR, + @&, RY)) (8) 
n 

where the sum is taken over all possible closed paths, R i )  is the effective scattering 
phase, Rn is the total path length and RY is the length of the path from atom i to atom 
j .  The term A,& RY) is the effective scattering amplitude, which depends on (i) the 
scattering path degeneracy N. equal to the coordination number for the single-scattering 
paths, (ii) the Debye-Waller factor (DWF) U,', entering through the term exp(-2u:k2), 
refleding both static and thermal disorder effects, and (iii) the MFP A,&), entering through 
the term exp(-R&,(k)). The MFP is a function of electron density (see (6) and (7)). 
whose distribution in a compound can be anisotropic (in particular, the electron density is 
higher when two atoms in a scattering path are chemically bonded); therefore A,&) differs 
in the general case for different geometrical paths of the photoelectron, and thus for different 
MS signals generated within a cluster. All three parameters (Nn, U,' and h.(k)), containing 
in A&, I??), are. highly correlated, particularly DWP and MFP since their influence on 
the E W S  amplitude is similar (exponential-like). Therefore, the precise determination of 
structural parameters requires accurate information on MFP. In this work, for simplicity, 
we will consider only the variations of I.(k) (denoted below as A(k)) corresponding to 
the singlescattering (ss) signals from atoms which are located in different crystallographic 
directions from the absorber. In this case, h(k) can be simply calculated from the imaginary 
part of the self-energy based on the interatomic charge-density distribution according to the 
procedure described before. As a result, one can expect qualitatively that the value of h(k) 
will be the smallest along the directions of chemical bonds where the electron density is the 
highest. For the systems ReO3, NaWQ and Ti0 this corresponds to the (100) directions. 
However, the numerical estimate of differences in A(k) for three main crystallographic 
directions {loo), (110) and (lll), corresponding, in the case of Reo3, for example, to the 
SS signals from rhenium atoms in the second, fourth and sixth coordination shells, is of 
great interest. 

3. Results and discussion 

The anisotropy of the electron density distribution is closely related to the crystallographic 
structure of the material; therefore, the three compounds considered in this work were 
chosen according to the following criteria. (i) Their structures consist of highly covalent 
metal-oxygen bonds and show a transition from the open perovskite-like structure (Reo3) to 
the perovskite structure (NaWO3) and to the close-packed sodium chloride structure (ZO); 
therefore, the anisotropy of the electron density around the metal ion decreases from Reo3 
to 30. (ii) The statistical approach to the electron self-energy should be good approximation 
in ReO3, NaWO3 and TiO, since all three compounds have metallic conductivity [ 111. 

A typical Fourier transform (FT) of the Re L3-edge EXAFS x(k)k2 in ReOs, taken 
from 1201, is shown in figure 2. Note that the FT has not been corrected on the photoelectron 
phase shift Q.(k, Ri) (see equation (S)), and therefore the positions of peaks in figure 2 
differ from the true crystallographic values. There are five peaks in the range up to 7A, 
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labeled A, B, C, D and E, whose origin was described in detail in [ZO]. Here we will be 
interested only in the final three peaks C, D and E related to coordination shells formed 
mainly by rhenium atoms. Peak C is attributed to the second shell containing six rhenium 
atoms (Nc = 6) located along crystallographic axes in (100) directions at RC = 3.75 A. Its 
amplitude is enlarged due to a strong focusing effect caused by the oxygen atoms of the 
first shell [ZO]. Peak D corresponds mainly to twelve rhenium atoms (ND = 12) located 
in (110) directions at a distance RD = 5.30A, and peak E is due to eight rhenium atoms 
(NE = 8) in (111) directions at RE = 6.50A. One can see that the lirst four peaks 
(A-D) are well defined, whereas the amplitude of the last peak E decreases abruptly by 
a factor of about four, compared to the previous peak D, despite the expected value of 
a factor of about two, roughly estimated as (ND/Ri)/(NE/RE). Note that, owing to the 
large values of the distances RD and RE, the differences in the scattering amplitudes, due 
to spherical corrections and, in Debye-Waller factors [21], due to a correlation of motion 
of rhenium atoms, are negligible. The number of well resolved peaks in FT was related 
recently to the cluster dimension defining only atoms around the absorber that can make 
a significant contribution to the EXAFs spectrum [20]. The cluster dimension was roughly 
estimated from the effective MFP calculated for a spherically averaged cluster potential (see 
figure 2(u) in 1201); however, a precise analysis shows that the values of the MFP, lying in 
the range 3A to - SA [ZO], are small enough, and one can expect that the amplitude of 
the peak D should decrease abruptly. This is the reason why the calculation, carried out 
in [ZO], gives an understated amplitude of the peak D. 

It is known that rhenium trioxide is characterized by highly anisotropic vibrational 
properties related to very strong rhenium-oxygen bonds in (100) directions [21], whose 
presence is confirmed by the anisobopic charge distribution around rhenium atoms 
determined by an x-ray slmctural analysis (see figures 1 and 2 in 1221). A simplified 
electron density diagram for ReOs, calculated in the MT approximation as the sum of atomic 
electron densities, and its contour plot in the (001) plane, are shown in figure 3. One can 
see that the electron density along the crystallographic axes is large compared to that in 
(110) or (111) (not shown) directions. The MFP calculated along three duections, as for 
a spherically averaged cluster potential, according to the approach described in section 2, 
is shown in figure 4. The error bar in figure 4(b) represents the range in which a shift of 
the effective MFP curves can take place, due to inaccuracies of the core-level width values 
reported in the literature. It is clearly visible that across faces and along diagonals of the 
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Figure3. Total electmn densily hod in the (001) plane Figure 4. (a) Inelastic MFP A ( E )  calculated from 
of Re03 crystal obtained as the sum of atomic electmn the imaginary part of the complex Hedin-Lundqvisi 
densities calculated in the muffin-tin approximation. potential for the Re L3 edge in Re03 in lhree 

crystaliographic direetions ([lOOl. [I101 and [Ill]) 
and for a spherically averaged cluster potential. (b) 
Effective MW Acs(E) taking into account the core-level 
width of h e  Re b c d g e  rm = 3.4eV [191. 

cubic unit cell of ReOs, in (110) and (111)  directions, respectively, the MFP has similar 
values, which are about 1 A larger than along (100) directions and for a spherically averaged 
cluster potential. This difference explains (i) the presence of a well defined peak D, (ii) 
the disagreement in its amplitude between the calculation of [20] and experiment and (iii) 
the abrupt decrease of the E-peak amplitude. The numerical results show that, due to the 
difference between the MFP value, calculated for a spherically averaged potential, and that in 
the (110) directions, the amplitude of the EXAFS signal, related to the peak D and calculated 
in [20], should be multiplied by the energy-dependent coefficient having values in the range 
1.25-2.0 which improves the agreement with experiment. Furthermore, small differences in 
the MFP values in (1 10) and (1 11) directions are responsible for an additional increase in the 
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ratio of amplitudes of the peak D to the peak E, which is about four times that of experiment 
(figure 2). As was pointed out above, the conhibution to this ratio from the difference in 
coordination numbers and distances is about two. Due to the MFp anisotropy, it becomes 
about 1.2-1.4 times greater. The remaining difference can be $xplained by the additional 
contribution in the peak D of 30 oxygen atoms located at 5.6A. Thus, the anisotropy of 
the MFP in ReOS leads to changes of the outer-shells EXAFS amplitude up to 60%. 

NaWO3 has a modified Re03 structure with a slightly increased lattice parameter 
(table 1) and sodium ions located in the centre of the cubes formed by eight w+Os 
octahedra. The electron distribution in the (001) plain of NaWO3 is similar to Re03 but, in 
the (101) plane, it differs due to the presence of sodium atoms (figure 5). Since tungsten 
Ws+ and rhenium Re6+ ions have similar electronic structures, the modification of the MFP 
in the (100) and (110) directions in NaWO3 compared to Reo3 is mainly due to the increase 
of the lattice parameter leading to the decrease of electron density in these directions and 
to the increase of MFP. However, in the (111) directions, where sodium atoms are located 
halfway between two tungsten ions, the charge density increases and, respectively, the MFP 
decreases (figure 6). 

The close-packed structure of titanium oxide results in quasi-spherically symmetric 
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Figure 7. (a) Inelastic MFP h(E) calculated from the 
imaginary pan of Ihe complex Hedin-Lundqvist paten- 
tial for the li K edge in li0 in three crystallographic 
directions ([loo], 11101 and [1121) and for aspheridly 
averaged cluster pofential. (b) Effective MFP A..ff(E) 
Iaking into acconnf Ihe core-level widfh of the Ti K 
edge r a  = 0.52eV 1191. 

charge distribution around titanium ions. The MFP calculated in the (100). (110) and (112) 
directions corresponding to the directions of nearest-neighbour metal ions, which produce 
the main contribution in EXAFS, are shown in figure 7. As was expected, their values 
are close to each other, reflecting the isotropic character of the electron density around 
titanium. It is also necessary to note that the Mm along (100) directions, which correspond 
in the studied compounds to the metal-oxygen-metal linear chains, is close to the MFP for 
a spherically averaged cluster potential in Reo3 and becomes slightly larger in TiO. This 
fact may be the reason for the incorrect values of the EXAFS amplitude for the second shell 
of titanium ion when the conventional approach, based on a spherically averaged cluster 
potential, is used [S, 101. 



4. Condnsions 

In the present work the anisotropy of the inelastic mean free path (MFP) for electrons with 
energies between -10 and 1000 eV was studied for the first time in ReO3, NaWO3 and Ti0 
crystals. The MFP was calculated within the statistical approximation from the imaginary part 
of the complex energy-dependent exchange and correlation potential of Hedin-Lundqvist 
type. It is found that, in the presence of the anisotropy of the charge distribution, the MFP 
values differ considerably in various crystallographic directions compared to the MFP for a 
spherically averaged cluster potential. This effect should be of great importance, particularly 
in covalently bonded solids with an open structure. Furthermore, as is shown in the example 
of the Re L3-edge EXAFs, the anisotropy of the MFP leads to significant changes (up to 60%) 
in the outer-shells E M S  amplitude. 
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