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ABSTRACT

Several recent spectroscopic studies have shown that
cations are not always ordered or randomly distributed at
the scale of crystallographic sites within the octahedral sheet
of phyllosilicates. This paper explains how such a quan-
titative analysis of the local distribution of cations in phyl-
losilicates can be realized by EXAFS @xtended X-ray
Absorption Fine Structure) spectroscopy. EXAFS evidence
of a departure from a random distribution of 3d cations
is then given for trioctahedral Fe-Mg and Ni-Mg series.
In the latter ̂ system, the size of Ni clusters (mean
size > 20-30 A) and their widespread presence in natural
minerals necessitate a revision of the well-established con-
cept of the Ni-Mg solid solution.

Keywords: EXAFS, phyllosilicates, mica, phlogopite, bio-
tite, "kerolite", site occupancy, Ni-Mg clusters, Fe-Mg
distribution.
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Plusieurs €tudes spectroscopiques r6centes ont montr6
que les cations ne sont p:rs toujours ordonn6s ou distribu6s
de fagon al6atoire d l'€chelle de la dizaine d'dngstrdms dans
la couche octaddrique des phyllosilicates. Cet article expli-
que comment une analyse quantitative de la distribution
des cations dans les phyllosilicates peut etre r6alis6e par
spectroscopie EXAFS (Extended X-Ray Absorption Fine
Structure). Deux exemples d'6carts i la distribution al6a-
toire des cations ocaedriques dans Ies s6ries trioctaedriques
Fe-Mg et Ni-Mg sont ensuite donn6s. Dans ce dernier
systbme, lp taille des groupements de Ni (taille moyenne
> 20-30 A) et leur g6n6ralitd dans les min6raux naturels
n6cessitent une r6vision du conceot de solution solide
Ni-Mg.
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INTRoDUcTIoN

For several years, there has been a growing aware-
ness that solid solutions, which were considered to
be random, have in fact a heterogeneous structure
on a very fine scale. These discoveries are mainly due
to the emergence of spectroscopic methods, which
provide chemical and, in some instances, structural
information on the solid solution in the vicinitv of
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the probed element, in contrast to diffraction
methods, which are sensitive to the average struc-
ture of minerals.

Departure from the random distribution of cations
in the octahedral sheet of phyllosilicates has been
recognized in dioctahedral micas by nuclear magnetic
resonance (NMR) and infrared absorption spec-
troscopy (IR) (Kalinichenko et al. lW5, Sanz & Stone
1979, l983a,b), in dioctahedral micas by IR
(Slonimiskaya et al. 1986), and in Ni-Mg "kerolite"
(a term not yet formally sanctioned by the IMA and
used to describe a phase intermediate between
stevensite and talc; c/. Brindley et al.1977), also by
IR (G6rard & Herbillon 1983). Recently, Manceau
and coworkers (Manceau & Calas 1983, 1985, 1986,
Decarreau et al. 1987, Manceau et al. 1988) have
applied EXAFS @xtended X-ray Absorption Fine
Structure) spectroscopy to the study of the
intracrystalline distribution of cations in clay
minerals; several new clusterings have been demon-
strated in clay minerals containing Ni-Mg and
Ni-Fe-Mg.

Applications of EXAFS spectroscopy to solid-state
physics and chemistry are relatively new; as a struc-
tural tool, it has been in use only for the past l0
years, owing to the availability of synchrotron radi-
ation sources. The EXAFS technique examines the
variation of the absorption of X rays with
wavelenglh, extending out from the absorption edge
(K I edges) to higher energies by up to - 1 keV.
The absorption coefficient usually shows a ripple,
from which, with suitable processing of the data,
information on local structure (e.9., bond distances,
number and type of near neighbors) may be
obtained. Explanations of the origin of the ripple will
not be attempted here; readers in search of theoreti-
cal details are referred to recent books or general
reviews on this subject (Lee et al, 1981, Hayes &
Boyce 1982, Stern&Heald 1983, Teo 1986). Suffice
it to say here that the EXAFS phenomenon is related
to the wave properties of the electron. The ionized
photoelectrons interact with neighboring atoms jn
ttre solid, which then act as secondary sources of sc€tt-
tering for the photoelectrons. Interference between
adjacent scattered waves may occur; this interference
influences the probability of absorption of an inci-
dent X-ray photon. EXAFS can, therefore, be con-
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sidered atype of in situ electron diffraction in which
the source of the electron is the actual atom, which
participates in the X.ray absorption event. Using
Fourier transform techniques, it is possible to ana-
lyze the ripple pattern in order to obtain a radial dis-
tribution function (RDF). Unlike diffraction tech-
niques, which give only a single averaged RDF for
all the elements present, the RDF obtained from an
EXAFS analysis is centered on the X-ray absorber;
by tuning to the absorption edge of each element
present in the material, a partial RDF for that ele-
ment may be constructed. The main advantages of
EXAFS spectroscopy are its chemical selectivity (all
elements are spectroscopically active), and its sensi-
tivity to the local structure (2-5 A) around the
X-ray absorber. These properties make EXAFS par-
ticularly well suited for poorly crystalline and non-
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Ftc. l. Radial distribution functions (RDF) ar the Ni K-

edge of N(OH)2, Mg(OH)2:Ni, Ni3SiaOle(OH)2 and
Ni3si2o5(oH)4.

Frc. 2. Fourier-filtered contribution to EXAFS of the
nearest shell of cations in Ni(OH)2 and Mg(OH)2:Ni.

crystalline materials, and its mineralogical applica-
tions encompass Fe and Mn oxides, silicates and
glasses. Several recent reviews have been dedicated
to the many mineralogical applications of X-ray
absorption spectroscopy, and include exhaustive
references (Calas et al, 1986, 1987, Brown e/ a/. 1988,
Calas et o1.1988, Manceau & Calas 1989, Manceau
1989). In contrast to many other techniques, the
structural information extends beyond the immedi-
ate coordination shell ofthe X-ray absorber. Struc-
tural information provided by shells of nearest
cations make studies of the intracrystalline distribu-
tion of elements possible.

This paper shows how a quantitative analysis of
the cationic environment around a probed octa-
hedrally coordinated atom can be carried out in phyl-
losilicates by EXAFS. More generally, the aim of this
paper is to make the reader more aware of some real
strengths, but also some specific limitations, of this
technique as a practical complement to other spec-
troscopic methods and X-ray crystallography in the
study of the real nature of solid solutions in phyl-
losilicates.

PRESENCE oF A UNreus SHEr-L oF NgAREsr CanroNs

Sinusoidal EXAFS oscillations are caused by the
interference term sin[2k4 + d(k)]. Here, k is the
photoelectron wave vect6r, r;, the distance of the
atomic shell j, and 6(k), ihe total phase-shift
associated to the absorber - back-scatterer pair.
Determination of the nature of the cations that are
the nearest neighbors surrounding the X-ray
absorber, and hence of the distribution of cations,
takes advantage of the fact that the scattering phase-
shifts of 3d l{3;(.k)l elements and of Mg, Al and Si
[dr',rg,a,si(k)] are known to differ by about r (Teo &
Lee 1979\. A destructive interference occurs between
waves back-scattered by "heavy" and "light" ele-
ments, provided the atomic shells are equidistant
(i.e., 4a = rvrg,el,sJ. This condition is most often
fulfilled in minerals in the case of atomic substitu-
tion, which renders EXAFS particularly sensitive to
the chemical composition of the nearest shell of
cations.

A faVorable example is provided by the Mg-Ni
solid solution since, owing to the similarity in ionic
radius of Mg2* and Ni2+, there is no significant
structural distortior along the series. Ni K-RDF of
Ni(OH)2 and Mg(OH)2 doped with Ni
lMg(OFI)z:Nil are displayed in Figure l. Both func-
tions present two intense peaks associated with the
first anion and cation atomic shells. Because of the
presence of the phase-shift function d(k) within the
interference term, each peak is shifted from the true
distance 4 by an amount that depends on the
atomic paii under consideration. At this stage of the
analysis, a Fourier transform ofa selected peak yields
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of a given atomic pair can be selected by orienting
a single crystal in the X-ray beam. For these reasons,
powder EXAFS spectra of silicates are extremely
difficult to interpret beyond the first coordination
sphere, inasmuch as the mathematical solution never
is unique (Manceau & Decarreau 1988). In view of
these complex structural problems, studies of the
intracrystalline distribution of major elements and
impurities by EXAFS are, still today, restricted (o
trioctahedral phyllosilicates because all their octa-
hedra are filled, and their low symmetry makes angu-
lar analysis feasible.

If one is aware of these limitations, EXAFS spec-
troscopy can be used as a powerful tool for the anal-
ysis of the intracrystalline distribution of elements
in minerals. Several studies have already put forward
the mosaic structure of clay minerals down to the
layer scale. Reasons for such segregations ofcations
are considered to lie mainly in nonequilibrium
processe$ that prevail during crystal growth at low
temperature.
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