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INTRODUCTION

This chapter describes the new possibilities offered by application of polarized
EXAFS (P-EXAFS) spectroscopy to structural studies of fine-grained layered minerals.
X-rays delivered by synchrotron sources are more than 95% polarized in the central part
of the plane of rotation of the synchrotron electrons, and the polarization rate is further
increased because of the polarization that occurs during monochromation of the incident
beam. Because of the highly polarized nature of synchrotron radiation, one can obtain
angularly resolved structural information through analysis of the angular dependence
of X-ray absorption spectra for anisotropic samples. Originally, this technique was
applied to single phyllosilicate crystals (Manceau etal. 1988; Manceau et al. 1990), and
we show here that it can be extended to self-supporting films of fine-grained layered
minerals. The angular variation of P-EXAFS spectra sensitively depends on the
orientation distribution of individual mineral platelets in the prepared film. In the case
of smectites, highly oriented films can be prepared, which allows us to precisely probe
their 3-dimensional local structure without loss of spatial resolution as compared to

single crystals.
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LIMITATION OF POWDER EXAFS SPECTROSCOPY
Overlap of Atomic Shell Contributions

Application of EXAFS to mineralogy is often limited by the strong overlap of
scattering contributions from neighboring atomic shells surrounding the X-ray absorber.

This problem is illustrated in Figure 1a which compares the radial structure functions
(RSFs) for nickeliferous talc [Sig NigO10(OH)3], nickeliferous serpentine

[SipNi3O5(OH)4], and Ni(OH)7. These RSFs have a contrasted second peak amplitude

even though in these three structures Ni atoms are surrounded by 6 Ni at about the same
distance of b/3 ~3.05 A (Figure 1b). Manceau (1990) showed that the difference in peak
intensities resulted from an in-phase contribution of the nearest Si shell (Si;) located just
beyond the Ni shell at ~3.25A. The difference in peak magnitude between talc and
serpentine arises from the fact that in a TOT framework each octahedral cation (Oct) is
bridged to four nearest tetrahedral cations (Tet), whereas it is bridged to two ina TO
framework (Figure 1b). It turns out that in phyllosilicates the nearest EXAFS
contribution from the tetrahedral sheet(s) is dominated by an overlapping contribution
from the octahedral sheet, and the resulting omission of the tetrahedral contribution
during spectral analysis (Fukushima and Okamoto 1987; Guttler etal. 1989) leads to an
overestimation of the number of octahedral pairs (Noct). Table 1 shows that in clay
structures the overlap between sucessive atomic shells increases with distance from the
central atom, and this is one reason why, with few exceptions (Manceau et al. 1998;
O'Day etal. 1994), the quantitative spectral analysis of layered clay minerals has been
previously limited to the three nearest shells (Oct-O, Oct-Oct;, Oct-Tety) located below ~
3.3 A. We will show below that this limit can be extended in P-EXAFS experiments
because the contributions from the out-of plane tetrahedral cations are minimized when
the X-ray polarization vector is in the ab plane of the layer (parallel orientation) and,
conversely, the contributions from octahedral layer cations wvanish when the
polarization vector is aligned along the {001]* direction (normal oreintation).
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Table 1. Successive atomic shells and interatomic distances from Fe in Garfield
nontronite. After Manceau et al. (1998).

Shell Distance (A) Shell Distance (A)  Shell Distance (A)
O, (x6) 1.97-2.04 Os (x2) 4.44 Fe, (x6) 5.28
Fe, (x3) 3.05 (Si,Al), (x4) 4.49 (Si,Al); (x8)  5.38-5.45
(Si,Al), (x4) 3.26 O, (x8) 4.60-4.70 O, (x6) 5.72-6.02
0, (x2) 3.45 O, (x4) 4.83-4.89 Na, (x2) 5.93
O, (x6) 3.74-3.82 Oy (x6) 4.94-4.98 Fe, (x3) 6.10
0, (x4) 4.03-4.21 Na, (x2) 512

b TOT structure
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400 - A NS Ni-serpentine (TO) sheet
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Figure 1. a) Radial structure functions of Ni-talc, Ni-serpentine, and Ni(OH).. b)
Idealized structures of 2:1 and 1:1 phyllosilicate and brucitic layers. M1
denotes frans-sites and M2 cis -sites. Oct and Tet denote, respectively,
octahedral and tetrahedral cations.
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Figure 2. a) Fourier transforms of the EXAFS contributions calculated for 3 Fe at 3.04 A
and 4 Fe + 2 Mg atR = 3.04 A. The envelope curves represent the magnitude of
the transforms (RSF={Im(FT)2+Re(FT)?]'/?) and the fast oscillatory curves
represent the imaginary parts of the transforms. b) Projection down c* of the
octahedral sheet where a central Fe atom is surrounded by 4Fe + 2Mg atoms
(trioctahedral structure, e.g., biotite) or 3Fe atoms (dioctahedral structure, e.g.,

nontronite).

Differentiation Between Dioctahedral and Trioctahedral Frameworks

In trioctahedral structures, all octahedral positions are occupied, whereas only
2/3 of all available sites are occupied in dioctahedral structures (Figure 2b). Octahedral
cations are surrounded by 6 Oct in trioctahedral structures, and 3 Oct in dioctahedral

structures and, consequently, these two groups of minerals should have distinctly

different second RSF peak magnitude, allowing their differentiation. For certain

chemical compositions this is not true as illustrated in Figure 2a. Figure 2 compares the

Fourier transforms (modulus and imaginary part) calculated for a dioctahedral local

environment consisting of 3 Fe®* with a trioctahedral environment consisting of 4 Fe?* +
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2 Mg/ Al It is striking to observe that these two contrasting chemical compositions (and
layer structure types) lead to practically the same result. A combination of two factors
are responsible for this result. First, Mg and Al atoms both have approximately half the
electrons as Fe, thus their scattering amplitude is halved, so 2 Mg give the same
amplitude as 1 Fe. Second, the electronic waves backscattered by Mg and Al are shifted
out of phase by = relative to that of Fe (McKale et al. 1988). Consequently, in
trioctahedral structures, each contribution of two Mg atoms subtracts from the
contribution of one Fe, and the resulting EXAFS contribution is identical to a case where
each Fe is surrounded by 3 Fe. More generally, the simultaneous presence of "heavy" (Me
=Ti, V, Cr, Mn, Fe, Co, Ni...) and "light" (Mg, Al) atoms around the central atom results
in destructive interferences, which reduce the wave amplitude in reciprocal space and,
accordingly, the magnitude of second RSF peaks of phyllosilicates. Manceau (1990) first
recognized this problem and recommended that in studies of the distribution of cations
in the octahedral sheet of layer silicates, differentiation of the di- or trioctahedral nature
of layer silicates be accomplished by alternative methods in combination with EXAFS.
This question can be sensibly addressed in P-EXAFS by examining atomic pair
correlations in the 3.5-6.5A distance range.

In conclusion, the second RSF peak of natural clays obtained at the K-edge of the
octahedral metal cation (Me) generally contains three predominant atomic pair
contributions : Me-Tet;, Me-(Mg, Al);, and Me-Me,. The two next-nearest oxygen atoms
(Ozshell) near 3.4-3.5 A (Table 1) have a negligible contribution, but not the group of 6
oxygens from the third shell (Os) at ~3.7-3.8 A, which gives a small contribution on the
right tail of the second RSF peak (Manceau et al. 1998). This multi-shell contribution
complicates spectral interpretation, and leads to a multiplicity of mathematical
solutions whenever the total number of Tet; (2 or 4) and Oct; (3 or 6) cations are not
fixed, and when individual Debye-Waller factors (o) are not constrained to realistic
physical values (typically 0.08 A in clay structures) during least squares spectral fitting
procedures (Manceau and Decarreau 1988). Under such fitting conditions, the numbers
of Me-(Mg,Al); and Me-Me, pairs calculated by spectral simulations are meaningful,
and these values can be used to determine the statistical distribution of heavy and light
cations in the octahedral sheet of clays with good accuracy owing to the x phase contrast
between these two groups of atoms (Drits et al. 1997a; Manceau et al. 1990; Manceau
and Calas 1986; Muller et al. 1997). It will be shown below that the accuracy of this
analysis is evenbetter in P-EXAFS experiments.
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PRINCIPLES OF P-EXAFS

In the plane wave approximation, the theoretical expression that governs the

angular dependence of EXAFS spectra in linearly polarized experiments is given by:

Ny

xi; (k,0) =3 <coszei> X’:;o(k) = 2(3c0526i) x':;o(k) [1]
j=1

where ij denotes the atomic pair under consideration, 8j is the angle between the electric

field vector Eand the vector R, that connects the absorbing i atom to the backscattering j

atom, and x’:o (k) is the isotropic contribution of the jshell (Figure 3a). The summation

is made over all the Neys: atoms of the jt shell, because for a given orientation of E with
respect to the crystal, these atoms may not have the same 6 angle. In a true powder (ie.
perfectly randomly oriented crystallites), 8 takes all possible values in the space, and the

3c0s’0 term averages to 1 since

2xw 2nx

3<coszeij >= ff?}cos?' OsinOdBdQ/ffsinedﬁdQ
00 00

2nm

= LJ‘f’jcosz Osin 6d6dQ =1 )
4n
00

It follows from equation (1) that neighboring j atoms located along the polarization
direction (8 = 0°) are preferentially probed while atoms located in a plane
perpendicular to E (8 = 90°) are not observed. Therefore P-EXAFS measurements
provide orientation-dependent structural information, and can be used to probe the local
structure of layer minerals between two different directional limits, parallel and
perpendicular to the (001) plane, by varying the angle between Eand the layer plane of a

single crystal, or a film surface of a self-supporting film.

In a film preparation, typically the a and b axes of individual crystallites are
randomly distributed around the normatl to the film plane and, consequently, 8; varies
from one crystallite to another. Thus, formula (1) cannot be easily handled, and requires
transformation through the introduction of angles independent of the orientation of
individual layers within the film plane. Because of the cylindrical, or fiber-like,
symmetry of self-supporting films (see the texture section), the azimuthal Q angle of R;
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(Figure 3a) varies from O to 2n if one wants to consider all crystallites, and can thus be
be integrated over this angular range. Under this condition Eq. 1 can be transformed to
(Manceau et al. 1998)

<cos?8> = coszﬁ sinZa + (sinzﬁcosza)m 3)

where a is the angle between E and the film surface (i.e. the experimental angle), and
the angle between Ry and the film normal (polar angle, Figure 3a). This polarization

a zA
hv
Y
Film surface Q
9
b z A

——4AR

B2 B, E

o)
: Y

Film surface

X ¥

Figure 3. a) Coordinate system applicable to angular measurements on self-supporting
films. XY is the film plane, and X-rays are incident on the YZ plane. a is the
incidence angle between Eand Y, B is the polar angle, and Q the azimuthal
angle of the atomic pair ij. 6; is the angle between E and the atomic pair. b)

Distribution of orientation of § angles of atomic pairs resulting from the
misalignment of ¢* axis of individual particles perpendicularly to the film

surface. The disorientation is equal to AR = §, - §,.
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term is now independent of the relative position of crystallites in the film plane, and also

of the variation of ; from one atom to another in the jth shell.

The amplitude of x':’o {k) is obviously proportional to Neyst, but in a polarized

experiment one detects an apparent number of neighbors, which is the effective number

(Neg) of atoms really seenat a given angle of a. Then:

N .
%5 ko) = — %570 @
Ncryst
with
N,z =3 Neryst [cos2 B sin? a + (sin2 B cos? a)/2]} &)

In the normal (a =90°) and parallel (o = 0°) orientation of the electric field vector,

equation (4) reduces to

I 3 .
off = 5 NcrystSlnz‘3 (%)
2
N-eLff =3N crystCOS B @)

Thus, from the knowledge of the crystallographic B angle of a jt shell it is
possible to calculate the effective number of neighbors seen in a P-EXAFS experiment for
the two independent orientations. Conversely, B in an unknown structure can be
deduced from Nt determined from the simulation of P-EXAFS spectra. From Eq. 5,
when f =54.7° or a = 35.3° N_, = Neys, which means that the atomic pair has no
polarization dependence in the X-ray beam. The amplitude is thus constant and equal to
that of a powder (3 (k, a)= x';O (K)) whatever a. Thus, B = 54.7° is a magic angle in the

same manner as is o. = 35.3°. For B < 54.7°, ¥, (k,a) increases with o, whereas for § >

54.7°, y; (k,a) decreases with increasing a.

It will be shown now how these theoretical considerations apply to a clay

structure taking Garfield nontronite as an example (Manceau et al. 1998). Interatomic
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distances (R), p angles, Ncryst, Nﬂﬂ—, and Ni-ff for the successive atomic shells located at
increasing distance from Fe atoms are listed in Table 2. Examination of Figure 4 and
Table 1 and 2 shows that, in the context of phyllosilicates, P-EXAFS has the advantage of
preferentially canceling the contribution from Fe-Oct; pairs (N-eLff (Fe-(Fe, ALMg)) = 0)
while simultaneously selecting Fe-Tet; pair contributions (N;Lff {Fe-(Si,Al)) = 8.6) in the
normal orientation. Conversely, when the polarization vector is parallel to the film
plane, the Fe-Oct; contribution is preferentially reinforced (Nlelff =4.5), and the Fe-Tet;
pair contribution becomes small ( Nﬂf.{ =1.7). Thus, the residual Fe-Tet; contribution at a
= 0°equals 1.7 / 8.6 =20% of its amplitude at o. = 90° and, therefore, the Fe-Oct; pair
contribution can be isolated from the in-plane EXAFS spectrum by subtracting the
residual out-of-plane Fe-Tet; component This differential filtering of the Fe-Oct; and Fe-
Tet; contributions in P-EXAFS experiments enhances the precision on Noea.
Additionally, in the parallel orientation the total wave amplitude of g .ou(k) is
enhanced by 50% as compared to xiﬁ:’_om because Neg = 1.5 Noyst (Eq. 6). This
magnification of the electronic wave amplitude, completed by the filtering of the Fe-Tet;
pair contribution as described above, increases the sensitivity of EXAFS as a tool to
study the distribution of Oct-Oct and Oct-(Al,Mg) pairs in the octahedral sheet of layer

silicates.

Table 2. Angular dependence of atomic shell contributions for Garfield nontronite in
polarized EXAFS. After Manceau et al. (1998).

R(A) <> N eryst Nl \pet
O 1.97-2.04 57° 6 6.3 53
Fey 3.05 90° 3 45 0
(i, Al 3.26 32° 4 17 8.6
o, 345 11° 2 01 5.8
s 3.74.3.82 730 6 8.2 15
Os 4.03-4.21 37° 4 22 76
(Si, Al 4.49 52° 4 37 45
Fes 5.8 90° 6 9 0
Fes 6.10 90° 3 45 0
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Figure 4. Projection down c* of a dioctahedral layer silicate (one tetrahedral sheet is not
shown), and representation of the successive atomic shells around a central Fe
atom. Blank triangles are (Si,Al)O4 tetrahedra (Tet), black atoms are basal

oxygens, blank atoms are oxygens from the octahedral sheet, and grey atoms
are OH groups. Oct denotes either Fe, Al, or Mg.

Egs. 4 to 7 assume that individual platelets have their (001) basal surface
perfectly parallel to the film plane. If dispersion from this orientation occurs, N
determined from experimental P-EXAFS spectra (Nexats) would be intermediate between
Negrand Nyt leading to a diminution of the polarization dependence of the amplitude.
This reduction can be easily calculated in the case of a homogeneous distribution of the
tilt angles of atomic pairs around their average  value. Nexass is obtained from Eq. 2 by
integration over a range 0 < f, < 8 < B, where , and B, denote the minimum and
maximum polar tilt angles of § due to the misalignment of particles in the film (Figure
3b) (Stohr and Jaeger 1982).
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2x B2 2x B2

Nexats = Nerst f f 3 cos” Osin 6d6de / f f sin 6d6dQ ®)
0 Bt 0 Bl

which reduces to

cos [31 -cos BZ )]

cosf -cosB ,

Noats =Ny 1+ 2 Gsin? o (2012 P ©)

The influence of this disorientation on the polarization dependence of EXAFS
spectra was calculated for AR =8, - B, = 20° and 40°. Results are reported in Figure 5 in
the form of Nexats / Neyst as a function of a. Since a = 35.3° and B = 54.7° are magic
angles, Nexats = Neyst for all B and AP values when a = 35.3°, as well as all a values
when $ =54.7°. In the absence of disorientation, this figure shows that in-plane atomic
pairs are magnified by 1.5 in the parallel orientation (I\II(I,J(Ms / Neyst =1.5 for g = 90°
and a=0°), and out-of-plane atomic pairs are enhanced by 3.0 in the perpendicular
orientation ( N;a;s/N cryst =3 for B = 0° and a=90°), which is in agreement with Egs. 6
and 7.

The reduction of the polarization dependence is negligible for a disorientation
of the particles within the film plane of AB/2 = 10° (Fig 5a), but is observable when AB/2
= 20° (Fig 5b). The magnitude of this reduction varies with both p and «, and the
function A(Nes/Neyso.2o-=f(at,p) for AB/2 =20° is plotted in Figure 5c. We see that the
difference between the number of atomic neighbors (Nerye) and the amount detected by
EXAFS is maximum for B = 10° regardless of a, and is always greater in the
perpendicular than in the parallel orientation for a given B value. An important
conclusion is that the perpendicular orientation is much more sensitive to an imperfect film
texture than the parallel orientation, and that atomic pairs which are inclined by 10 to 30°
with respect to c* have, as a vesult, a diminished amplitude compared to other inclinations.
For instance, in the case of phyllosilicates Bg;=32° s0 that AN, ./Neyedo 2o = -0.22 for a =
90°, and since Neryst = 4 (Table 2), then Né'il is reduced from 8.6 (Table 2) to 7.7 (AN =
0.9). Likewise, A(N o4/ N,yo20 = 0.11 for @ = 0° and, consequently, Ngil is increased
from 1.7 (Table 2) to 1.7+(0.11x4)=2.1 (AN = 0.4) when AB/2 = 20°. The relative
variation of N, which is equal to (Neff - Nexas) / Neg, is about 10% at a = 90° ((8.6-
7.7)/8.6=0.11) and 23% at o = 0°. Concerning the Oct; shell, A(Ney5/N;ys)o.20 = 0.12 for
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Figure 5. a-b) Plot of Nexats / Neryst (dotted lines) as a function of the experimental a angle
for different p angles and for AR = 0° (Nexass = Neg, solid lines), 10° and 20°

(dotted lines). ¢) A(Nexass/Neryst)=f(c,B) function for Ap/2 = 20°. The difference
between the real number of atomic neighbors (Neyst) and the amount detected

by EXAFS (Nexess) is maximum for f = 10° regardless of a.
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a = 90° thus N;'el equals 0.12x3=0.36 in dioctahedral structures, and 0.12x6=0.72 in
trioctahedral structures instead of 0 (AN = 0.4 and 0.7), which corresponds to a relative
variation of 0.36 / 3=12%. At a = 0° the difference between Neg and Nexats for the Oct;
shell is as low as 4%. These values are within the range of precision on N classically
obtained from the least-squares fitting of EXAFS data (typically 10 to 20 %).
Consequently, self-supporting films in which the misalignment of particles is lower than
~ 1 20° can be treated, in a first approximation, as single crystals having a 3-fold or
higher symmetry axis (Manceau et al. 1998). One important consideration, however, is
that due to incomplete theoretical treatment, our calculations are only a first step and
assume a linear distribution of orientations from f, to B, when in fact texture
goniometry reveals that this distribution is Gaussian. While further theoretical
treatments should endeavour to incorporate the Gaussian orientation distribution of
bond vectors, only the magnitude of Nexats/Neyse and A(N /N, o, should be
affected. We suspect that the overall trends in orientation distribution will remain

unchanged.

METHODOLOGY
Obtaining the Out-of-plane EXAFSSpectrum

P-EXAFS spectrum in the parallel orientation y; (k,a=0°) can be readily
obtained by placing the film normal to the beam direction (Figure 6a). EXAFS spectra of
concentrated samples are measured in transmission mode on thin preparations of
typically 10 to 100 pum. For films, y(k,a=90°) is not experimentally measurable, but a
theoretical spectrum can be obtained from a linear regression analysis of angular
measurements at 0° < a € 60° as y, varies as cos2a (Brouder 1990; Heald and Stern 1977;
Manceau etal. 1988). The theoretical expectation is confirmed by the plot in Figure 6b.
The linearization procedure is particularly reliable because cos?0° =1 and cos260° =1/4,
which means that 75% of the variation range of this function is accessible by direct
measurement. Therefore extrapolation is minimized. Also, since x(k,a=90°) is
mathematically obtained following measurement of several spectra, statistical noise is
reduced and experimental errors of individual measurements are minimized. The
accuracy of the extrapolation can be assessed by comparing an experimental spectrum to
that recalculated from the regression analysis at a particular experimental angle. On a
Garfield nontronite film, Manceau etal. (1998) showed that the two spectra were nearly
identical.

81

Downloaded from GeoScienceWorld with access from at 193.54.110.45 on Apr 28, 2016, 7:40 AM.
(c) 1999 Clay Minerals Society



EXAFS spectra of more dilute samples are measured in fluorescence mode with
the detector placed parallel to E In this case, x(k,a=90°) can still be calculated by the
previous procedure, but can also be obtained experimentally by tilting the sample to
grazing incidence and by collimating or focussing the beam on the sample (Figure 6b).
This geometry cannot be adopted on all spectrometers as it requires a high brightness
source for collimation or a focused beam to preserve a high density of photons on the
diluted sample. In these situations it is possible to reach a grazing incidence of ~10°, and
thus to collect directly yx(k,a=80°), which is generally assumed to be identical to
x(k,=90°). At this angle the error on cos?a is only 3%, and is acceptable in regards to
the orientation distribution of individual crystallites off the film normal, which is at
best ~10° of half width at half maximum (see next section).

x{0=0°)

Garfield nontronite

r?=0.999
k=4.15A"

4 L i1 1
0 02 0.4 0.6 0.8 1

COSZI!

Figure 6. a) Measurement of angular spectra in transmission mode (left) and grazing
incidence (right). In both cases, the film is rotated around an axis

perpendicular to both the beam direction and E. b) Plot of k3x as a function of
cos2a which confirms the expected angular dependence of EXAFS spectra.

Texture of Self-supporting Films

Application of P-EXAFS to fine-grained layer minerals requires samples with a

high degree of preferred orientation of the constituent crystallites in order to accurately
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locate scattering atoms relative to the polarization direction. In polycrystalline films, ab
crystallographic planes of individual platelets are preferentially aligned parallel to the
film surface, but important deviations from this orientation may occur. This
distribution, in most cases for self-supporting films, adopts a Gaussian shape.
Obviously, the stronger the in-plane alignment, the larger the resulting angular
anisotropy of P-EXAFS spectra, and it is important to know the true misalignment of
particles for the quantitative analysis of P-EXAFS spectra because equation (5)

necessarily assumes a perfect orientation.

Self-supporting films also differ from single crystals by the orientation of
crystallites within the film plane. The a and b axes of crystallites are a priori randomly
oriented around the normal to the film plane, and the film is expected to exhibit a
cylindrical axis of symmetry perpendicular to the film plane. However, this assumption
requires verification at least once for each of the different families of layered compounds
investigated by P-EXAFS because equation (2) is derived from (1) by averaging the

azimuth angular dependence of Ry, i.e. by assuming a C, axis about the film normal.

These considerations lead to the conclusion that accurate determination of the
orientation distribution (OD) of crystallites in the film is necessary to quantitatively
interpret P-EXAFS spectra. The OD is generally measured by diffraction (with X-rays in
our case) using a four-circle diffractometer (Schulz 1949; Wenk 1985). The experiments
involve measuring the so-called {hkl} pole figures, relative to the specific {hkl} equivalent
crystallographic planes of the material. The diffractometer has three rotation
movements : the Bragg angle (8,,)), theazimuth (), and colatitude (p) rotations (Figure
7a). After having fixed 6, for the sample (and 26, for the detector) so as to obtain
diffraction from the {hkl} planes, all crystallites are brought successively into a
diffraction position by rotating the sample around p and ¢. For each (p,9) position the
diffracted intensity, I, (p¢), is proportional to the number of {hkl} planes which are in
the (—p,-¢) orientation in the sample. Figure 7b illustrates, by looking down on Figure
7a, how individual crystallite planes of orientation (-p,0) are brought into a diffraction
position by a p rotation. In this figure, only the black {hkl} planes diffract for the given

0, angle.

Once diffracted intensities have been measured for all possible (p,g) positions,
they are projected onto the sample plane using an equal-area projection for qualitative

visual representation and subsequent quantitative analysis of the textural order of the
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Figure 7. X-ray diffraction reflection geometry used for texture analysis. a): A {hkl} pole
figure is measured for a fixed 6,,, while the sample is rotated by p and ¢

(both conserving 6,,). b): Side view of (a) showing how individual
crystallographic planes within the film are brought to a diffraction position by

a rotation of p.

sample. Imagine an extreme case of a sample composed of one single crystal aligned
with its main crystallographic axes [100], [010], and [001], respectively, parallel to the
macroscopic XYZ reference frame (Figure 8a, left). The corresponding theoretical {001}
pole figure (right) consists ‘of restricted high intensity regions where the normals to the
(001), (100) and (010) crystallographic planes ([001]*, [100]* and [010]*, respectively)
are located. The normal to the slab corresponds to the [001] direction of the crystal, and
is in the center of the pole figure (parallel to the Z axis), which indicates that ab planes of
the crystal are parallel to the XY slab plane. The other [100] and [010] directions are
parallel to X and Y respectively. An inclined direction, [111] for instance (Figure 8b),
would be represented by a pole at p =55.35° and ¢ = 45° (for a cubic crystal system) in
the pole figure frame. These two pole figures could have been obtained on a
polycrystalline sample with all crystallites perfectly aligned as previously. On the other
hand, for a sample having its [100] and [010] directions randomly distributed around
the Z axis (axisymmetric texture, Figure 8c), one would obtain rings of high diffracted

intensities at the corresponding p angles.
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Figure 8. a) Definition of the projection plane for a pole figure, with respect to sample
coordinates (left) and schematic {001} pole figure in the case of a single crystal
with cubic symmetry with main axes oriented parallel to the sample frame
(right). b) [111] crystalline direction for the single crystal (left) and its
localization on the pole figure frame (right), not shown here are the other
equivalent crystal directions for a cubic crystal symmetry. ¢) Same as in b) for
a set of crystals randomly oriented around Z with [001] directions parallel to
Z (<001> fiber texture), the pole figure exhibits rings for all directions at the

corresponding p value.

In order to compare the texture strength of different samples independently
from their porosity or from the presence of ancillary phases, etc, it is necessary to

normalize the diffracted intensities into Py (p,9) pole densities. Pole densities are
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expressed in mrd, or multiple of a random distribution, and are equal to 1 mrd for a
random sample whatever hkl and (p,¢), while pole figures of oriented samples will
exhibit values above and below 1 mrd. In layered minerals, only a few hkl reflections
are accessible to the experiment because of poor (or lack of) 3D periodicity, high d-
spacings (0, is often too low to ensure constant sample irradiation), and systematic
extinctions. These limitations prevent the measurement of a sufficient number of pole
figures to ensure that all texture components are revealed, though information on all
components is present in all pole figures. The measured diffraction peaks generally
derive from several overlapping reflections, which result in multipole figures of complex
direct interpretation. It is then absolutely necessary to calculate the complete OD from
these multipole figures to obtain a quantitative description of the texture. Once the OD is
determined, every desired non-overlapping single pole figure can be recalculated. The

OD is generally refined by an iterative method, which minimizes the reliability factors,
RP:

(10)

—

RP -1 Z P €9) - PRt (o)
{ & Poi(ow)

where PP and P refer to the observed and recalculated normalized intensities of pole
figures. RP factors depend on the texture strength and, consequently, make comparison of
the quality of the refinement between samples somewhat ambiguous. This drawback can
be eliminated by introducing weights (w), which incorporate the regular statistical

distribution of the measured (obs) and recalculated (calc) diffracted intensities I,(p ).

2
bs obs cale cal
2 Wikt Thki(P9) - Whia [kl ©9)

(11)

2 2
wit IR e

The overall texture strength is quantified with the texture index F2 (Bunge 1981)

F - B%E[f(g)}zzsg (12)
g
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where f(g) is the orientation distribution function representing the orientation

distribution of the constituent crystallites, and Agis the OD cell volume.

It will be shown in the next section that with smectitic clays it is possible to
prepare self-supporting films in which the crystallite dispersion has a half width at half
maximum (HWHM) of ~10°. In this condition, the dispersion of ¢* axis around the film
normal can be neglected and Nexars = Negr as shown in the EXAFS section.

APPLICATIONS
Dioctahedral Clay Structures

Experimental-normalized and OD-recalculated multipole figures for Garfield
nontronite are presented in Figure 9a. OD-recalculated patterns look very similar to
those obtained experimentally, and provide an assessment of the reliability of the texture
calculation. The {113} and {11 3} reflections of the {004/113/11 3} overlap appear as a
maximum on a ring at about p = 42°, highlighted by a dashed circle. This value is
consistent with the crystallographic structure of nontronite since the angle between (004)
and (113) equals 38.7°, and the angle between (004) and (11 §) equals 46°. The texture
index F2is as high as 60.9 mrd?, and the reliability factors RP; and Rw; (for density
values above 1 mrd) are equal to 10.8% and 5.8%, and RP¢and Rwy (for all densities) to
17.8% and 8.1%. Rw weighted factors are lower than RP because they are less dependent
on F2. The relatively higher values obtained for Rp compared to R; are explained by the
poorer diffraction to background ratio of the oblique reflections. All these values are
fairly low, and compare favorably with recent results obtained on compounds having a
similar texture strength (Chateigner etal. 1997, Wenk et al. 1996).

The {020/110} and {200/130} multipole figures form regular rings of iso
intensities, which means that 4 and b axes are randomly distributed in the sample plane.
Note that the orientation distribution of # and b axes can only be determined from
oblique reflections because {001} pole figures have obviously no sensitivity to the
orientation of crystallites in the perpendicular [100] and [010] directions. This result
indicates that the distribution of crystallites is axisymmetric with the symmetry axis
parallel to the film normal. This texture is called a ‘<001>* fiber texture’. The pole
figures lack any other textural component, and as such the assumption made in

generating Eq. 3 applies to self supporting films of layered minerals.
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Figure 9. a) Experimental normalized and OD-recalculated pole figures (upper left to
lower right in successive order) for Garfield nontronite. Experimental pole
figures are satisfactorily reproduced by the computation. The dashed circle on

the {004/ 113} pole figure represents the {113} trace. Due to the turbostratic
structure of smectites this latter reflection has a very low intensity on the
powder XRD pattern of nontronite, and appears as a scattering background in
the prolongation of the 020 reflection. in {020/110} and {200/130} pole figures,
zones of iso densities form regular rings, which indicates that the film

possesses a <001>* fiber texture. The intensity of {1 l; } in the {004/ 115} pole
figure is 15%.

b) Non overlapped {001} recalculated pole figure and integrated p scan of
the previous pole figure showing the angular dispersion of ¢* for the
individual crystallites. The 1 mrd density level is represented by an
horizontal dashed line.
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The {004/113/11 3 } multipole figure does not reveal the maximum density of
the OD since it corresponds to an overlap of reflections, nor does it allow for a clear
visualization of crystallite dispersion within the film since individual reflections of the
overlap are not located at exactly the same p angle. The {001} single pole figure was thus
calculated from the OD (Figure 9b, left). A comparison of Figure 9a and 9b shows that
the central spot is smaller for the single {001} pole than for the {004/113/11 5} pole
figure as a result of the overlap deconvolution. The maximum orientation density
reaches 39 mrd. To our knowledge, this is the first report of such a high texture for
monoclinic self-supporting films. Since the film has a fiber-like texture, the full
distribution density can be simply represented by a radial section of the pole figure
(Figure 9b, right). The p scan of Figure 9b has been obtained by averaging the {001}
densities over all ¢ angles for each p value. Examination of this figure shows that the
maximum dispersion of ¢* axis is ~26°, as beyond this value the orientation density
vanishes. The full width at half maximum of the crystallite dispersion is equal to 19.8°,
and p; at the 1 mrd density level is 23°. We can thus consider that the out-of-plane
distribution of thec* axis for individual crystallites within the film is negligible (~10°)
and, consequently, the difference between N.# estimated from the crystallographic
structure assuming an ideal texture, and its real value experienced by P-EXAFS, Nexass,
can be ignored.

k3-weighted P-EXAFS spectra recorded in transmission mode for the Garfield
nontronite film are shown in Figure 10. The 90° spectrum has been calculated using the
linear regression method described in the methodology section. Of particular
importance in these spectra are isosbestic points where (k) is independent of a. The
presence of these points indicates a high homogeneity in sample thickness and provides
good evidence that differences observed in the spectra are due to orientation effects
alone. Additionally, the large dependence upon polarization in regions between
isosbestic points is consistent with the successful preparation of a highly oriented clay
film. Accordingly, the observed changes in amplitude can be safely interpreted in terms
of structural properties.

Radial structure functions (RSFs) obtained by Fourier transforming k3-and k-
weighted P-EXAFS spectra are shown in Figure 11a and 11b. The structural nature of
RSFs peaks was determined by ab initio FEFF calculations (Rehr et al. 1991) performed
on a nontronite cluster modeled from valence-distance least squares methodologies
(Manceau etal. 1998). Theoretical Fourier transforms obtained for a = 0° and 90° are
contrasted to experimental data in Figure 12 The position, amplitude and phase
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Figure 10. k®-weighted Fe K-edge polarized EXAFS spectra for Garfield nontronite at a
angles of 0°, 20°, 35°, 50° and 60°. The 90° spectrum has been obtained by

regression of the experimental amplitude (see text). The amplitude of ¥
decreases with increasing a at 8.5 A, and increases with o at 4 A-1. Note the
presence of isosbestic points where y(k,a) is independent of a.

(imaginary part) of all contributions are quantitatively reproduced to a high degree of
accuracy for the two orientations up to ~ 6 A. It is important to emphasize that this
spectral match betweenab initio simulations and experimental data was obtained with
virtually no adjustment. Only Debye-Waller (o) parameters were adjusted to values
reported in the literature for clays (Manceau et al. 1988; Manceau et al. 1990; Manceau
and Calas 1986; O'Day etal. 1994). This quantitative agreement indicates that P-EXAFS
spectra are insensitive to a slight dispersion of the ¢* axis of individual crystallites off
the film plane and, consequently, that this film sample can be regarded as a single

crystal for P-EXAFS experiments.

Peak A corresponds to the ligation O,OH shell (Oy, Figure 4), and the flattening
angle (Bailey 1991) of the Fe(O,OH)s octahedron can be calculated from the angular
dependence of its amplitude (Manceau et al. 1998). In the in-plane orientation, the
contribution from Fe; atoms at the crystallographic R distance of R =
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Figure 11. a)-b) k® and k-weighted Fe K-edge polarized RSFs for nontronites at a angles
of 0°, 20°, 35°, 50°, 60°, and 90°. The amplitude of peaks A, B and E decreases

with increasing a. ¢) Comparison of k-weighted RSF for Garfield nontronite at
a = 0° to the same RSF obtained after subtraction of the Fe-Tet; contribution.

3.05 A is enhanced (Nlelff = %Ncrystsi.nzﬁ = 4.5), and peak B yields an apparent

distance (i.e. not corrected from the phase shift function) of R + AR = 2.8 A. In the out-of-
plane orientation the contribution from the octahedral sheet is cancelled

(Nt = MNeyotc0sB = 0), and that of the Tet; shell at R ~ 3.26 A is maximized
( Njff =3N C,ystcoszﬁ = 8.6, Table 2). Accordingly, peak B gradually shifts from R +
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Figure 12. Comparison of experimental (solid line) and FEFF Fourier transforms (dotted

line) of Fe K-edge EXAFS spectra for Garfield nontronite obtained at o = 0°
and 90°.

3.05 A is enhanced (Nlelff = %Nc,ystsinzﬁ = 4.5), and peak B yields an apparent

distance (i.e. not corrected from the phase shift function) of R + AR = 2.8 A. In the out-of-
plane orientation the contribution from the octahedral sheet is cancelled
(Ni-ff = 3Nc,ystcoszﬁ = 0), and that of the Tet; shell at R ~ 326 A is maximized
(Ni'ff =3N crystcoszb = 8.6, Table 2). Accordingly, peak B gradually shifts from R+ AR =
2.8 A t0 2.9 A with increasing a. Peak D originates from the next-nearest tetrahedral
shell (Tety), while peak E originates from both the next nearest octahedral shell (Octy)
and third nearest tetrahedral shell (Tets) (Figure 4). Another peak, labeled C in Figure
11b, is observed for a =0° when the Fourier transform is performed on ky(k) instead of
k3x(k). This peak corresponds to the Oj shell (Table 2). Figure 11b compares the k-
weighted RSF at a = 0° to that obtained after subtracting the residual Tet; component as
explained in the theoretical section. Examination of Figure 11c clearly shows that the
elimination of the tetrahedral contribution, combined with differential k-weighting,
results in better resolution of the Fe-Oct; and Fe-Os components, simply because the Tet;
shell lies at intermediate distance (Table 2). This analysis illustrates the improved
spectral discrimination procured by angular measurements. Peak B in Figure 11c only
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arises from the contribution of octahedral cations (Xg.ou). and least squares analysis
permits calculation of Now; with an enhanced accuracy, thus improving the precision of
the method for studying the statistical distribution of cations within the octahedral sheet
of smectites of various elemental compositions (Manceau etal., 1999a).

Trioctahedral Clay Structures

In Figure 13 are contrasted the RSFs for a trioctahedral mica (#B13 in Manceau
et al. 1990) and for the Garfield nontronite. Comparison of the amplitudes obviously
shows lower A and B peaks in biotite compared to nontronite, despite the presence of 6
nearest octahedral cations in biotite vs 3 in nontronite (Figure 2b). This effect partly
results from a difference of static disorder between the two phyllosilicates. The
composition of this biotite sample is (SiggAlyq) (FepsFe3sAl1oMg11TiosMngyLigy)
K.5O.5(OH, F), (Sanz et al. 1984), and the complex chemical composition of the

octahedral sheet, as well as Fe** for Fe?* substitutions, produce octahedral distortions.
As aresult, M1 and M2 sites are not regular and do not have similar dimensions. This
distortion extends to nearest Fe-Oct distances, which were found to vary from 297 to
313 A in the 1M biotite from Ruiz Peak, New Mexico (Takeda and Ross 1975). In
nontronite, the Fe-Fe; distances are all equal to 3.05 A, and the difference in coherency of
the metal-metal distances between nontronite and biotite partly accounts for the
different amplitudes observed for peak B. As explained previously, the mixing of Mg
and Fe atoms in the nearest cation shell also decreases the amplitude of peak B in biotite
owing to the phase contrast between Fe and Mg atoms.

Inspection of Figure 13a shows that the RSF for biotite exhibits three additional
peaks, labeled F, G, and H, not observed for nontronite. These three peaks exhibit a very
strong dichroic dependence: peaks G and H are observed at only 90° and 0°,
respectively, and peak F is strongly diminished at a =0°. Peak G was identified by FEFF
simulations as arising from the (Si,Al); shell at 5.4 - 5.5 A, and from interlayer K at
5.30A (B =19°, Takeda and Ross 1975). This peak is shifted to shorter distance in Na-
nontronite (Figure 13b) as a result of theshorter Fe-Na distance (5.12A). The intensity of
this peak is decreased for at least four reasons: (i) Oct-(Si,Al); distances are more
incoherent in dioctahedral structures, (ii) Na is a weaker scatterer, (iii) Fe-Na and Fe-
(Si,Al); waves are nearly out of phase (AR ~ 0.3A), and (iv) the nontronite has a lower
layer charge resulting in less interlayer Na involved in scattering processes. Unlike peak
G, peaks F and H originate from atoms located within the layer framework, and are
much more sensitive to the di-, trioctahedral character of the octahedral sheet.
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Figure 13. a) k®>-weighted RSF for biotite at o = 0° (full line) and 90° (dotted line). b-c)
Comparison of k>-weighted RSFs for Garfield nontronite (full line) and biotite

(dotted line).

Peak F (Figure 13) corresponds to the contribution of the O, shell of the
tetrahedral basal plane (Figure 4). As illustrated in Figure 14, basal oxygens are at the
same z position in trioctahedral structures, and thus form an identical $ angle of 37° in
biotite (Takeda and Ross 1975). In addition, the Fe-O, distances are coherent in
trioctahedral structures (~4.15 -4.20 A), and these two factors enhance the contribution
of basal oxygens in the out-of-plane orientation. In dioctahedral structures, the O, atoms
undergo a vertical displacement to relieve the misfit between the octahedral sheet and
the attached tetrahedral sheet (Lee and Guggenheim 1981). This corrugation of the
oxygen basal plane modifies the f angle, and splits the Fe-O, distances causing the
disappearance of peak F in the experimental RSFs of nontronite (e.g. in Garfield
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nontronite d(Fe-O,) =4.03 - 4.21 A, Table 2). This analysis infers that vacant octahedral
sites can be indirectly detected by analyzing the out-of-plane structure of phyllosilicates.
In our opinion. dioctahedral and trioctahedral layer silicates can be more reliably
differentiated on the basis of this intrinsic structural criterion rather than by a curve
fiting determination of the number of nearest neighbor Me-Me pairs as discussed in the
first section of thus chapter.

Tnoctahedral structure

2, Docaheoral structure

Figure 14. Representation of the biotite and nontronite structure projected down [100].
Trioctahedral structures have a flat basal plane, whereas dioctahedral
structures are corrugated.

In the biotite RSF (Figure 13), peak H is located at twice the distance of peak
B (R + AR = 5.8 A), and thus corresponds to the third Fe shell (Fe)) at R = 6.2 A. It is
interesting to note that the more distant Fe; shell has a similar amplitude as that of the
Fe, shell at R =53 A (peak E. Figure 13a). Since the amplitude of the EXAFS signal
decreases as 1 / R? the Fe, shell contribution would be expected to be diminished by
25%. In addition, interatomic distance calculations for biotite (Takeda and Ross 1975)
shows that Fe - Fe, distances are much more incoherent (6.10 A <R <6.26 A) than Fe - Fe,
distances (R = 5.33 A). Thus, the greater disorder of the third Fe shell also lessens the
intensity of Fes relative to Fes. Ab initio FEFF calculations showed that peak H is in fact
amplified by a shadowing (focusing) multiple scattering (MS) effect between colinear
octahedral cations (Manceau et al. 1998, O'Day et al. 1994). The MS effect between
outgoing and backscattered photoelectron waves, when pairs are aligned, increases the
peak amplitude above that expected for a single outgoing and backscattering event. The
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two most intense scattering pathways (Figure 15) arise from Oct — Oct; — Oct 3 — Oct
or inverse Oct — Oct ;— Oct; — Oct third-order (x3) paths, and from the Oct — Oct ,
— Oct 3 = Oct, — Oct or inverse fourth-order (y4) path, where Oct is the central atom,
Oct] belongs to the nearest cationic shell at 3.0 -3.1 A, and Oct3 to the 3rd shell at 6.0 -
62 A (Figure 15a). Oct; < Oct <« Oct; %3 and y4-paths, in which the central Oct also
actuates as a scatterer in the focusing geometry, are comparatively less intense. Figure
15b shows that none of these paths exist in dioctahedral structures as a resuit of the
vacancy of one of the three octahedral sites involved in the focusing effect. The three Oct,
atoms at twice the Oct-Oct, distance are separated from the central Oct atom by a
vacancy site and, thus, their contribution is expected to be weak. This is precisely what is
observed in Figure 13c where the intensity of peak H for Garfield nontronite is zero. As

Trioctahedral structure Dioctahedral structure

Figure 15. Distribution of cations in di- and trioctahedral sheets, and representation of
most intense 3 and x4 multiple scattering paths. Dioctahedral sheets have no

Oct-Oct1 -Oct3 sequences and, consequently, the intensities of 3 and x4 MS

paths are very low.
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for the tilt of the basal Oy shell, this second criterion for differentiating dioctahedral
from trioctahedral structures can also be applied to powder EXAFS spectra. However,
the sensitivity of polarization experiments is greater because of enhanced magnification
of the octahedral sheet contribution in the parallel orientation. This increased sensitivity
may be important for the study of clays with an intermediate di-, trioctahedral
structure, ie. for detecting the presence of small trioctahedral clusters within a
dioctahedral framework (Manceau et al., 1999b).

Phyllomanganates

P-EXAFS experiments have been performed on monoclinic Na-exchanged
birnessite (NaBi), on hexagonal H-birnessite (HBi) obtained by the low pH
transformation of NaBi (Silvester et al. 1997), and on Co?*-sorbed (pH 4) hexagonal
birnessite (CoBi) (Manceau etal. 1997). The structure of monoclinic birnessite consists of
edge-sharing MnOs octahedral sheets, with an average structural formula of
Nao_soMn(z)Bs (Mng.fMMnﬁ'zl T4 05)0 .4 0.05)0~2, where @ denotes vacant structural sites
(Figure 16a). Octahedral sheets contain Mn®*rich rows parallel to [010], which are
separated from each other along [100] by two Mn?** rows. The layer charge originating
from Mn3* for Mn4+ substitutions is predominantly compensated by exchangeable
interlayer alkali or alkaline earth cations, but also by Mn2*. The average structural
formula of HBi at pH5is MngosMngi16(Mng5sMngags? o167 JO1.7(OH)gs  (Drits et al.
1997b; Silvester et al. 1997). In contrast to the monoclinic form, HBi contains a
considerable amount of octahedral vacancies, and its interlayer is devoid of
exchangeable cations. Instead, corner sharing Mn?* and Mn?* octahedra are located

above or below vacant sites (Figure 16b).

Polarized-RSFs for the various phyllomanganate samples are shown in Figure
17. The peaks labeled A, B, and C for NaBi and HBi correspond to the interactions
between Mn-O, Mn-Mn; (edge-sharing octahedra), and Mn-Mn; (corner-sharing
octahedra), respectively. The absence of peak Cin NaBi is consistent with the absence, or
scarcity, of corner-sharing octahedra in the monoclinic form, where manganese
octahedra are almost exclusively edge linked (Figure 16a). Mn and Co K-edge P-RSFs
for CoBi are similar, indicating that Mn and sorbed Co both fill layer and interlayer
positions as represented in Figure 16c. Interestingly, in CoBi, Co?* was shown to be
oxidized by Mn3+ rather than by Mn#*, and Co3* then occupies layer and interlayer
positions whereas non oxidized Co?* remains sorbed above or below layer vacancy sites
(Figure 16c) (Manceau etal. 1997).

97

Downloaded from GeoScienceWorld with access from at 193.54.110.45 on Apr 28, 2016, 7:40 AM.
(c) 1999 Clay Minerals Society



a Monoclinic Na-birnessite
.~ &0 'banb :'4.1’3 v .
c Co-sorbed birnessite

My Col b Colt e i Cabs, 3,10, HOM)

b H-birnessite
M e s el 0, o,

Figure 16. Idealized structures for monoclinic Na-exchanged birnessite (a), hexagonal H-
rich birnessite (b) and Co-sorbed hexagonal birnessite (c). Structural formulae
are written on a per octahedron basis. For c) projection in the ab and be plane
After Silvester et al. (1997) and Manceau et al. (1997).
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Figure 17. Polarized RSFs for NaBi (a), HBi (b), and CoBi (c,d). The 90° spectra have been
calculated as discussed in the text.
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Perfect orientation of crystallites within the various birnessite film
preparations should result in a 90° spectrum in which there is no contribution from
edge-sharing interactions (peak B), since under these conditions the electric field vector
and the layer plane are orthogonal. Examination of Figure 17 shows that perfect parallel
orientation of individual microcrystals within the film was never achieved for this
group of minerals. The disorientation of microcrystals can be estimated from the
reduction of amplitude of peak B upon changing the measurement angle from a =0° to a
=90°. This reduction amounts to 30% for NaBi, 54 % for HBi, and 55% and 60% at the
Mn and Co K-edge of CoBi. Note that for CoBi, Co and Mn K-edge measurements
logically provide very similar values, the small differences being attributed to some
unidentified systematic effects. Figure 18 shows the {001} normalized pole figure for
CoBi, with its corresponding p scan. The only orientation component is the <001> fiber
texture, a now common observation for self-supporting films. But the maximal
orientation density for this sample is fairly low (7.5 mrd) compared to Garfield
nontronite (39 mrd, Fig 9), and the FWHM of the distribution of orientation is 32.2° of
FWHM instead of 19.8° for Garfield. This difference accounts for the residual
contribution of peak B in the normal orientation.

W0 80XV 00 0®N
o

Figure 18. Experimental (001) pole figure and integrated p scan showing the angular
dispersion of ¢* for the individual crystallites. The 1 mrd density level is
represented by an horizontal dashed line.
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Despite the poorer orientation of birnessite platelets within the film plane,
critical information about the oxidation state of interlayer Mn and Co species in
hexagonal birnessites can be obtained from the angular dependence of peak C (Figure
17). In CoBi, peak C decreases in amplitude as a increases, which indicates that § >
54.7°. It is reasonable to assume that the § angle depends inversely on the size of sorbed
cations, since larger ionic radii result in greater Mn-Oct; distances and, consequently,

lower B values. So f should increase in the following order :
Mn?* (0.83 A) <Co? (0.745 A) =~ Zn?* (0.74 A) <
Mn®* (0.645 A) <Co® (0.545 A) <Mn** (0.53 A).

Since 3 = 53.5° in chalcophanite (Post and Appleman 1988; Wadsley 1955), it is likely
that cations smaller than Zn would have a larger § value. Thus, a § value larger than
54.7° for CoBi points to the presence of Co®* in the interlayer, because for Co?* the § angle
is expected to be similar to that of chalcophanite. Similarly, the angular dependence of
peak Cat the Mn K-edge of HBi and CoBi indicates that the ionic radius of Mn located at
vacant sites is, on average, smaller than that of Zn?*. The majority of manganese cations
at these sites must therefore be Mn3* or Mn#* rather than Mn2*, which is consistent with
structural formulae (Figure 16). Also, if NaBi contained interlayer Mn2+ at vacant sites,
Mn-Mn corner-sharing interactions would have been maximized in the 90° RSF since the
ionic radius of Mn2* is greater than Zn?+*. The absence of peak C in the 90° RSF allows us
to conclude that there is very little, if any, corner-sharing manganese in NaBi. Clearly,
any interlayer Mn2* in NaBi does not sorb above or below lattice vacancy sites and must

therefore occupy other specific interlayer sites.
CoOOH

Heterogenite (CoOOH) is a naturally occurring lamellar hydrated cobalt oxide
(Hey 1962) of which two polytypes, 3R and 2H, have been described in the literature
(Delaplane et al. 1969; Deliens and Goethals 1973). Two synthetic 3R samples (S1, S2)
with different crystallinities have been studied by X-ray diffraction (XRD) and P-
EXAFS. InFigure 19a it is seen that S1 and S2 have very similar XRD peak positions, and
consequently unit cell parameters, but contrasting peak widths. Sample 52 has broader
and weaker 10! reflections than S1, indicating a decrease of the three-dimensional (3D)
ordering as a result of the presence of stacking faults and a decrease of the size of
coherent scattering domains (CSDs) in the ¢ direction. XRD patterns were simulated
using structural parameters of the 3R polytype (Delaplane et al. 1969), and the nature

and amount of crystalline defects were determined by using the mathematical
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formalism described by Plangon (1981), Sakharov et al. (1982a; 1982b), and Drits and
Tchoubar (1990). CSDs were assumed to havea disk-like shape of diameter @ in the ab
plane, and their size distribution along the ¢ axis was quantified by two parameters, the
average (Nmean) and maximum (Nmax) number of layers (Reynolds 1989). The proportion
of random stacking faults (Wg) in between adjacent 3-layer units was also determined. A

4397A744174
23134723154

1976 A 711979 A
1.801 A /1.803 A

14974714994

14274

. s
15 20 25 30 35 40 45 50 55 60 65 70 75 80
Position (°26CoKa)

40 45 50 55 60 65 70 75 80
Position (°26CoKa)

Figure 19. a) Experimental XRD pattern of synthetic CoOOH and indexing in a three-
layer hexagonal unit cell (3R). a =2.850 A, c=13198 A, y =120° for S1 and
a=2855A, c=13.200 A, y =120° for S2. When two d(hkl) values are given
they refer to samples S1 and S2, respectively. b) Comparison between
experimental (dots) and calculated (solid lines) XRD patterns. Only 10! lines
were calculated. For S1, Nmean = 3, Nimax =12, @ =270 A, Wr = 0%, and the
proportion of Co vacancies is 15%. For 52, Nmean = 2, Nimax =5, & = 100 A Wi=

45%, and the proportion of Co vacancies is 8%. N is the number of 3-layer
units stacked coherently.
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good agreement between theory and experiment was obtained for S1 by assuming Nmean
=3, Nmex =12, ® =270 A,_WR = 0%, and 15% of octahedral vacancies. For S2, optimal
values were Niem = 2, Nipax =5, @ =100 A, Wr = 45%, and 8% of vacant sites (Figure
19b). These results indicate that S2 possesses a very defective structure both in the layer
plane and in the perpendicular direction. In this sample, the probability of random
displacement of two adjacent 3-layer units is as high as 0.45.

KA

Figure 20. k>-weighted Co K-edge P-EXAFS spectra for S1 and S2 at o angles of 0°, 20°,
35°, 50° (only for S1), and 60°. The 90° spectrum has been calculated using the

method described in the text. ). The amplitude of % decreases with increasing

aat5.9,7.3,9.2,10.4 A1l Note the presence of isosbestic points where x(k,a) is
independent of k.
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Figure 21. Co K-edge P-RSFs for 51 (a) and 52 (b) at o angles of 0°, 20°, 35°, 50° (only for
S1), and 60°, derived from the EXAFS spectra shown in Figure 20. The 90°

spectrum has been calculated. ¢) Comparison of S1 and S2 RSFs for a = 0°,

35°, and 90°. The amplitude decreases with increasing a.

Co K-edge P-EXAFS spectra and P-RSFs for the two CoOOH films are shown in Figure

20 and 21. A large angular dependence upon polarization is observed for the two

samples, but it is more marked for S1. RSFs exhibit two major peaks denoted A and B at

R+AR ~ 1.6 and 2.6 A. Peak A corresponds to the contribution of Co-(O,OH); atomic
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pairs, and peak B to Co-Co pairs across octahedral edges (Figure 22). As for birnessite,
perfect orientation of CoOOH layers should result in an out-of-plane spectrum in which
there is no contribution from Co-Co layer pairs. In the heterogenite samples studied, the
P-RSFs indicate that this contribution is not completely cancelled, most obviously for S2
(Figure 21b).

S ,“ \,

8 Q— — 4 \
B
\ ___,O

A o o )

Figure 22 a) Schematic 3D structure of CoOOH with interlayer Co-O and Co-Co
interactions at 3.81 A and 4.68A, respectively. b) projection of the 3R CoOOH
structure down a. Open circles are atoms at ta/2, dark circles are atoms at
a=0. ¢) Schematic 3D representation of the -AB-B stacking of layers. Only
lower O,OH sheet of the upper layer is shown. Dotted lines connect nearest
O.OH of adjacent layers to display the prismatic stacking of the 3R polytype.
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Examination of Figure 21c shows that 52 has a lower Co-Co; peak amplitude
than S1 at a =35°. Since o =35° is a magic angle, this difference does not originate from
texture effects, but instead, results from differences in short-range order around Co in the
two samples. The diminished amplitude of the S2 peak indicates a decreased coherence
of observed Co-Co pairs. This result is consistent with the reduction of the CSD size in
the ab plane measured by XRD for S2 (100 A) compared to S1 (270 A), although EXAFS
and diffraction are not sensitive to the same distance scale. Co-(O,OH); peaks have a
similar amplitude, which means that the disorder of layers observed on Co-Co pairs
does not significantly modify the symmetry of Co(O,0OH)g octahedra. Further inspection
of Figure 21c shows that S1 and S2 P-RSFs differ at R + AR = 4.4 A for a = 90°. The
prominent peak (D) observed in this orientation for S1 is absent for S2, and indicates
that the two samples also differ in their out-of-plane structure. Owing to the possible
importance of MS paths in this high R region (Manceau et al. 1998; O'Day et al. 1994),
theoretical simulations are needed to interpret structurally this spectral dissimilarity.

P-EXAFS spectra for an ideal 3R CoOOH cluster were calculated ab initio by
using the FEFF6 code (Rehr etal. 1992). All single scattering (SS) and MS contributions
up to 8.4 A from the central Co atom were computed. The total number of scattering
paths is very large but only a small subset proved to be needed to completely reproduce
the EXAFS features. The cut-off in magnitude of paths was set to 6% of the mean
amplitude -of the first backscattering shell. The many body reduction factor, 502, is
mostly independent of a (Bauer et al. 1996; Lederer et al. 1993) and was set to 0.85
(O'Day et al. 1994) for all spectra. The amplitudes of theoretical and experimental P-
RSFs peaks for a = 35° were adjusted by optimizing Debye-Waller oj values. A
minimum number of four ¢j values proved necessary to yield a good match between
theory and experiment: ¢ = 0.053 A for Co-(O,OH), 0.059 A for Co-Coy, 0.07 A for SS
paths of more distant shells, and 0.08 A for all MS paths. Note that o of SS paths
logically increases off the central atom.

Experimental and theoretical Fourier transforms (modulus and imaginary
part) at & =35.3° are contrasted in Figure 23a. This Figure shows that the four adjusted
o values sufficed in reproducing the experimental Fourier transform with a high degree
of accuracy. The contributions from second (),) and third + fourth (x;.,) order paths in
the full RSF are compared in Figure 23b. The calculation of individual path
contributions showed that RSFs are dominated by SS paths, MS being only significantly
present in the R + AR = 5.3 A region. This long distance E peak arises from focusing
scattering paths between layer Co atoms as has been discussed previously for
phyllosilicates (Figure 15a), and should be more sensitive to the in-plane crystallinity
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than the first Co peak (B) located at much shorter R + AR distance (2.6 A). This is
precisely what is observed experimentally since at o =35° peak B is 25 % less intense in
S2 than in S1, while peak E is halved in S2 compared to S1 (Figure 21c). Consequently,
this multiple-scattering analysis provides additional evidence to the loss of structural
order within S2 layers, and this result is in perfect agreement with the reduction of CSDs
observed by XRD.

FT(k3y)

600

400

200

FT(k3)
o

-200

-400

-600

5 6
R + AR (A)

Figure 23. a) Comparison of S1 (solid line) and FEFF (dots) Fourier transforms for o =
35°. The envelope curves are the magnitude of the transforms (RSFs) and the
fast oscillatory curves are the imaginary parts of the transforms. b) Fourier

transform deconvolution of the relative contributions of single (xp, dotted
line), multiple (x3_4, half-dotted line) and total (¥, solid line) scattering-paths
calculated by FEFF for a =35°.

P-RSFs computed for a=0°, 35°, and 90°, and the relative amplitudes of x, and

¥s.4 Scattering pathways are presented in Figure 24. Figure 24a shows that the angular
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dependence of P-RSFs observed experimentally (Figure 21a-c) is reproduced by FEFF
calculations. As expected from the cos?a dependence of 7, the first Co-Co peak is zero at
0.=90° in the FEFF calculation. The nature of peaks C and D (Figure 21¢) was determined
by calculating the Fourier transforms of x, and x,_, for both normal and perpendicular
orientations (Figure 24b,c). The calculations showed that these peaks result from the SS
contribution from nearest O and Co atoms of adjacent layers located at R = 3.81 A and
4.68 A (Co-Coz shell), respectively (Figure 22a). The mutual arrangement of successive
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Figure 24. a) P-RSFs of FEFF spectra for a = 0°, 35.3°, and 90°. RSFs of single (x7),
multiple (x3_4) and total ()) scattering-paths for o =0° (b) and o =90° (c).
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layers in this three-layer 3R polytype can be described by the usual close-packed
notation A, B, C, and a, b, ¢ in which capital letters stand for unequivalent
crystallographic sites of O and OH groups, and lowercase letters for the positions of Co
(Figure 22b). In this symbolic representation, the 3R layer stack can be denoted ... AcB-
BaC-CbA... Anions from successive layers form prisms (Figure 22¢) so that Co atoms are
surrounded by 6 oxygens from the lower sheets of adjacent layers. Cation sheets have an
hexagonal stack (... cab...) and, consequently, each Co has 6 Co; neighbors belonging to
adjacent layers. The high number of nearest O and Co atoms in adjacent layers explains
the high intensity of peak D and, to a lesser extent of peak C, at o = 90° (Figure 24). Peak
D shows up more strongly and has a greater angular dependence than peak C because Co
is a better backscatterer and the Co-Co; pair has obviously a lower f angle.

It comes from these considerations that P-EXAFS spectroscopy can be sensitive
to the stacking mode of layered structures provided that the interlayer is unoccupied,
otherwise the interlayer spacing is too large to detect the contribution from adjacent
cations. This is the case for birnessite in which the interlayer is filled with either
exchangeable (monoclinic form) or hydrolyzable (hexagonal form) cations resulting in
an interlayer spacing of 7 A or 10 A compared to 4.4 A in CoOOH. In the one-layer
...AcB-AcB-AcB... hexagonal structure of Co(OH): (Brindley and Kao 1984; Lotmar and
Feitknecht 1936) the Co, shell now contains only 2 cobalt (...ccc... cation stack) and the
RSF of this 1H polytype is substantially different from that of 3R CoOOH (Manceau et
al., 1999¢). We can conclude from this detailed analysis that the decreased amplitude of
peak D for 52 (Figure 21c) is caused by the loss of coherence of the Co-Cozshell as a result
of the high density of defects in the ¢* direction. This result is fully consistent with XRD
simulations, which showed that the probability of stacking faults between successive
layers is as high as 0.45 in 52.

In edge-sharing octahedral structures, octahedra are generally flattened and
the distortion is quantified by the flattening angle 1 (Figure 25a). This angle is defined
as the angle between two diagonally opposite oxygens and the vertical (c* direction)
(Bailey 1991). Apart from very distorted polyhedra, this angle is identical to the average
B angle for the six Metal-(O,OH) pairs making up an octahedron. Consequently, y can be
determined from the angular dependence of the first atomic shell contribution in P-
EXAFS experiments. For a perfect octahedron, ¢ = 54.4° (Figure 25a) and the Metal-
(O,0OH) contribution will be invariant with a. Figure 21 shows that the amplitude of first
RSF peaks decreases with increasing a, which indicates that ¢ > 54.7°. For ideally
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Figure 25. a) Projection of Co(O,0OH) octahedron onto (010) before flattening (thin line)

and after flattening (thick line). ¢ is defined as the angle between c* and the
line that connects opposite vertices of the octahedron. In a regular octahedron

P = 54.4°, and it exceeds this value after flattening. b) Normalized intensity of
Co-(O,0OH) RSFs peaks as a function of a, and curves calculated for flattening
angles of p=54.7°, 59°, 60.2, and 70°.

self-supporting films, this angular variation is connected to a and 1y by (Manceau et al.
1998; Stohr 1992)

1+-z-sin2a(3cos21p—1) (13)

Iy

Iy 1-%(3oos21p—1)

where 1o /lp represents peak intensities normalized to o = 0°. Experimental and

calculated data for several ¢ angles are compared in Figure 25b. The 1y = 60.2° angle
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was chosen because it corresponds to the crystallographic CoOOH value, and the =
70° angle in order to illustrate the good sensitivity of this method for evaluating vy in an
unknown sample. Examination of this figure shows that a precision on ¥ of ~1° can be
obtained, provided an ideal film orientation. Otherwise, Yexp. < Yeryst and the

* method simply yields a minimum vy value. In the present case, the simulation of
experimental data for 52 yielded v > 59°, which is fairly close to the crystallographic
value of 60.2°.

CONCLUSIONS

We have shown that the application of polarized EXAFS to highly ordered
films prepared from fine-grained layered minerals can overcome many of the
limitations associated with powder EXAFS studies. By exploiting the polarized nature
of synchrotron radiation and measuring several spectra over multiple angles of the film
relative to the electric field vector, it is possible to discern between overlapping in-plane
and out-of-plane structural contributions, which permits extension of EXAFS spectra to
true mid-range atomic distances. Thus, P-EXAFS allows us to study with greater
precision the relative distribution of cations in the octahedral sheet of layered minerals,
differentiate better between di-and trioctahedral phyllosilicates, quantify with
improved resolution the surface structural chemistry of complex or poorly ordered
layered minerals, and understand better the stacking order-disorder of layered

materials.
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