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Abstract. We show that spherical-wave corrections can be of importancein a single-scattering 
calculation of the angular anisotropy of the photoemission from W(110) and W(100) 4f core 
levels. More precisely, for photon energies of about 65 eV, these corrections are sufficiently 
large to show the necessity, when using an isotropic electron mean free path A,,, to vary it 
according to the face under study. In our case, this leads to an effective electron mean free 
path I , ,  of 8 8, for W(110) and 5 8, for W(100). When this variation is allowed, the plane- 
wave approximation leads to results for W(110) which are in as good agreement with 
experiments as those for W( 100). In particular, the influence of the hydrogen-induced 
reconstruction on the azimuthal patterns of W(110) is now very well reproduced. 

1. Jntroduction 

Owing to their increasing technological importance in problems such as corrosion or 
catalysis, metal surfaces have been the subject of a huge number of studies in the last 
decade. In the same time there has been considerable development of methods for 
determining the surface structure, Among them photoemission, and in particular core- 
level x-ray photoelectron spectroscopy, is a very sensitive probe of the chemical environ- 
ment of the atom which undergoes excitation. More precisely, for kinetic energies of the 
outgoing electron in the range 20-200 eV, most of the signal originates from a few layers 
under the surface, owing to electron mean-free-path effects [ l] .  In this case, there exist 
several types of emitter (surface, first underlayer, . . . , bulk atoms) with different 
geometrical environments, leading to core-level lines which should not appear strictly 
at the same energy. This is the so-called surface core-level shift which has given rise to 
many studies, especially in transition metals of the 5d series which present 4f lines 
sufficiently narrow to be separated experimentally (for reviews, see references [2- 
51). Other interesting information which can be derived from core-level spectroscopy 
experiments is the variation in the intensity of the lines with the angle of observation 
and photon energy (i.e. photoelectron diffraction) which should be different for bulk 
and surface emissions. This has indeed been observed experimentally for the 4f7/2 core- 
level lines of W(100) [6] and W(110) [7] surfaces. Moreover, it has been shown in 
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these cases that a single-scattering plane-wave theory was sufficient to reproduce the 
experimental azimuthal patterns, perfectly for W(100) and qualitatively for W(110), 
even in the low-kinetic-energy range for which bulk and surface emissions are well 
separated [5 ,  71. However, in this simple scheme, the question arises whether the 
assumption of replacing the spherical waves emerging from the emitting atom by plane 
waves around the scatterer is not too crude and what the influence of curved-wave 
corrections would be on these previous results. In particular, could these corrections 
improve the agreement between theory and experiments for W(110) [7]? The aim of this 
paper is to show that surprisingly, whereas they only slightly modify this agreement for 
W(lOO), they make it worse for W(110), at least for the value of the electron mean free 
path Aee ( 5  A) used in our previous calculations. This is no longer true if we increase A,, 
(up to 8 A) in which case both plane-wave and spherical-wave calculations now give 
similar azimuthal patterns, in much better agreement with experimental data for W( 110). 
On the contrary, increasing A,, leads to poorer agreement for W(100). These somewhat 
contradictory results could be attributed to a face dependence of the isotropic effective 
electron mean free path used in the calculations. 

2. Single-scattering treatment of photoelectron diffraction 

The aim of surface photoelectron diffraction is to extract information on the surface 
atomic structure from the analysis of the angular variation in the intensity of the core 
lines. More precisely, the modulation of the photocurrent due to interference between 
the direct and scattered beams of electrons propagating towards the analyser is studied 
as a function of the photon energy hv and emergence angles (polar angle Oand azimuthal 
angle q) .  The resulting angular anisotropy should then differ for the emissions of 
surface and bulk atoms, owing to their different environments. In the single-scattering 
approximation, the intensity of the photocurrent for an arbitrary initial state li is written 
[5,6,8,91 

where k is the modulus of the wavevector, Y ,  are the spherical harmonics, the detector 
is located at R ,  the neighbour j is at distance Rj from the emitter, tIj (=cos-'@ . kj)) is 
the scattering angle andhm(tIj) the scattering factor: 

in which is the phase shift due to scatterer j ( j  = 0 for an emitter) and 
" = - I  

~ k ( l ,  li) = J %,(kr)~/ , ( r ) r3  d r  

where %[(kr) is the regular solution of the radial Schrodinger equation of the emitter 
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atom and Rli(r) the radial part of the initial state. & is the polarisation vector and 

G(limi, lm'llm) = dS2 Ylimi(t)Yy1*,,(t)YyrT,(3) s 
is the Gaunt coefficient which vanishes except for 1 = li ? 1, which are then the only 
allowed transitions. The inelastic effects have been introduced as an isotropic attenuation 
of the electronic amplitude due to the finite electron mean free path Aee and the thermal 
vibrations via a Debye-Waller factor Wj = exp[-2k2(1 - cos ej)] (U;) where (U?) is the 
one-dimensional mean-square displacement of the jth atom with respect to the emitter 
[lo], L(Lj) is the distance from the emitter to the surface (via thejth scatterer). Finally, 

Clm,l"r (k, R j )  = ~ ~ ( k R j ) Y ~ m , , ( ~ j ) G ( l ~ ,  ["m"l l 'm' ) /~  Yjtmo8(kj)G(Im, 1"m"ll'm') 
l'"" I"m" 

c P ( k R j )  = i["+'kRj exp(-ikRj) h$!)(kR,) (4) 
where hl!)(kRj) is the spherical Hankel function of the first kind and the summation over 
I" is restricted to 

I' - l < P < l '  + I  1" + 1' even. (5) 
This expression can be simplified greatly by assuming that the spherical waves 

emerging from the emitting atom can be replaced by plane waves around the scatterer, 
i.e. by assuming that kRj is sufficiently large to allow use of the asymptotic limit of the 
Hankel function: 

hi!)(kRj) - (-i)"'+l (kRj)-' exp(ikRj). ( 6 )  
kR,-+x 

Then, according to (4), c,(kRj) --j 1 and C,m,,tm,(k, Rj)  + 1. Therefore one recovers 
the usual scattering factor in the plane-wave approximation: 

4n 
fim(8j)-,f(ej) = E, exp(is{,) sin a{, Y ~ ~ , ( R ) Y F ~ , ( ~ ~ ) .  (7) 

I'm 

It is obvious from the comparison between (2) + (4) and (7) that the plane-wave 
approximation saves a huge amount of computational time, especially for large values 
of li (and then of I ) .  Actually, some intermediate approximations have been proposed 
[ll] based on a development of hi!), up to next order in kRj: 

cP(kRj)  = vl + I"(I" + 1)/2(kRj)2 exp[i l"(1" + 1)/2kRj]. (8) 
Unfortunately, the practical interest of this simplification is mainly appreciable for 

an s initial state (Ii = 0, I = 1) and the calculations are almost as tedious as with the exact 
expression for li 2 1. This is probably the reason why, up to now, the effects of curved- 
wave corrections have been investigated for s initial states only [9, 12, 131. Here, we 
shall make a study of these corrections for the 4f levels (li = 3) of W(110) and W(100) 
surfaces in order to compare first the azimuthal photodiffraction patterns calculated 
using spherical or plane waves around the scatterers and then both results with the 
experimental data existing for these systems. 

3. Spherical-wave corrections in photoelectron diffraction of W(110) and (100) surfaces 

In our previous work [4-71, we have shown that a plane-wave single-scattering treatment 
of photoelectron diffraction was sufficient to account for the 4f712 azimuthal patterns 
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Figure 1. Polar plots of ( b ) ,  (c), (p ) ,  
( y )  the theoretical (single-scattering treat- 
ment including 'shadowing effects') and 
(a) the experimental azimuthal depen- 
dence of W(100) corephotoelectroninten- 
sities for the total (-), bulk (---) and 
surface (. . .) emissions. The calculations 
have been performed for an f -+ d tran- 
sition in ( b ) ,  (p )  the plane-wave and (c), 
( y )  the spherical-wave approxi- 
mations for two values of the electron 
mean free path, (b) ,  (c) A,, = 5 8, and (p),  
( y )  A,, = 8 A, and for 6 = 30°, (Y = 22"5' 
and hv = 65 eV. (a) and(b)are takenfrom 
[51. 

observed in the case of W(100) (compare figures l(a) and l(6)) and to a less extent 
W(110) (compare figures 2(a) and 2(6)), even in the low-kinetic-energy range (E ,  = 
30 eV) for which bulk and surface emissions are well separated. Moreover, we have 
emphasised that it was important and sufficient to make the calculations for a transition 
from a realistic 4f (li = 3 )  initial state (and not from a simplified s state) towards the (I = 
2) final state only (the transition 3 + 4 being negligible in view of the respective orders 
of magnitude of the radial matrix elements &(4, 3) and Pk(2, 3 )  at the energy of the 
experiments) [5,6]. Then, if we also neglect here the transition 3 + 4, the radial matrix 
element factorises and (1) can be rewritten 

m,=3 m = 2  

mi=-3 m=-2 
Z K  z 1 E y ~ , m - m ~ ( & ) ~ ( 3 m i ,  l (m - mi)12m) 

In the plane-wave approximation previously used, the expression of the photocurrent 
was formally the same, the scattering factor fim(.9)) being replaced by the simplified 
factor f ( $ )  ( 7 ) .  This led to the azimuthal patterns exhibited in figures l(b) and 2(6) 
where we have plotted separately the total, bulk and surface emissions. Note that the 
emission from the first underlayer is not included in the bulk emission for W(100) 
whereas it is for W(110) since in the latter case the corresponding core-level line is not 
separated from the bulk line [2-51. It is worth noting that these calculations [5 ,  61 
took into account-somewhat inconsistently-the influence of some forward double- 
scattering events since, when two scatterers were aligned with the emitter, we eliminated 
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Figure 2. Polar plots of ( b ) ,  ( c ) ,  (p) ,  
( y )  the theoretical (single-scattering treat- 
ment including ‘shadowing effects’) and 
(a )  the experimental azimuthal depen- 
denceof W(ll0) core photoelectron inten- 
sities for the total (-), bulk (---) and 
surface (. . .) emissions. The calculations 
have been performed for an f + d tran- 
sition in (b ) ,  (p )  the plane-wave and ( c ) ,  
( y )  the spherical-wave approximations for 
two values of the electron mean free path, 

and for6 = 30”, (Y = 2Y5’andhv = 65 eV. 
( 6 )  is taken from [SI and (a) derived from 
the results in [7 ] .  

(b ) ,  ( c )  A,, = 5 8, and (PI,  (Y) I,, = 8 A, 

the more distant one, thus introducing a kind of shadowing effect! Here, in order to 
perform a rigorous single-scattering treatment, we have reintroduced these scatterers 
which leads to patterns exhibited in figures 3(b) and 4(b). One sees that it does not affect 
the results for the (110) face whereas it induces some small changes for the (100) face. 
Nevertheless, our main result remains, namely that the agreement between theory and 
experiment is excellent for W(100) and satisfactory for W(110). 

Let us now introduce the curve-wave corrections by replacing f(13~) (7) by f2,(q), 
exactly calculated from (2) + (4) for the first time. We have used the same experimental 
conditions as in our previous plane-wave calculations: polar angle 6 of 30”; angle a 
between the polarisation vector & and the surface normal of 22’5’; photon energy hv of 
65 eV. 

The scattering factor has been derived from an APW relativistic potential [ 141, the 
summation being limited to four phase shifts (we have checked that it gives patterns 
which are indistinguishible from those obtained with 20 phase shifts) to make computer 
calculations feasible! The surface potential barrier between vacuum and bulk has been 
taken into account by allowing a slight refraction effect which changes the emergence 
angle 6 of the photo-electron inside the solid to 6’ (6’ = sin-’[(l + Vo/Ek)  sin2 6]1/2 
where Vo = - 14 eV is the inner potential and Ek the kinetic energy inside the metal) in 
vacuum. The isotropic electron mean free path at the energy of the experiment has been 
taken from [l5]: A,, = 5 A. Finally, the summation over j in (1) has been limited to 
scatterers for which Lj s 1.6Aee (leading to clusters of about 30-40 atoms) and, con- 
sistently, the emission has been restricted to layers for which L s l.6Aee (third or 
fourth sublayer). The convergence of the calculation has been successfully checked by 
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Figured. Same as figure 1 but for arigorous 
single-scattering treatment. (a)  is taken 
from [5 ] .  

extending the summation to scatterers for which Lj s 2Aee. 
The resulting azimuthal patterns are shown in figures 3(c) and 4(c). Let us recall that 

they have been obtained from the exact spherical formulation, i.e. from (1) + (2) + (4). 
It is interesting to note that we have also used the intermediate approximation (8) 
[ 111 which leads to results completely indistinguishable from the previous results: the 
computer time being saved is negligible for l j  = 3. From the comparison between figures 
3(b) and 3(c),  4(b) and 4(c), one sees at first glance that the curved-wave corrections 
modify only slightly the curves for W(lOO)-changing somewhat the bulk and surface 
emissions but not modifying the total emission-whereas they drastically change our 
results for W(110). In particular, the lobes pointing in the [OOl] directions are replaced 
by intensity minima in the latter case! Such a difference between the results of both 
approximations is very surprising, even at the low energies used here (for which kRj is 
not so large, and then replacing hl(kRj) by its asymptotic value is indeed not justified). 
For comparison, we have performed the same calculations for an s initial state. One can 
see in figure 5 that, in this case, curved-wave corrections induce only small modifications 
with respect to the plane-wave approximation for both surfaces (note that here also the 
plane-wave results slightly differ from those described in [4-61 owing to our complete 
neglect of ‘shadowing effects’ here). More surprisingly a comparison between figures 
4(b) and 4(c) and figure 4(a) reveals that the results obtained in the plane-wave approxi- 
mation for W(110) (li = 3) are in much better agreement with experiments than the 
more exact results including spherical corrections. This puzzling result implies that the 
qualitative agreement observed in [7] was somewhat fortuitous since improvements in 
the model tend to break it down. One should then wonder whether the single-scattering 
treatment itself is not oversimplified since, at low kinetic energies and for heavy atoms, 



Spherical- wave corrections in W photodiffraction 1885 

0.04 

om 

0 0 

- 0.01 

0 

-0.04 
I , I I I 

-001 0 001 -004 0 004 

Figure4. Same as figure 2 but for a rigorous 
single-scattering treatment. (a )  is taken 
from the results in [7]. 

multiple-scattering (and possibly even relativistic scattering) effects are likely to prove 
important. However, taking into account these effects would lead to tedious calculations 
and the versatility of the single scattering would be lost. From this standpoint, it is 
tempting to check whether the precise value of some parameter in our problem could 
be more crucial in the improved calculation than in the approximate one. For instance, 
allowing small physical variations in the electron mean free path, which is a rather 

FigureS. Polarplotsof the theoretical (rig- 
orous single-scattering treatment) 
azimuthal dependence of (a ) ,  ((U) W(100) 
and ( b ) ,  (p)  W(110) core photoelectron 
intensities for the total (-), bulk (---) 
and surface (. . .) emissions. The cal- 
culations have been performed for an 
s + p transition in (a ) ,  (b)  the plane-wave 
and (a), ( p )  the spherical-wave approxi- 
mations for A,, = 5 A, 13 = 30", CY = 22"5' 

on1 

0 

-0.01 

e01 L 001 0.01 o on1 and hv = 65 eV. 
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poorly known parameter, should modify the balance between distant and less distant 
neighbours for which the asymptotic form of the Hankel function is more or less justified. 
We shall see in Q 4 that the spherical-wave calculation is indeed more sensitive to the 
precise value of A,, than is the plane-wave calculation, which will allow us to adjust it to 
the experimental data. 

4. Role of the electron mean free path 

A comparison of our value for A,, (5 A) with those given in [ l ]  for W (8 A) seems to 
indicate that we have somewhat underestimated it. Therefore, it is tempting to use this 
larger value which, according to our above argument, should reinforce the contribution 
of distant neighbours for which the asymptotic value of hj') is more justified and then 
improve the agreement between both calculations. This is indeed the case for W(110) 
as can be seen from figures 4(p) and 4(y). The azimuthal patterns obtained by means of 
both approximations now exhibit the same structures in all directions, the plane-wave 
patterns being also perturbed but to a much less extent than the spherical-wave ones. 
Note that the difference in absolute intensities between bulk and surface emissions is 
much increased with respect to the calculation for A,, = 5 A. This is due to the condition 
L,, < 1 .6Aee which implies that the bulk emission now contains emissions of layers up to 
the fifth sublayer (the corresponding average size of the scatterer clusters being of about 
150 atoms). This can be compared with similar problems encountered in [16] during 
single-scattering plane-wave calculations for an overlayer of adsorbates on a given 
substrate. In that case the emission from the substrate was found to be too large compared 
with that of the adsorbate layer, the respective anisotropies being in satisfactory agree- 
ment, however, with experimental data. To avoid this discrepancy in [16] the scattering 
factor had to be reduced by an empirical damping factor (of about 2) which modified 
only the relative intensities of the two azimuthal patterns without changing the positions 
of the peaks. Here, being interested essentially in the separate azimbthal patterns, we 
shall not use this trick but shall keep in mind that one can empirically account for some 
effects which are not included in the theory (anisotropic inelastic scattering, multiple 
scattering and correlated vibrations for instance) by a damping off(ej). Furthermore, if 
one compares figures 4(p) and 4(y) with figure 4(a), one can see that now not only is the 
agreement between the results of both approximations improved but also so is the 
agreement between those calculations and the experimental data. This confirms that the 
crude agreement previously observed [7] (A,, = 5 A; figure 4(b)) was indeed somewhat 
fortuitous. Thus, one can conclude from the comparison between the influence of 
curved-wave corrections on theoretical spectra and the experimental data for W( 110) 

(i) that the best value for an isotropic effective electron mean free path A,, should be 
8 A rather than 5 A, and 

(ii) that, for this value, one can use confidently the plane-wave approximation, the 
spherical-wave corrections being small. 

Our results for W(100) are less clear since then increasing the value of A,, from 5 to 
8 A does not improve the agreement between both calculations nor between theory and 
experiments but instead tends to make it worse (see figures 3(p), 3 ( y )  and 3(a)). This is 
probably due to a competing effect between the increasing role of distant neighbours 
and the overestimation of the emission of deeper sublayers mentioned for W( 110), which 
is more crucial here since, owing to the condition L ,  =s 1.6Aee, we now extend the bulk 
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Figure 6.  Influence of the hydrogen- 
induced reconstruction on the polar plots 
of the azimuthal dependence of W(110) 
core photoelectron intensities for (a), (a ’ ) ,  
(a”) the total, (b) ,  (b’) ,  (b”) the bulk 
and (c), (c’), (c”) the surface emissions: 
- , reconstructed surface; - - -, 
unreconstructed surface. The calculations 
have been performed for an f -+ d tran- 
sition, in the plane-wave approximation, 
for two values of the electron mean free 
path: (a), (b) ,  (c) ,lee = 5 A taken from [7] 
and (a ’ ) ,  (b’) ,  (c’)& = 8 A. (a”), (b”), (c”) 
The experimental data are taken from [7]. 
The experimental conditions are 6 = 30”, 
LY = 2T5’ and hv = 65 eV. 

emission up to the seventh sublayer. Then the omitted effect of anisotropic inelastic 
scattering should lead in that case to an empirical damping [16] of the scattering factor 
which is larger than for the (110) face. An alternative way of taking into account these 
anisotropic effects would be to allow a face dependence of the isotropic mean free path. 
In this respect, the value of A,, should in fact be 5 8, for the (100) face. However, let 
us remark that for this value, even though the agreement between calculations and 
experiments is now satisfactory, it remains poorer in the spherical-wave approximation 
for the separate bulk and surface emissions than for W( 110) (A,, = 8 A). The reason can 
perhaps be found now in some slight breakdown of the single-scattering approximation 
in that case. Let us recall that, in the plane-wave approximation, the influence of some 
of the main forward double-scattering events introduced some modifications in the bulk 
azimuthal patterns of W(100) (figures l(b) and 3(b)) whereas no change could be seen 
for W(110) (figures 2(b) and 4(b)). The same conclusion holds in the presence of curved- 
wave corrections, namely the results are qualitatively unchanged for W( 110) (compare 
figures 2(p)  and 2(y)  with figures 4(p) and 4(y)) whereas the agreement is improved for 
W(100) (compare figures l(b),  l(c), 3(b) and 3(c) with figures l ( a )  and 3(a)) when the 
‘shadowing effects’ are taken into account. 

5. Conclusion 

In conclusion, we have shown that the curved-wave corrections to the 4f azimuthal 
photodiffraction patterns of W(110) and W(100) could be of importance in the low- 
energy range for which bulk and surface emissions are well separated. In particular, they 
are large enough to suggest an effective face dependence of the electron mean free path 
A,,, which is larger for the close-packed surfaces than for the open surfaces, to account 
for the experimental data in the framework of a single-scattering model. This ‘effective’ 
isotropic mean free path empirically accounts for effects which are not included in this 
theory: anisotropic inelastic scatterings, multiple scatterings and correlated vibrations 
which influence the relative importance of scatterers at different distances and in dif- 
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ferent geometries. Then, the plane-wave approximation can be used provided that one 
takes A,, = 8 for W( 110) and Aee = 5 8, for W( 100). As a consequence, our new results 
for W(110) are now in better agreement with experiments than our previous results 
were (with Aee = 5 A) [7]. In this respect, it is tempting to re-examine the influence of 
hydrogen-induced reconstruction on W(110) azimuthal patterns [7] for A,, = 8 A. Let 
us recall that, in presence of hydrogen, the (110) surface layer of W is rigidly displaced 
along the ( 1 i O )  direction so that the surface atoms occupy threefold coordinated sites 
(rather than twofold ones) [ 171. The results of the corresponding plane-wave calculations 
are compared in figure 6 with the previous calculations and with the experimental data. 
The agreement is greatly improved for the total and bulk emissions (the discrepancies 
for the surface emission coming from our neglect of hydrogen scatterers as already 
explained [7])  which defines the limits for usingphotodiffraction as a tool for determining 
the atomic structure of surfaces. 
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