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Surface extended x-ray-absorption fine structure~EXAFS! is a very powerful technique for the crystallo-
graphic characterization of adsorbed atoms, layers, and thin films. The linear polarization of the synchrotron
radiation is used to infer direct information about the crystallographic anisotropy of these systems. For the
K absorption edge, the polarization dependence of the EXAFS signal is simple: the contribution of each bond
is weighted by a factor cos2u, whereu is the angle between the direction of the bond and the linear polarization
of the x rays. ForL2,3 absorption edges, the polarization dependence is more complicated, since the initialp
state can be excited to a final state ofs or d symmetry. The angular dependences of these two terms are
strongly different. We show here, with a study on a bulk anisotropic system, cadmium, that the two terms have
to be considered and that neglecting thep to s transitions in the analysis of angular-dependent spectra leads to
errors in bond-length determination as high as 0.1 Å.@S0163-1829~96!01928-5#

I. INTRODUCTION

Up to now, most of the surface extended x-ray-absorption
fine structure~EXAFS! studies have been performed measur-
ing x-ray-absorption spectra at theK edge of the adsorbed
element.1–4 In this case, the initial state of the photoelectron
is a 1s state and the photoabsorption probability involves
only states ofp symmetry in the electric dipole approxima-
tion. It has been shown,5 in the single scattering approxima-
tion, that the contribution of each neighbor is then weighted
by a factor cos2u, whereu is the angle between the polariza-
tion of the x rays and the neighbor direction. AtL2 or L3
edges, in the electric dipole approximation, the 2p initial
state is excited to final states of boths and d symmetry,
leading to as-d crossed term that is nonzero for anisotropic
absorbers.6,7 The interpretation of the angular dependence of
the XAFS spectrum is then more complicated: thes states
give no orientational dependence butd states can have a
complex angular dependence. Then, quantitative analysis of
anisotropic systems studied with polarized light will strongly
depend on the relative weights of the different transition
probabilities. In this paper, the term ‘‘anisotropic’’ refers to
systems where the absorption cross section due to the dipole
transition is not isotropic: noncubic single crystals, thin films
or adsorbates. On the contrary, for single crystals with a
cubic structure, powders, polycrystals, or amorphous solids,
the absorption cross section is isotropic.8

The theoretical expression of the the EXAFS modulation
function,x(k), in the single scattering approximation, at the
L2,3 edges has been established by Heald and Stern.6 Defin-

ing M01 andM21 as the radial dipole matrix elements be-
tween the 2p ( l51) atomic wave function and thed
( l52) ands ( l50) final states, the EXAFS formula is6,7,9 in
the plane wave approximation:

x~k!5(
i

Bi~k!

kRi
2

exp22k2s i
2
exp2@2Ri /l~k!#

uM21u21
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x3~k!5 1
2 Ni uM01u2sin@2kRi1w3~k!#,

wherek is the photoelectron wave vector,Bi(k) is the back-
scattering amplitude from each of theNi neighboring atoms
of the i th shell with a Debye-Waller factor ofs i and at a
distanceRi away. u j

i is the angle between the polarization
vector and thej th neighbor of thei th shell. The term
exp2@2Ri /l(k)# is due to inelastic losses,l being the mean free
path of the photoelectron. The total phase functions are

w1~k!52d2~k!1d i~k!,
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w2~k!5d0~k!1d2~k!1d i~k!,

w3~k!52d0~k!1d i~k!.

d0 andd2 are, respectively, the phase shifts due to the central
atom potential for outgoing waves withl50 andl52 sym-
metries.d i is the backscattering phase shift.

x(k) is the sum of three terms corresponding to the final
state of pured (x1), pure s (x3), and coupleds and d
symmetries (x2). For convenience we define6,7

Dw~k!5d0~k!2d2~k!,

thenw25w11Dw and w35w112Dw, and

c5
uM01u
uM21u

.

For one shell of neighbors (N identical atoms at a dis-
tance ofR) Eq. ~1! is rewritten as

x~k!5
A8~k!

kR2
1

11 1
2 c

2(j51

N

$ 1
2 ~113cos2u j !sin@2kR

1w1~k!#1c~123cos2u j !sin@2kR1w1~k!

1Dw~k!#1 1
2 c

2sin@2kR1w1~k!12Dw~k!#%,

~2!

where A8(k) is the total amplitude function including
Debye-Waller and mean-free-path terms.

In this EXAFS formula, the three terms do not have the
same amplitude and phase functions and have different an-
gular dependences:x1 varies as 113cos2uj , x2 varies as
123cos2uj , and x3 is not angular dependent. The angular
dependence of the first term is similar to aK-edge one but
with a lower selectivity: each bond always contributes to the
signal even if the polarization direction of the x rays is per-
pendicular to it. The third term does not depend onu j since
it represents thep to s transitions. The second term, the
crossed one, vanishes in isotropic crystals where^cos2uj&5
1
3. In anisotropic systems thex2 term cannot be neglecteda
priori . Its relative weight will depend on the value ofc.

The ratioc has been calculated9 and is found to be ap-
proximately 0.2 for atoms of atomic numberZ.20 and rela-
tively independent ofk. Then, in Eq.~2!, x3 can be ne-
glected with respect tox1 . The goal of our study is to
determine experimentally the value ofc and Dw and to
evaluate, on a given system, the error done on coordination
number and bond lengths determination when the approxi-
mationc50 is done.

The first study of anisotropic systems at theL3 edge has
been published by Heald and Stern.6 They have determined
the value ofc from the angular dependence of the tungsten
L3 edge spectrum on WSe2. The authors compare the
EXAFS oscillations for two different incident angles of the
X rays: 0° and 47°. The anisotropy of the structure is very
weak and concerns only the number of neighbors. The esti-
mation c.0.2 is made assumingDw50. The other
studies7,10 have used this value ofc to determine unknown
anisotropic structures and have discussed theDw50 ap-
proximation.

In order to determine experimentallyc and Dw at the
same time, we need an anisotropic system that has a known
structure. The anisotropy should concern both bond lengths
and coordination numbers. That is the reason why we have
chosen a single crystal of cadmium, which has an hexagonal
structure witha52.97 Å andc55.53 Å at 20 K ~Fig. 1!.
Then, each Cd atom has 12 first nearest neighbors~NN’s!.
Six NN’s are located in the same hexagonal plane~in-plane
NN’s! at a distanceR152.97 Å , and six are located out of
this hexagonal plane~out-of-plane NN’s! at a distance
R253.254 Å .

II. EXPERIMENTAL PROCEDURE

The experiments are performed at the Laboratoire pour
l’Utilisation due Rayonnement Electromagnetique~LURE!
on the surface EXAFS setup installed on the wiggler beam
line of Dispositif de Collision dans l’Igloo storage ring, us-
ing a Si~111! double crystal monochromator. The single
crystal of cadmium is polished and oriented by Laue¨ diffrac-
tion to obtain a~0001! free surface and then installed in the
ultrahigh-vacuum chamber. The surface is cleaned by ionic
bombardment, and no contamination is detected by Auger
spectroscopy. The EXAFS spectra are recorded at the Cd
L3 edge~3538 eV! in the total yield mode. During the mea-
surements the sample is maintained at 20 K in order to re-
duce the thermal disorder~the Debye temperature of cad-
mium is 209 K!. To study the polarization dependence of the
EXAFS spectra we vary the incident anglea of the x rays
betweena50° ~polarization of the x rays parallel to the

FIG. 1. First-nearest-neighbors shell of a cadmium atom. Each
atom~grey! has six nearest neighbors at 2.97 Å in its~0001! plane
~white atoms! and six others at 3.254 Å~black atoms!. The polar-
ization vector« of the x rays forms an angleu i with the i th bond,
and an anglea with the ~0001! planes of the Cd crystal.
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surface! and a580° ~polarization almost perpendicular to
the surface!. The spectra recorded witha50°, 15°, 30°,
45°, 60°, 70°, and 80° are shown in Fig. 2. One can see the
strong anisotropy of the spectra in particular in the energy
range from 3575 to 3625 eV. We have checked that this
anisotropy is not affected by the variation of the penetration
depth of the x rays in the sample when the incident angle is
varied: each spectrum can be reconstructed as a linear com-
bination of two of them, using the simple formula estab-
lished in the electric dipole approximation8

x~a!5cos2ax~0°!1sin2ax~90°!.

This would not be true if there were any reabsorption effect
that would dump the EXAFS oscillations.

The Fourier transforms~FT’s! of the spectra@kx(k) be-
tween 1.84 Å21 and 6.78 Å21# are shown on Fig. 3. We see
the shift of the first peak to higher distances whena is in-
creasing. Whena is small, the dominant term corresponds to
the NN situated in the hexagonal planes atR152.97 Å, and
whena is high it corresponds to the NN out of the hexagonal
planes that are atR253.254 Å . Due to the smallk range of
our data~of about 5 Å21), we cannot separate these two
contributions. They are both mixed in the first peak of the
FT. To obtain the contribution of the NN shell to the EXAFS
signal, we have backtransformed this peak using the same
R window ~between 1.96 and 3.80 Å! for all the incident
angles.

III. POLARIZATION DEPENDENCE OF THE NN SHELL

The problem now is to evaluate from these spectra the
value of c andDw. First, we assume that12c

2!1, then we
can rewrite Eq.~2! at the first order inc ~thex3 term disap-
pears!:

x~k,a!5A8~k!H N1* ~a!

kR1
2 sin@2kR11w1~k!#

1
N2* ~a!

kR2
2 sin@2kR21w1~k!#1

cN1** ~a!

kR1
2

3sin@2kR11w1~k!1Dw~k!#1
cN2** ~a!

kR2
2

3sin@2kR21w1~k!1Dw~k!#J , ~3!

FIG. 2. X-ray-absorption raw spectra, recorded at theL3 edge of
Cd~0001! ~3.538 eV!, at 20 K, for different incident angles of the x
rays.

FIG. 3. Fourier transforms ofkx(k) betweenk51.84 and 6.78
Å21 for EXAFS spectra recorded at 20 K at theL3 edge of
Cd~0001! for different incident angles of the x rays.
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whereNi* (a) is the effective partial coordination number
depending ona @a is the angle between the polarization of
the x-rays incident beam and the~0001! free surface of the
Cd sample#. For this Cd single crystal,

N1* ~a!5 (
j , in plane

1
2 ~113cos2u j !5 3

2 ~213cos2a!,

N2* ~a!5 (
j ,out of plane

1
2 ~113cos2u j !

53~42h2!2 9
2 ~22h2!cos2a,

N1** ~a!5 (
j , in plane

~123cos2u j !53~223cos2a!,

N2** ~a!5 (
j ,out of plane

~123cos2u j !5~h222!~629cos2a!,

whereh5R1 /R2 .
We have summarized the values ofNi* (a) in Table I for

each experimental incident angle. We note that
N1** (a)5N2** (a)50 for the value ofa giving cos2a52

3. It
is the magic angle~MA !: for this value ofa (a535.26°) the
x2 term vanishes as for an isotropic system and the EXAFS
formula looks like theK-edge one.

IV. EXPERIMENTAL DETERMINATION OF A8„k…
AND w1„k… FROM THE MA SPECTRUM

From the magic angle experimental XAFS spectrum, it is
possible to extract the amplitudeA8(k) and the phase func-
tion w1 . As can be seen on Fig. 4~a!, the EXAFS signal is
very small for thek values between 5 and 7 Å21. This is due
to the destructive interference between the two terms created
by the two NN distances,R152.97 andR253.254 Å , which
gives a beating in thisk region. So, we have determined the
amplitude and phase functions in an indirect way. We have
first used the amplitude and phase-shift functions calculated
by the FEFF code.11 We have fitted the experimental MA
spectrum with these functions. The result is shown on Fig.
4~a!. It leads to a wrong determination of the distances:
R152.89 andR253.17 Å . This must be due to a slight
inaccuracy of theFEFF code for the calculation of the phase
shifts. Then, we have modified the phase function by adjust-
ing its slope, to obtain the same fitting curve, but with the
real distances. The obtained phase function is compared to
the FEFF calculation in Fig. 4~b!.

If the x2 and x3 terms are neglected in the general
EXAFS formula~1!, the other spectra have to be fitted using
these amplitude and phase functions. For these fits, the num-

bers of neighbors (N*) have been fixed to their calculated
values~see Table I!. The free parameters are the two dis-
tancesR1 andR2 and the associated Debye-Waller factors.
Two results are shown on Fig. 5 for two incident angles
a50° and 80°. For the normal incidence (a50°) spectrum
~where we have the higher contribution of the in-plane NN!
we obtainR153.00 instead of 2.97 Å , and for the grazing
incidence spectrum (a580°) ~where we have the higher
contribution of the out-of-plane NN’s! we obtainR253.36
instead of 3.254 Å . In Table II, we give the results of the fits
for all the incident angles (a): bond lengths appear to be
very different depending ona. The bond lengths variation
reaches 0.06 Å for the first distance and 0.13 Å for the sec-
ond one. This error is very important and shows that the
assumption ofc50 for anisotropic systems is not accurate.
The quality of the fits is correct. Then, if the structure of the
sample is unknown, andx2 andx3 are supposed to be neg-

TABLE I. Values ofN1* , N2* , andN1** ~see text! for different incident anglesa of the x rays.

a(°) 0 15 30 MA 45 60 70 80

N1* 7.5 7.2 6.375 6 5.25 4.125 3.53 3.14
N2* 4.26 4.61 5.56 6 6.87 8.18 8.87 9.33
N1** 23 22.39 20.75 0 1.5 3.75 4.94 5.73
N2** 3.49 2.78 0.87 0 21.74 24.36 25.74 26.66

FIG. 4. ~a! Fit ~dotted line! of the experimental first-nearest-
neighbors shell contribution to the EXAFS signal~solid line! re-
corded at the magic angle on Cd~0001!. This contribution is ex-
tracted from the total signal by backtransforming ink space the first
peak of the Fourier transform of the spectrum~betweenR51.96
andR53.80 Å!. ~b! Total phase shift functions~i! calculated with
the FEFF code~solid line!, and ~ii ! modified to obtain the realR1

andR2 distances in the fit~crosses!.
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ligible, the fits will not show evidence of a problem, but the
structural determination will be incorrect.

V. DIRECT EVIDENCE OF cÞ0 AND DwÞ0

To know if the error in the distance determination shown
above is due to thex2 term or to a bad determination of
amplitude and phase functions, we have used another analy-
sis technique for which the knowledge of backscattering am-
plitude and phase shifts is not needed.12,13 The formula of
EXAFS @Eq. ~3!# can be rewritten as

x~k!5
A8~k!

kR2
uP̃~k!usin$arg@ P̃~k!#%

with several approximations: we assume that the Debye-
Waller term and the 1/R2 terms can be taken out of the sum
~this approximation is accurate if@(DR/R1)5(R22R1) /R1
is small# and that the plane-wave approximation~same phase
functions for the two shells! is correct. For the case of cad-
mium, considering formula~3! we have

P̃~k!5N1* e
j2kR1ejw11N2* e

j2kR2ejw11cN1** e
j2kR1ejw1ejDw

1cN2** e
j2kR2ejw1ejDw.

With the approximation (DR/R1)!1, we have
N1** 52N2** , andN1*1N2*512 ~see Sec. III!, then

arg@ P̃~k!#5k~R11R2!1w11arctanS ~N2*2N1* !sin~kDR!2cN1** @sin~kDR2Dw!1sin~kDR1Dw!#

~N1*1N2* !cos~kDR!1cN1** @cos~kDR2Dw!2cos~kDR1Dw!#
D .

arg@ P̃(k)# is the total phase of the NN EXAFS signal. Due
to the interference between the different shells, kinks occur
in arg@ P̃(k)# when the denominator of the function in arctan
is equal to zero. The corresponding value ofk, kb , is the
position of the beating. That occurs when

c sinDw tan~kbDR!52
N1*1N2*

2N1**
>

2

3cos2a22
. ~4!

If c50 or Dw50, the condition of the beating should be
cos(kbDR)50. Therefore, if the position of the beating is de-
pending ona, it is a proof thatc50 andDw50.

In practice, the kink position is located by taking the de-
rivative of the NN shell phase with respect tok. Figure 6
shows the results for the derivative of the phase as function
of k for different values ofa. One can see that the position
of the maximum of the derivative is depending ona: the

beating node is at 5.80 Å21 for a530°, 5.21 Å21 for
a545°, and 4.86 Å21 for a560°. For the other angles the
position of the beating is more difficult to determine because
of the smaller bump, which can be due to the values of
(N1* /N2* ) far from 1. This variation of the position of the
beating witha is coherent with the results of the above fit of
the NN shell: we found that assumingc50 was leading to
a DR value increasing witha ~see Table II!. Consider-
ing formula~4!, the position of the beating in the MA spectra
(kb55.59 Å21) leads to the expected value ofDR50.28 Å.
Using formula~4!, we estimate the value ofc sinDw, which
induces the measured shift witha of the beating position.
We obtainc sinDw520.460.1. Knowing thatusinDwu<1,
we can say thatc>0.4. It is a value two times larger than the
one calculated by Teo and Lee9 or experimentally deter-
mined on a weakly anisotropic system.6

The accuracy of the approximations used for the beating
analysis is tested on theoretical spectra calculated byFEFF.11

FIG. 5. Fits ~dotted lines! of the experimental first-nearest-
neighbors shell contribution to the EXAFS signal~solid lines! re-
corded ata50° ~a! and a580° ~b! on Cd~0001!. These fits are
done neglecting thex2 andx3 terms.

TABLE II. Structural parameters obtained by fitting the experi-
mental first-nearest-neighbors shell contribution to the EXAFS sig-
nal. In these fits, thex2 andx3 terms are neglected.

a(°) 0 15 30 MA 45 60 70 80

R1 ~Å! 3.00 3.00 2.97 2.97 2.96 2.95 2.94 2.95
R2 ~Å! 3.23 3.265 3.25 3.25 3.27 3.30 3.32 3.36
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FEFF calculates single and multiple-scattering curved wave
EXAFS spectra assumingc50. We have simulated cadmium
L3 absorption spectra witha50°, 15°, 45°, 60°, 70°, and
80°. The spectra have been analyzed in the same manner as
the experimental ones and we have determined the position
of the beating node by looking at the derivative of the phase.
The beating node positions are not depending on thea angle.
Using formula ~4!, we obtain20.09<c sinDw<0.06. So,
this analysis is self-consistent.

Qualitatively, the above beating analysis provides us with
the following results: thex2 term cannot be neglected and
the value ofc is at least about 0.4. Due to the approxima-
tions we used, the above determination is rough and qualita-
tive. In the next section, we proposed a quantitative determi-
nation of thex2 term.

VI. ESTIMATION OF THE x2 TERM

Let us try now to evaluate more precisely thex2 term. At
the first order inc, we can rewrite Eq.~3!:

x~k!5x1~k!1x2~k!5x1~k!1N1** x28~k!.

Then

x28~k!5
x~k!2x1~k!

N1**
~5!

and, from formula~3!,

x28~k!5cA8~k!S 1

kR1
2sin~2kR11w11Dw!

2
h222

kR2
2 sin~2kR21w11Dw! D .

x1(k) is calculated with the functionsA8(k) andw1(k)
extracted from the MA spectrum. If the above formula is
correctx28(k) should be independent ona. So, it is extracted
from the experimental data for each angle, using formula~5!.
The results are shown in Fig. 7. We find similar curves: they
are in phase except at lowk and the amplitude is slightly
dependent on the incident angle. Considering the values of
N1** ~see Table I! the best determination ofx28 is made at
80°. Then, to test the validity of thex28 determination, we
have compared for each angle the experimental spectra with
the sum ofx1(k) ~calculated with the MA parameters! and
x2(k) ~determined at 80°). On Fig. 8, we have plotted the
experimental spectra, thex1 term and the sum
x11N1** x28 . We see that, for all cases, the introduction of
thex2 term improves considerably the simulation: we obtain
a better agreement between experiment and simulations both
for amplitude and phase. We see that if at 30° the effect of
thex2 term is small~near the magic angle, the correction is
small! this effect is large for the other angles. That explains
the big errors which are made by neglecting thex2 term in
the fits.

We can now estimate thec andDw values. We can ex-
tract them from thex28 spectra. The expression ofx28 is

x285cA8~k!S 1

kR1
2sin~2kR11w11Dw!

2
h222

kR2
2 sin~2kR21w11Dw! D .

If we compare this function with

x185A8~k!S 1

kR1
2sin~2kR11w1!2

h222

kR2
2 sin~2kR21w1! D ,

we can determinec andDw:

c5
amp~x28!

amp~x18!
and Dw5phase~x28!2phase~x18!.

FIG. 6. Derivative of the phase of the experimental first-nearest-
neighbors shell contribution to the EXAFS signal recorded for dif-
ferent incident angles of the x rays.

FIG. 7. x28(k) term extracted from the experimental spectra re-
corded ata50° ~solid-line!, a560° ~dashed line!, and a580°
~open circles!.
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These functions are plotted in Fig. 9. They are compared
to the calculation of Teo and Lee9 @Figs. 9~a! and 9~b!#. The
value of Dw is about2(p/2), as was predicted by the
theory, but the amplitude ratio is much higher than the pre-
dicted one. The value of thex28 amplitude is particularly
important in ak window between 3 and 5 Å21. In this re-
gion, the value ofc is between 0.4 and 0.75. This result is in
agreement with our previous determination using the posi-
tion of the beating node, but it is different from the theoreti-
cal calculation9 and the previous experimental
determination,6 which gavec50.2. This discrepancy is more
important than the error bar of our experimental determina-
tion.

FIG. 8. Comparison between the experimental
first-nearest-neighbors shell contribution to the
EXAFS signal ~solid line!, x1(k) calculation
~dashed line!, and x1(k)1x2(k) calculation
~open circles!, for different incident angles of the
x rays.

FIG. 9. ~a! Dw, ~b! amplitude of thex28(k) term and value of
c determined from the experimental spectra~open circles! and cal-
culated by Teo and Lee9 ~closed squares!.

FIG. 10. Calculation of thex28(k) term ~i! taking into account
thex3(k) term ~solid line!, and~ii ! without taking into account the
x3(k) term ~open circles!.
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VII. THE x3 TERM EFFECT

If c'0.5, one can argue now that the first approximation
we have done~i.e., 12c

2!1) is not accurate. We have to test
the consistency of our study. The knowledge ofc andDw
allows us to calculate the termx3 and to introduce it in
formula ~3!:

x35
1
2 c

2A8~k!S 6

kR1
2sin~2kR11w112Dw!1

6

kR2
2sin~2kR2

1w112Dw! D .
We have obtained a value ofDw around2(p/2). Then

the x3 term is approximately in phase opposition with the
x1 term. Its effect is to apparently reduce the number of
neighbors (N* ) by a value of 0.75~taking c50.5), not de-
pending on the value ofa. Therefore, it induces an increase
of the relative weight of the neighbors that give the predomi-
nant contribution to the signal~in-plane NN fora50°, out-
of-plane NN fora580°) by about 4%. We can say that the
effect should be small.

To check that, we have calculatedx3 using c and Dw
determined with the assumption thatc is small. Thisx3 term
is subtracted from the experimental MA spectrum. We make
then a new fit of the resulting spectrum as in Sec. IV. The
new amplitude and phase functions are very similar to the
previous ones. This result validates the approximation made
on isotropic systems: neglectingx3 in a situation wherex2 is
zero ~isotropic systems or magic angle for an anisotropic

system! yields to an error in the bond length determination of
0.01 Å , and less than 10% for the number of neighbors.

The new amplitude and phase functions are used to cal-
culate a newx1 and a new

x28~k!5
x~k!2x1~k!2x3~k!

N1**
.

This function is plotted with the old one in Fig. 10. The
difference is very small and leads to the same value ofc and
Dw. At last, we compare the experimental spectra with the
sum:x11x21x3 ~Fig. 11!. The agreement is as good as the
previous one. Then we conclude that thex3 term can be
neglected in the evaluation of the relative importance of the
x2 andx1 terms. The rough evaluation ofx2 done with the
angular dependence of the position of the beating node was
not so bad: it gavec sinDw'20.4. We finally obtain
sinDw'21 andc'0.5. So, the test of the beating position is
a good one to estimate ifx2 has to be considered and to
determine which is its relative weight.

VIII. CONCLUSION

In this study, we have evaluated the importance of thep
ands transitions for theL3-edge absorption spectrum in an
anisotropic system. We have shown that the crossed term
that coupled final states ofs and d symmetries cannot be
neglected: it represents an important contribution to the mea-
sured signal. Since this term has an angular dependence dif-
ferent from the main one, neglecting it leads, in our case, to

FIG. 11. Comparison between the experimen-
tal first-nearest-neighbors shell contribution to
the EXAFS signal~solid line!, x1(k) calculation
~dashed line!, andx1(k)1x2(k)1x3(k) calcula-
tion ~open circles!, for different incident angles of
the x rays.
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errors in bond-length determination as high as 0.1 Å.
In cadmium, the effect of this crossed term,x2 , is impor-

tant because the structure is strongly anisotropic: for ex-
ample, at 80° (N1** /N1* )51.82 and (N1** /N2* )50.62. The
study of this kind of structure atL2,3 absorption edges is
important for surface science: surfaces and thin films are also
very anisotropic systems and one can expect here also a high
contribution of thex2 term. The tests done on quite isotropic
systems are less meaningful, since the main correcting term
is a priori small. Moreover, we have obtained a very good
sensitivity to the anisotropy by measuring the experimental
XAFS spectra in a large angular domain: we have varied the
incident angle of the x rays from 0° to 80°.

As a conclusion, if one wants to use surface EXAFS at the
L2,3 edges to extract structural parameters, one has to be very
careful with the angular dependence of the signal. It is not
possible to extract at the same time structural parameters and
the relative weight of the different transition channelsp to
s andp to d. For the near future, an accurate calculation of
these two terms is hopefully expected.
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