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STUDIES OF CLAYS AND CLAY MINERALS USING X-RAY POWDER
DIFFRACTION AND THE RIETVELD METHOD

David L. Bish

Earth and Environmental Sciences
Los Alamos National Laboratory

Los Alamos, New Mexico 87545

INTRODUCTION

The Rietveld method was originally developed (Rietveld, 1967, 1969) to refine crystal
structures using neutron powder diffraction data. Since then, the method has been increasingly
used with X-ray powder diffraction data, and today it is safe to say that this is the most common
application of the method. The method has been applied to numerous natural and synthetic
materials, most of which do not usually form crystals large enough for study with single-crystal
techniques. It is the ability to study the structures of materials for which sufficiendy large single
crystals do not exist that makes the method so powerful and popular, lt would thus appear that the
method is ideal for studying clays and clay minerals. In many cases this is true, but the
assumptions implicit in the method and the disordered nature of many clay minerals can limit
titsapplicability. This chapter will describe the Rierveld method, emphasizing the assumptions
important for the study of disordered materials, and it will outline the potential applications of the
method to these minerals. These applications include, in addition to the refinement of crystal
structures, quantitative analysis of multicomponent mixtures, analysis of peak broadening, partial
structure solution, and refinement of unit-cell parameters.

Aa_important requirement with the Rietveld method, and one that is often only assumed to be
met, is that the diffraction pattern must exhibit only Bragg diffraction effects. Unfortunately, the
layered n'aure of many clay mineral structures makes them prone to stacking disorder, giving rise
to two-dimensional diffraction effects. This aspect of their structures makes the application of the
Rietveld method to clay minerals difficult and, in many cases, unwan-anted. Thus it is critical to
understand the limitations of the method when applying it to p.oorly ordered materials. In
particular, it is important to recognize that two-dimensional diffracuon bands cannot be simulated
simply by broadening the Bragg reflections.

In spite of these limitations, the Rierveld method has been successfully applied to several
well-ordered clays, including kaolinite, dick.ite, nacrite, chlorite, and the chain-structure clay
mineral sepiolite. In these cases, samples were specially chosen which showed little or no
e_,idence of two-dimensional diffraction effects. These studies yielded detailed structural
information, including positions of exchangeable cations, data on octahedml and tetrahedral cation
ordering, and the detailed effects of temperature on the structures. For well-ordered materials such
as these, partial structure solution is an important adjunct to Rietveld refinement, usually using
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difference-Fourier syntheses. The coupled use of these two procedures has been shown to be very
effective in locating H atoms (using neutron diffraction data) and interlayer intercalate species such
as hydrazine and H20 molecules in kaolin minerals. Application of the Rietveld method to a
chlorite with semi-random stacking (i.e., some two-dimensional diffraction effects) illustrates
some of the problems inherent with disordered materials. The refinement yielded precise cell
p,'u'ameters, but atomic positions and occupancies were artifacts due to the b/3 layer shifts.

Use of the Rietveld method with non-layer-structure clay minerals has been fruitful, as these
materials are not usually hampered by two-dimensional diffraction effects, although they are often
very poorly crystalline (i.e., they have very small crystallite sizes). For example, several studies
of goethite (FeOOH) have elucidated the detailed structural changes occurring with isomorphous
substitutions of Al, Cr, and Mn for Fe; other studies have identified the sources of the pronounced
peak broadening which appear to depend partially on these isomorphous substitutions. Reflections
in Mn-substituted goethites are predominantly strain broadened, due to Jahn-Teller distorted
octahedra, whereas Al-substituted goethites exhibit primarily crystallite-size broadening (Bish and
Ebinger, 1989). Even with very broad reflections, the Rietveld method appears to give useful
structural information, as long as diffraction data show no non-Bragg diffraction effects.

THE RIETVELD METHOD

- Conceptually, the Rietveld method is different from other more traditional techniques for
evaluating X-ray powder diffraction data in that a refinement uses digital diffraction data and is
done on a point-by-point (step-by-step) basis instead of dealing with individual reflections.
Specifically, a Rietveld refinement minimizes R, the sum of the weighted, squared differences
between observed and calculated intensifies at every 20 step in a digital powder pat-tern,

R = w,ly,(o)- y,.(c)[ (1)
i

where yi(o) and yi(c) are observed and calculated intensities at point i, and wi is the weight
assigned to each intensity• The calculated intensities at each point (or 20 step), yi(c), are
determined by summing the contributions from background and ali neighboring Bragg reflections
as"

y,(c)= S_.,(pkL, IFk_G(_XO,k)P_)+y.,(c), (2)
k

where S is a phase-specific scale factor, Pk is the multiplicity factor, Lk is the Lorentz and
polarization factor for the kth reflection, Fk is the structure factor for an individual reflection for a
particular phase, G(z_Oik) is a reflection profile function, Oik is the Bragg angle for the kth
reflection, Pk is a preferred orientation function, and Yib(c) is a refined background.
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Equation (2) clearly illustrates a very important aspect of Rietveld refinements, namely that
the method assumes the presence of Bragg diffraction and the absence of non-Bragg diffraction
effects. Thus, only integral values of la, k, and l are allowed and the structure factor cannot vary
ac'ross a reflection. The latter is important with poorly crystalline materials, and the Rietveld
method cannot be rigorously applied in these cases because it assumes a given structure factor for
each reflection. In addition, because of these factors, samples ideally must not possess any layer-
stacking disorder or turbostratic stack_ing. These aspects of Rietveld refinements are of utmost
importance when considering applications to clays and clay minerals, and unfortunately these
requirements rule Out most clay minerals.

In the absence of two-dimensional diffraction effects, preferred orientation of crystallites is
typically the most significant problem encountered in a refinement. Because preferred orientation
is such an important consideration when dealing with many clays and clay minerals, it is
worthwhile to describe the methods of correcting for this effect. The first popular analytical
treatment of preferred orientat;on in the Rietveld method was the use of the correction factor, GhkI
(Rietveld, 1969),

Gw = exp(-G, oca), (3)

I

where o_is the acute angle between the normal to the crystallites and the scattering vector. G1 is a
refinable parameter and is a measure of the half-width of the Gaussian distribution of the normals
about the preferred orientation direction. This formulation has met with some success with neutron
diffraction data and was slightly modified by Toraya and Marumo (1981) to yield a correction
factor (Ghkl) of the form

• Gw =G a + (1- G2)exp(-G,a:2'), (4)

where G1 and c_are analogous to GI and o_in Eq. (3) and G2 is the (refmable) fraction of oriented
crystaUites.

Neither Eq. (3) nor (4) has been very successful with X-ray powder diffraction data, for
which preferred orientation is usually a greater problem. In an attempt to rectify this situation,
Dollase (1986) examined a variety of analytical forms previously proposed to represent pole-figure
profiles. Dollase concluded that the March (1932) function, which describes the pole-density
distribution yielded by rigid-body rotation of inequant crystallites upon axially symmetric volume-
conserving expansion or compression, has significant advantages over other proposed functions.
The procedure used in a Riet-veld refinement with the March function correction consists of fitting
the pole-density profile using a function with a single variable parameter. The function used by
Dollase (1986) is
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(5)
=(rcos:+r-'

where ct is as defined for Eq. (3) and r is the only adjustable coefficient related to the degree of
preferred orientation. Dollase also pointed out that most of the earlier preferred orientation
correction functions work well with weakly developed preferred orientation, such as is common
with non-platy minerals in a neutron diffraction experiment, but they do not work well with typical
materials in an X-ray diffraction experiment. Moreover, an important shortcoming of the previous
corrections [e.g., Eq. (3) or (4)] is that none is normalized to unit integral which means that any
change in a refinable parameter will be counterbalanced by a change in the overall scale factor.
This property of the correction is particularly important for quantitative analysis using the Rietveld
method. The author's experience has shown that the March function suggested by Dollase works
well for low to high degrees of preferred orientation in platy materials and fairly well for rod-like
materials with low degrees of preferred orientation. Many of the popular Riet-veld computer
programs now include the March traction for preferred orientation corrections.

Starting Models for Refinement

By its very nature, structure refinement relies on the existence of a reasonably accurate
starting structure model. The very large number of published refined structures available in the
literature provides a starting point for most structure refinements. Diffraction data are then used to
improve, or to refine, the model to yield optimum agreement between observed and calculated
observations. In addition, geometrical constraints and crystal chemical intuition have played a part
in solving structures. However, as the complexity of structures increases, additional information
is usually required and can often be obtained from transmission electron microscope (TEM)
images, distance least-squares (DLS) modeling, and/or energy minimizations (Bish, 1992).

Transmission electron m&roscopy. Additional structural data have come, in recent years, in
the form of high-resolution transmission electron microscopy (HRTEM) images, which have been
used to develop structure models (e.g., Banfield et al., 1991). The structure models for several
cases were derived from HRTEM images which were then further optimized using DLS modeling
to develop useful starting models for Rietveld refinement. Within the past twenty years,
transmission electron microscopy has advanced to the point where it can produce images of the
atomic arrangement in a crystal, often easily yielding insights into general structural schemes and,
in some cases, solving apparently intractable problems (e.g., Veblen, 1985; Buseck and Veblen,
1988). It is important to note, however, that HRTEM images must be used with caution. Minor
changes in focus in the microscope can cause large changes in the high-resolution image, greatly
changing the images (e.g., Guthrie and Veblen, 1990). In order to interpret the images
unambiguously, it is necessary to couple HRTEM observations with modeling of the images using

. a multi-slice calculation; such calculations require at least an approximate knowledge of the
structure (e.g., O'Keefe, 1984; Post and Veblen, 1990).

83



, Bish

Distance least-squares modeling. DLS modeling (Meier and Villiger, 1969) is a powerful
method for determining whether or not a particular model is geometrically possible. The method is
similar in many respects to conventional crystal structure reffmement, particularly in that it requires
a starting model. These models can be obtained by analogy with other structures or by crystal
chemical reasoning (or from HRTEM images). Fortunately, the DLS method is very robust and
calculations will usually converge, even given very poor starting models. An optimum distance
model is obtained by varying atomic coordinates and unit-cell parameters to minimize discrepancies
between interatomic distances calculated for the model structure and prescribed (input) distances
that comprise the observations. Input distances are usually obtained from published, well-refined
analogous structures and can often be estimated to within several hundredths of an/_. Weights
applied to distances are usually related either to Pauling bond strengths or to some empirical
measurement, such as stretching force constants; weights based on the latter emphasize shorter
distances and those involving highly charged ions much more strongly than the former method.
Known unit-cell parameters can be used in many cases to constrain the refinements further,
resulting in more reasonable structures. Unit-cell parameters can usually be obtained by indexing
an X-ray powder or electron diffraction pattern using well-established techniques when beginning
with unknown or poorly known structures.

DLS modeling of a completely unknown structure requires some imagination and adjunct
information (such as HRTEM images), but modeling a variant of a known material can be quite
easy. For example, if an intercalation reaction in a layered material such as kaolinite,
AI2Si2Os(OH)4, gives rise to a larger unit repeat in the direction perpendicular to the layers, DLS
modeling can use the parent structure together with the new unit-cell parameters to represent the
new structure. Of course, one must either provide unit-cell parameters or use distance
observations sufficient to constrain the structure in three dimensions. After any DLS modeling,
calculated diffraction patterns usually provide a quick idea of how reasonable the structure model
is, easily revealing whether the symmetry and cell are correct and how closely the model structure
approximates the real one. This procedure is similar to that used by Banfield et al. (1991) with
HRTEM images, namely obtaining a model structure and determining how well observations agree
with those calculated based on the model. In some cases, a DLS model structure can also minimize
the problems of false-minima in a Rietveld refinement, as appears to be the case for one study of
kaolinite (see discussion in Bish and Von Dreele, 1989).

Electrostatic energy minimization. Electrostatic energy minimization is a final method mat is
proving increasingly useful in supporting determinations of H-atom orientations and extra-
framework species positions. This method combines calculation of the Coulomb portion of the
lattice energy with some formulation of the short-range repulsive energies to determine the
minimum-energy configuration of a particular arrangement of atoms. Guthrie and Bish (1991)
applied this method to a study of the H orientations in kaolinite, for which H positions had just
recently been determined using Rietveld refinement/difference-Fourier (zlF) methods and neutron
powder diffraction data. lt is very interesting that the results of the electrostatic minimizations
reproduced both the H positions and the general shape of the potential wells within which the H
atoms resided. Thus, this method explained and supported the anisotropic displacement
parameters of the H atoms observed in the Rietveld refinement. Giese (1982) and Guthrie and
Bish (1991) also used these methods to predict the H positions and orientations in layer silicates
for which complete structure refinements have not been performed. Catlow et al. (1986) described
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numerous uses of elec_-ostatic methods, including studying cation distributions in zeolites, and
they commented on the possibilities of coupling energy minimizations with structure refinements
u.,ing diffraction data.

DISORDER IN CLAYS AND CLAY MINERALS

Clay minerals exhibit a wide range of types of order/disorder, some of which affect the
applicability of the the Rietveld method (see Brindley, 1980, for a general discussion).
Substitutional disorder, such as the occupancy of a crystallographically distinct site by more than
one type of atom, is very common in minerals. Examples of such disorder include the tetrahedral
Al/Si distribution in 2MI micas and Fe/AI distribution on the octahedml site in goethite. In general,
this type of disorder does not affect the diffraction pattern in a way that would limit the applicability
of the Rietveld method. However, substitutional disorder can give rise to so-called lattice micro-
strain, as a result of the occupation of crystallographically "equivalent" sites by significantly
different cations (or anions). An example of such an effect are the Mn-substituted goethites, in
which octahedra occupied by Mn are significandy more distorted than those occupied by Fe,
producing a crystallite containing unit cells of different dimensions.

Strain broadening contrasts with that produced by the presence of very small crystallite sizes
in a sample. Reflections are broadened by the presence of small crystallite sizes in proportion to
the inverse of the crystallite size in a particular direction related to the reflection. For example,
decreasing the packet thickness in a clay mineral will result in broadening of ali reflections with a
non-zero l Miller index. Reflections with an l Miller index of zero will be unaffected, ali other
factors remaining the same. Both strain and crystaUite-size reflection broadening can be considered
in the profile shape model and thus can be modeled explicitly in a Rietveld refinement. The
Rietveld code GSAS (Larson and Von Dreele, 1988) can also model anisotropic crystaUite size and
strain broadening, in which different classes of reflections are broadened differently by both
factors.

An additional type of disorder that is very common with clay minerals is layer stacking
disorder. This type of disorder has been described in detail by Reynolds (1989) and only a
summary will be provided here. There are several types of disorder common with clays and clay
minerals, and perhaps the En-ststep in a hypothetical sequence from ordered to disordered materials
is so-called semi-random stacking. Semi-random stacking is seen most often with chlorites, in
which the 2:1 layers above and below the interlayer hydroxyl sheet maintain hydrogen bond
contact by adopting positions related by +__b/3.At each interface above and below the interlayer
sheet, three positions are available, and the layers on either side of the interface adopt one of these

: positions randomly. Because the layers "choose" randomly from among a limited number of
choices, the resulting structures are termed "semi-random." The layer shifts are all related by +_.b/3
irrespective of which position is chosen. Thus, reflections with indices in which k _3n will be
s.treaked, producing a two-dimensional diffraction band.

If individual layers or packets of layers are randomly rotated or displaced in the X-Y plane
but the repeat is maintained along Z, a turbostratic structure results. Such a structure is much like a
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deck of playing cards that has been randomly rotated and displaced so that the cards are not lined
up. In this case, the crystallites scatter as single layers and the only dimensional repeat is along Z.
Therefore, only 00l Bragg reflections will occur, and the remaining hkl reflections will be smeared
out into two-dimensional diffraction bands. In reciprocal space, the reciprocal lattice nodes that
occur for an ordered crystal degenerate into a set of rods along c*. The intensity varies
continuously along these rods, and the breadth or circumference of the rods depends upon the
crystal perfection in the X-Y plane (Figure 1). Reynolds (1989) described several methods of
calculating the intensity distribution diffracted from a powder of such material, and he showed that
such calculations depend on the type of layer stacking defects (simple rotations, shifts, and/or layer
separations) and the statistical distribution of such defects. Clearly, such a calculation is not
reproduced by the mathematics in Eq. (2), and this equation does not in any way model two-

. dimensional diffraction effects. Figure 2, comparing observed kaoliriite and halloysite diffraction
patterns with calculated kaolinite patterns broadened using the profile shape function, further
reinforces this concept and shows that simple broadening in no way models the two-dimensional
diffraction effects in the diffraction pattern of halloysite.

A fmal step toward disordered materials is a material possessing tittle or no long-range three-
dimensional order, that is, an amorphous or glassy material. Reynolds (1989) presented a brief
overview of diffraction from such materials; suffice it to say that, as with two-dimensional
diffraction effects, diffraction effects from an amorphous material, cannot be modeled by the
Rietveld method although some programs have the capability to model the "amorphous humps" as
backgroun, d.

Effects of Disorder on Diffraction Patterns

The effects of isotropic or anisotropic crystallite size and/or strain broadening are to broaden
some or ali reflections in a diffraction pattern, and these effects can be reasonably well modeled
and distinguished with the Rietveld method. Bish and Ebinger (1989) showed for goethite that it
can be fallacious to assume that broad reflections are always due to small crystallite size effects, as
is implicitly assumed when applying the Scherrer equation. Strain broadening effects are not often
identified in clays and clay minerals but they are probably more common than realized, as a result
of substitutional and displacive defects.

Virtually ali layer sificates exhibit at least some layer st_r.king disorder due to relatively weak
forces that hold the layers together. The results of Walker and Bish (1992) for a lib Mg-chatr_site
show this effect and also illustrate some of the pitfalls of attempting a structure refinement using
data exhibiting some non-Bragg diffraction effects (Figure 3). Note in Figure 3b that the calculated
pattern represents the observed pattern reasonably well, but in Figure 3a, there is very poor
agreement between observed and calculated data, and only a broad elevation of background is
present with no discrete peaks. Obviously, attempting to refine a crystal structure using such data
will result in an artifact, due to the absence of considerable diffraction informatio_l (i.e., discrete k
_: 3n reflections).
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Figure 1. Schematic model of the reciprocal lattice of a turbostratically sr.a,cked ayer silicate. Note
that the reciprocal lattice nodes have degenerated into rods along 4:: and the intensity along
these rods varies as a function of I.

Turbostratic stacking, or the absence of any significant long-range order in the Z direction,
occurs in essentially ali smectites, most vermiculites, and many other 2:1 and 1"1 layer silicates.
As described above, this type of stacking results in the loss of most or ali three-dimensional
diffraction information, and diffraction patterns consist of broadened 001 reflections and two-
dimensional diffraction bands. Figure 4 shows the features expected from a turbostratically
stacked layer silicate, in this case Na-SWy-1 smectite, vAth broadened 00l reflections and distinct
two-dimensional diffraction bands. Figure 5 a and b, showing unground and ground dickite
respectively, illustrate further the difficulties encountered with two-dimensional diffraction bands.
Note that the observed data in Figure 5a can be modeled weil, but the data in Figure 4 and Figure
5b cannot be modeled correctly or completely using the Rierveld method, because there is no way
of correctly modeling the broad, asymmetric bands. However, it is possible to perform a one-
dimensional refinement, using only the 00l data and refining only those parameters that define the
structure in the Z direction (e.g., c unit-cell parameter, z atom parameters, profile parameters for
the 001 reflections). A significant difficulty with this methodology would be correctly subtracting
the intensity contribution of two-dimensional diffraction bands to the overlapping 001 reflections at
higher angles unless a highly oriented sample were used. The application of the Rietveld method
to these minerals will be severely limited because most clays exhibit at least some layer-stacking
disorder that gives rise to two-dimensional diffraction effects. However, it is important to
emphasize that the application of any diffraction method to disordered materials is difficult. For
example, there are numerous cases in the literature where a partially disordered crystal was
examined using single-crystal methods, and a conventional least-squares refinement was conducted
using diffraction data collected from the crystal. It is common in such cases to obtain data at the
theoretical reciprocal lattice nodes, correcting for the continuous or semi-continuous background
around the nodes, and subsequently to ignore the diffuse scattering between reciprocal lattice
nodes. This method is no more correct than the application of the Rietveld method to a diffraction
pattern exhibiting two-dimensional diffraction effects.
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APPLICATIONS OF THE RIETVELD METHOD TO CLAY MINERALS

Crystal Structure Refinements

Dicldte. The first three-dimensional refineme .lt of a clay mineral (dickite) was not published until
1981 (Adams and Hewat, 1981), although ti_e Rierveld method was first devised in 1967. Even
then, the application was not well developed for use with X-ray powder diffraction data, so Adams
and Hewat used constant-wavelength neutron powder diffraction data in their study. Using the
dickite structure of Newnham (1961) (no hydrogen atoms) as a starting model, they were able to
locate the hydrogen atoms using a combination of three-dimensional difference-Fourier syntheses
and one-dimensional Fourier syntheses. The final Rierveld refinement, incorporating ali four H's,
yielded an arrangement for the non-H atoms no" significantly different from that determined by

, Newnham (1961). However, the H positions were significantly different from those determined
by Giese and Datta (1973) using electrostatic modeling. These differences were ascribed to
difficulties in accurately modeling H in the electrostatic calculations. However, Adams and Hewat
perceptively commented that further advances in the application of the Rietveld method to the study
of clays and clay minerals would require an improved technique for accommodating anisotropic
broadening of reflections and some way of incorporating the types of disorder leading to two-
dimensional diffraction effects. As will be seen below, the former has been accomplished but the
latter remains a major stumbling block.

Bish and Johnston (1993) re-examined dickite using low-temperature neutron powder
diffraction data, the Rietveld method and difference-Fourier syntheses, and Fourier-transform
infrared spectroscopy. Their refined non-hydrogen structure was essentially identical to other
published structures, but their hydrogen positions were distinct. They were able to uniquely
assign ali four O-H stretching vibrations in infrared spectra to individual OH groups in the dickite
structure, and they provided a structural basis for the temperature dependence of ali four O-H
stretching vibrations. Contrary to published low-temperature infrared spectra, there is no evidence
that dickite possesses symmet_-y lower than Cc at low temperatures.

Kaolinite. One of the first Rietveld refinements of a clay mineral using X-ray powder diffraction
data was published by Suitch and Young (1983) who refined the structure of Keokuk, Iowa,
kaolinite assuming space group Pl. Concurrently, Adams (1983) reported the results of a Rietveld
refinement of St. Austell, Cornwall, kaolinite in space group C1 done with neutron powder
diffraction data. These refinements have been discussed at length by Bish (1993).

The most recent X-ray Rietveld study of kaolinite was by Bish and Von Dreele (1989), who
used CuK_ X-ray powder diffraction data to refine the non-hydrogen positions in the structure.
Data were collected in two ranges, from 10° to 90 °20 counting for 4.0 s every 0.02 °20 and from
80° to 150 °20 counting for 12.0 s every 0.02 °20. This data-collection strategy is significantly
different from that used in other Rietveld refinements in two ways. First, data are typically
collected only to -I00 °20 because of the incorrect impression that high-angle reflections are so
overlapped that they are not useful. In addition, collecting data in multiple ranges provides high-
angle data with precision comparable to that for the more intense low-angle diffraction intensities.
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Bish and Von Dreele (1989) initially used the Suitch and Young (1983) results as a starting
model. However, in spite of attempts to influence the refinement, including incorporating a large
preferred orientation correction and using heavily-weighted soft distance constraints (the practice of
including predicted interatomic distances as weighted observations, similar to a DLS refinement),
their refinement converged to a result very similar to that obtained by Suitch and Young. lt was
only after using a DLS structure as a starting model that the refinement converged to a final
structure with reasonable bond lengths and a significantly lower R factor. These results strongly
suggested that Suitch and Young (1983) and Young and Hewat (1988) obtained a false-minimum
structure for kaoliniLte. The refinement of Bish and Von Dreele (1989) also illustrated another
benefit of Rietveld refinement. After refining the kaolinite structure using X-ray data for Keokuk
kaolinite, systematic." differences were seen between the observed and calculated data plots (Figure
6), particularly at -.20.9, 22.5, and 23.5 °20 These differences were eventually attributed to the
presence of-4% dickite that had been missed in the diffraction patterns by ali previous
investigators. Additional phases or errors in the model are very apparent because the Rietveld
method fits a calculated pattern based on the model structure to the observed data.
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Figure 6. Observed (pluses) and calculated (solid-line) X-ray diffraction pattern for Keokuk kaolinite

from 18.0 ° to 26.0 °20, showing the presence of several dickite reflections. Tic marks indicate
positions for allowed CuKc_l and Kot2 reflecdol_s of dickite (upper) and kaolinite (lower). Small
offset between observed and calculated reflection positrons ts due to a refined sample-
displacement correction, some of which is probably due to specimen transparency. Lower curve
is the difference between observed and calculated profiles (modified from Bish and Von Dreele,
1989).
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The low- and high-temperature structure refinements of Bish (1989) represent a further
application of the Rietveld method to kaolinite. He obtained X-ray powder diffraction data at 88,
294, and 573 K and performed complete structure refinements. From 88 to 573 K, the a and b
unit-cell parameters increased by only 0.05% and 0.01%, respectively, whereas the c parameter
increased by 0.42%. The total volume increase was 0.59%. The markedly anisotropic thermal
expansion is consistent with results obtained for other layer silicates. The atomic position results
were of relatively low precision, but the cause of the anisotropic thermal expansion appeared to be
a lengthening of octahedral AI-(O,OH) bonds, resulting in a thickening of the octahedral sheet.
These results are not in agreement with limited data for other layer silicates, in which the source of
anisotropic expansion appears to be an increase in the interlayer separation. In fact, a recent low-
temperature Rietveld refinement of the kaolinite structure (Bish, 1994) confirms that the larger
thermal expansion along the Z direction is due to an increase in the interlayer separation.

Chlorite. Although many of the applications of the Rietveld method in clay mineralogy have
been to minerals of the kaolin group, a few other clays and clay minerals have been studied using
this method. Crystal structures of various chlorite polytypes have been determinea primarily using
single-crystal X-ray diffraction methods. Many chlorite samples exhibit random or semi-random
stacking, and regular stacking sequences are relatively rare. Typical single-crystal studies of
chlorites involve examination of many single crystals until a crystal with a regular stacking

sequence is discovered (see Bailey, 1988, for a discussion of chlorite stacking sequences).
Recently, Walker and Bish (1989), Rakovan and Guggenheim (1991), and Walker and Bish
(1992) ap.plied Rietveld refinement methods to several IIb chlorite powders (samples filed, not
ground), including two trioctahedral IIb chlorites (chamosite and clinochlore) and a IIb
di,trioctahedral chlorite (sudoite). Both the chamosite and sudoite samples studied by Walker and
Bish were somewhat disordered as judged by their X-ray powder diffraction patterns. The
chamosite refinement, in _pace group C1, yielded a final Rwp of 15.7% and gave very precise
unit-cell parameters. This Rwp_ value is typical of those obtaaned with complex, poorly ordered
materials; average Rwp values for Rietveld refinements are larger and are not directly comparable
to conventional R values for single-crystal structure refinements. The final fit was good for k = 3n
reflections but was very poor for k _: 3n reflections due to the presence of semi-random stacking in
the sample (Figure 3). Although refinement of atomic positions for chamosite was not successful,
site-occupancy ref'mements for the octahedral sites consistent with observed chemistry indicated
that Fe and Mg were equally distributed between Ml, M2, and M3, whereas M4 was occupied
exclusively by Al. The March function preferred orientation correction for chamosite was 0.66,
which indicates a large degree of preferred orientation even though the sample was filed and back
mounted. Although t_he final refined structure appeared reasonable because most of the atoms
repeat at intervals of about b/3, it was probably largely an artifact.

Results for the sudoite sample were obviously inferior to those for clinochlore even though

the final Rwp for sudoite was lower (12.9%). Refinement of atomic positions was again
unsuccessful, and site-occupancy refinements suggested the presence of octahedral vacancies that
were unsupported by compositional data. lt thus appears that the occupancy data may be an artifact
of the refinement. Preferred orientation was less for this sample (correction = 0.73), due to the

fine-grained nature of the powder. In spite of the difficulties in site-occupancy and atomic position
refinements, precise unit-cell parameters were obtained, although they are of questionable accuracy'
due to the lack of complete three-dimensional information. The clinochlore refinement of Rakovan
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and Guggenheim (1991) likewise exhibited evidence of systematic errors, attributed by the authors
to the presence of a two-layer lib polytype intergrown with the dominant one-layer lib polytype.

These chlorite refinements are good examples of the limits in applying Riet-veld refinement
methods to clay minerals. In spite of the fact that the refinements progressed normally and
smoothly and yielded very precise unit-cell parameters and low Rwp values, the refined structural
information appears to be largely invalid. Problems with the refinements are most likely due to the
presence of semi-random and random stacking sequences and to the existence of more than one
polytype in the chlorite samples. Difficulties arise when attempting to determine structural
information from non-Bragg reflections. However, even in the absence of regular stacking
sequences, important information can be easily obtained from some chlorites, including precise
unit-cell parameters and the relative distribution of heavy (e.g., Fe, Mn, Ni) versus light (e.g.,
Mg, Al) atoms in octahedral sheets, although compositional data should be used to constrain the
results of site-occupancy refinements. Better-ordered chlorites may yield reasonable and useful
atomic positions if soft distance constraints consistent with known chemistry are used, although it
appears probable that suitably ordered materials are very rare.

Partial Structure Solution

Difference-Fourier (AF) synthesis is a method used for refining crystal structures and is
particularly well suited for locating scattering density missing from the structure model, such as
interlaye( species or hydrogen atoms in clay minerals. AAF synthesis is unaffected by series
termination errors that occur when using limited amounts of data, and this method uses structure
factors (Fobs) obt_,".ed from observed intensities and those calculated using the model structure
(Fcalc). lt involves calculating the difference electron density function

•z3,F(x,y,z)= (F,_ - Fc_) cos 2zr(hx + ky + lz). (6)

In this equation, Ft,_ represents the structure factors calculated using the assumed structurehk/
model and F,n, represents the observed structure factors with the same sign as F_. There are a
number of factors to consider when calculating zS_Fmaps, whether from powder or single-crystal
diffraction data. First, in this calculation, the sign (or phase) of F,_, is assumed to be the same as
Ft,,. Therefore, if a significant amount of scattering density is missing or misplaced in the model
structure, the calculated signs (phases) may be incorrect. For example, Rietveld refinements and
zSFcalculations of synthetic Cs A and Y zeolites (Bish, unpublished) were fraught with difficulties
because the omission of Cs atoms resulted in many incorrect structure factors (magnitudes and
phases). Further, during the initial stages of refinement when some atoms are omitted, it is likely
that temperature factors and scale factors will be incorrect, often by a large amount. An additional

o important consideration when calculating AF maps during Rietveld refinement is that the
decomposition of overlapping peaks is performed assuming the ratios of the calculated (i.e.,
model-derived) intensities of the contributing reflections. Thus, results from a set of Rietveld
refinements and AF-map calculations may be very different from those that would be obtained from
profile refinement, where observed intensities are generally model independent. In general,
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electron-density (or neutron-density) maxima are lower for Rierveld-derived AF maps than for
those obtained from single-crystal data.

Location of missing atoms is always an iterative process because of these complications.
Atoms are found, added to the model if reasonable (in scattering power and position), and another
z_d7 nmp is calculated after extraction of observed F's. As more of the correct scattering material is
added to the model, the calculated F's (magnitudes and phases) and scale factors become closer to
the correct values, and the decomposition of overlapping peaks is improved. These complications
also dictate how a Rietveld refinement must be performed in order to obtain reasonable calculated
F's. Typically, few parameters are varied, and structural parameters are usually not refined. If
structural parameters are varied, they may adjust in an attempt to compensate for the missing
scattering power, yielding an unreasonable structure and complicating the interpretation of the zfd7
map. In a Rierveld refinementMF map calculation, the scale factor(s) and background parameters
are usually varied first, followed by the unit-cell parameters. Some profile parameters may be
refined, although heavily overlapped patterns may require either fixing or manual adjustment of
these parameters if observed and calculated patterns are significantly different. In practice, it
appears that AF maps are relatively insensitive to a preferred orientation correction, although it is
preferable to use data unaffected by orientation.

Hydrogen Atoms in Kaolinite. One of the more interesting aspects of structural studies of
layer silicates and clay minerals is the location of the H atoms that so significantly affect their
properties. The structure of kaolinite, A12Si205(OH)4, was outlined as early as 1930, but it was
not until 1983 that determinations of the locations of the H positions were flu'st made using neutron
diffraction data (Adams, 1983; Suitch and Young, 1983). Previous to 1983, Giese and Datta
(1973) and Giese (1982) had modeled H positions using electrostatic modeling methods. Both
Adams (1983) and Suitch and Young (1983) used published structures as starting models. Adams
determined the H positions using zSd7 maps, but his results appear to have been affected by disorder
and two-dimensional diffraction effects in the sample. Suitch and Young assumed H positions for
their starting model and they assumed a lower space group symmetry (Pl) than accepted for
kaolinite (C1), resulting in an apparent false-minimum structure. More recently, Young and Hewat
(1988) re-refined the kaolinite structure with new neutron powder diffraction data, assuming a
complete structural starting model and the lower space group symmetry; they obtained a structure
similar to that obtained by Suitch and Young.

In 1990, Bish and Von Dreele re-examined the kaolinite structure using constant-wavelength
neutron powder diffraction data and the non-hydrogen structure of Bish and Von Dreele (1989) as
a starting model to reconcile the differences between the earlier refmements. It is important that no
prior assumptions were made concerning the positions of H in kaolinite. They calculated AF
maps, and the four largest negative re_fions of neutron density appeared reasonable for the four H
positions (Figure 7). They then refined the complete structure, using _ maps and anisotropic
refmements to examine the nature of the H sites. There was no significant anisotropy in any of the
four H positions, although the inner-hydroxyl H appeared to be slightly smeared along the z
direction and the three inner-surface hydroxyl H atoms had larger displacement parameters within
the plane of the layers. These results do not agree with those of Adams (1983), Suitch and Young
(1983), or Young and Hewat (1988), and they do not support an ordered conf'lgmation of the H
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atoms that would require lowering the space group symmetry, to PI, as suggested by Suitch and
Young (1983) and Young and Hewat (1988). lt is noteworthy that Guthrie and Bish (1991)
reproduced the refined H positions using an electrostatic minimization procedure. Calculated
energy contours also showed that the inner-surface hydroxyl H atoms are situated in disk-shaped
minima approximately parallel to (001) and the inner-hydroxyl H minimum is approximately
perpendicular to (00 I), in agreement with the results of the Rietveld refinement.

_H(3) %3)

H(3)

Figure 7. Difference-Fourier maps obtained using neutron powder diffraction data for kaolinite a) in
the region of the inner-OH atom, z = 0.293, x horizontal, y vertical; b) in the interlayer reg._on at
z = 0.75I, x horizontal, y vertical. Contours are drawn at -0.25, -0.20, -0.15, -0. I0, and -0.05 for

: both maps, and plus (+)"irmbols represent the final refincd positions for each H atom.
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Hydrogen Atoms in Dickite. Until recently, there was a similar lack of information on H
positions in dickite, a polymorph of AI2Si205(OH)4. In probably the first application of the
Rietveld method to a layer silicate, Adams and Hewat (1981' examined the dickite structure using
Fourier methods and neutron powder diffraction data. Their H positions, obtained on a sample
exhibiting some two-dimensional diffraction effects, do not agree well with subsequent single-
crystal X-ray determinations (Sen Gupta et al., 1984; Joswig and Drits, I986). Therefore, Bish
and Johnston (1993) re-investigated the structure of dickite using low-temperature time-of-flight
neutron powder diffraction data, the Rietveld method, and zlF syntheses, in addition to variable-
temperature Fourier-transform infrared (b'TIR) spectroscopy. Using the dicldte structure (obtained
using single-crystal X-ray diffraction methods) of Joswig and Drits (1986) as a starting model,
with no H atoms included, the four H atoms were unambiguously located as the four largest
negative regions of density on zfd_' maps. Figure 8 shows the three inner-surface hydroxyl H
atoms. The minor anisotropy noted for the H atoms in kaolinite was not observed for dickite. The
observed H positions were most similar to the refinement of Joswig and Drits (1986), although the
O-H bond distances found by Bish and Johnston appear to be more accurate. The OH geometries,
and the changes occurring from room temperature to 12 K, are consistent with the _ spectra as
a function of temperature and lend credence to the Rietveld-refined results. The relative ease with
which the H positions were obtained in a powdered clay mineral such as dickite is remarkable
when one considers that barely twenty-five years ago such information would have been out of
reach using powdered samples.

o 0

H(3) d _ H(3)
0 o H(3)

(_H(2) _Ht,2)
/

i74(4) _'_ H(4)
<3 _IH(3) _' H(3)

>X _-,/)) =,- ,,, _)

Figure 8. Difference-Fourier map for dickite in the interlayer region (z = 0.352, x horizontal, y
- vertical) showing the positions of the inner-surface hydrogens. Contours are drawn at -0.5, -0.4,

-0.3, -0.2, and -0.1, and plus (+) symbols reprcsent the final refined positions for each hydrogen
atom.
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It is important to make one final comment regarding the use of z_ methods to locate H using
neutron powder diffraction data. It is comrr_n practice in such experiments to attempt to replace H
with D to reduce incoherent scattering. If the replacement can be made to go to completion, it
should facilitate improved analysis due to a lowered background and improved signal-to-noise
ratio. However, one can easily envision a situation in which only partial substitution of D for H is
accomplished on a statistical basis. Such a result could produce AF maps revealing little or no
information about the positions of H or D due to averaging of the negative neutron scattering length
of H and the positive neutron scattering length of D. One could create a ma:erial with an average
neutron scattering length of zero in the H sites.

Interlayer Structure of Kaolinite Intercalates. The determination of the interlayer
structure of the kaolinite-hydrazine intercalate is a good example of the utility of combined DLS
modeling, AF methods, and Rietveld refinement. Although kaolinite does not normally expand, it
interacts strongly with several liquids to create expanded intercalates. When kaolinite is exposed to
anhydrous hydrazine, N2H4, it expands to a material with either a 9.5- or a 10.4-/_ basal spacing,
depending on the vapor pressure of water. Although the starting kaolinite may not possess good
three-dimensional order, the 9.5-/_ complex often exhibits three-dimensional order sufficient to
apply the Rietveld method. As a fu-st step in the study of the 9.5-/_ intercalate, the structure was
modeled using DLS, assuming the structure and a, b, ct, and Y unit-cell parameters of 7-/_, non-
expanded kaolinite, andfl=114 °, yielding a value for c of 10.5/_ which was obtained from a
measured d(001) of 9.52A. The assumption implicit in the DLS model was that the stacking of
layers in .the intercalate was the same as in unexpanded kaolinite. The DLS structure was used as
the starting model for Rietveld refinement with X-ray powder diffraction data, with the N2I-t_,
molecule omitted. The two largest peaks in a zSd7 map were in the interlayer region and were 1.40A
apart, consistent with a N2H4 molecule. The molecule appears to be canted within the interlayer,
and there is evidence from the AF maps for positional disorder of the N atom closest to the
hydroxyl interlayer surface (Figure 9). Inclusion of these two N atoms in the structure model and
continued isotropic refinement yielded an Rwp of 25%, compared with 36% without the N atoms,
although the refinement is still preliminary. This structure determination/refinement resolved the
question of the exact orientation of the N2H4 molecule within the kaolinite interlayer, and the
refinement result suggests that the intercalate has the same layer stacking as kaolinite. Given the
low atomic number of the N and the poor quality of the material, it is remarkable that such a result
was obtained with X-ray data.

Comparable results were obtained using this methodology with a similar kaolinite intercalate.
Costanzo et al. (1980) created a stable 8.4-A hydrate of kaolinite by expanding the material with
dimethylsuLfoxide and then reacting the expanded material in a solution containing Ntt4F, thereby
partially or completely fluorinating the interlayer hydroxyl groups. The resultant material has an
enlarged c repeat and three-dimensional order sufficient to apply the Rietveld method. The starting
structure model was obtained using DLS methods, and the location of interlayer water molecules
was determined from Rierveld refinement, X-ray powder diffraction data, and AF maps (Bish et
al., 1992). The largest peak on the Ad7 maps was midway between the layers, with only two other
minor peaks above zero density. Rietveld refinement, incorporating an O atom at the position of
the largest peak, yielded an H20 occupancy of 0.75, positioned almost exactly midway between
the silicate layers. Subsequent &d7 maps revealed no significant areas of electron density.
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Figure 9. Difference-Fourier map for the kaolinite-hydrazine intercalate in the interlayer region (z =
0.649), showing the l_sidons of the two interlayer nitrogen atoms of the hydrazine molecule.
Contours are drawn at 0.15, 0.30, 0.45, and 0.65.

Exchangeable Cations and Water in Sepiolite. Sepiolite would appear to be an ideal
candidate for the use of Rietveld methods because it does not form large, well-ordered crystals. A
schematic structure of sepiolite, Mg4Si6015(OH)2-6H20, was proposed by Nagy and Bradley
(1955) and Brauner'and Preisinger (1956) using so-called fiber diagrams (two-dimensional data).
However, the details of the atom distribution in the structural tunnels between the silicate chains
remained poorly understood. In what constituted essentially the first three-dimensional structural
study of sepiolite, Bish and Post (1987) studied a sample from Durango, Mexico, using a
combination of Rietveld and difference-Fourier methods with X-ray powder diffraction data
(Figure 10). Using the basic framework structure determined by Brauner and Preisinger (1956),
they located and refined the positions of ali water molecules postulated by Brauner and Preisinger,
with the addition of two other water molecules. The "water of crystallization" site is fully
occupied, whereas the remaining water sites (as judge_:Iby interatomic distances) are only partially
occupied. Their results do not agree in detail with the electron diffraction results of Rautureau and
Tchoubar (1974), and several of the split-atom positions proposed by Rautureau and Tchoubar
were not conftrrned. The greatest difficulty faced in interpreting the zh_ maps was deciding which
peaks were real; all of the tunnel occupants axe low atomic-number atoms, and most or all of the
sites are probably partially occupied. In cases such as this, one must rely on c'rystal-chemical
reasoning, using information such as bond distances and observed stoichiometry. Like the results
of Adams and co-workers, these studies of sepiolite _a'eexamples of the utility of the combination
of Rietveld and difference-Fourier methods for partial structure solution. Even p_Lrtiallyoccupied
water sites in relatively poorly ordered materials can be located.
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Figure 10. Observed (+) and calculated (solid line) X-ray diffraction data (CuKc_) for sepiolite.
Lower curve is the difference between observed and calculated profiles.

Quantitative Analysis

Quantitative phase analysis using calculated patterns is a natural outgrowth of the Riet'veld
method because the. refined scale factor for each crystalline phase is related to the amount of the

material present in a mixture. The methodology involved in quantitative analysis using the Rietveld
method is analogous to conventional single-phase Rietveld refinement, and the quantitative analysis
theory is identical to that implemented in most conventional quantitative analyses (e.g., Klug and
Alexander, 1974; Cullity, 1978).

Theory. The integrated intensity of X-rays diffracted by a randomly oriented infinitely thick
polycrystalline sample in fiat-plate geometry utilizing a diffracted-beam monochromator can be
written for a particular reflection as

1_ f'°A2t'3(lz°_2Ie'lI 1_ 1 1= 32zcr\azr) _- _ _-T
(7)

X [b-J2 p sin 20COSO e-2_'
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where the subscript hkl denotes the dependence of particular terms on the B:,gg reflection hkl.
Here I = integrated intensity per unit length of diffraction line (joules sec -1 m-l), Io = intensity of
incident beam (joules sec -1 m-2), A = cross-sectional area of incident beam (m2), X = wavelength
of incident beam (m), r = radius of diffractometer circle (m), Pro = 4 n: x 10-7 m kg C-2, e =
charge on electron (C), m = mass of electron (kg), V = volume of unit cell (m3), F = structure
factor, p = multiplicity factor, 0 = Bragg angle, e -2m = temperature factor, and I-t = linear
absorption coefficient (m-l), which enters as the absorption factor 1/'2 g (Cullity, 1978). The term
20m refers to the diffraction angle of the diffracted-beam monochromator crystal. The constant
(K) and variable (Rhkl) terms in (7) can be separated by defining

(IoA_ _( p° _ e"
K = k, )knrc; (8)

and

Rhu = (_5__f1 "_l-[FI2 [ 1 + cos220 cos220,, )e_2._]p sin20 coso (9)

Equation (7) can now be written in tern-z" of (8) and (9) as

l_= K(1/2p)noa . (10)

In a mixture, the intensity of the hkl reflection from the c_ phase is given as

I,_._ = C.K(I / 2/1,, )R_._, (11)

where Ca is the volume fraction of the a phase and I.tm is the linear absorption coefficient of the
mixture. In terms of weight fraction (Wa), Eq. (11) can be rewritten as

(Wa 1 K( 19,,, _ R_, (12)

where Pa is the density of phase _ and Pm is the density of the mixture. The Riet-veld scale
factor, S, in Eq. (2) includes ali of the constant terms in Eq. (7) and for X-rays can be written

K
S = _ (13)

VZp '
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where V is the unit-cell volume and ft is the linear absorption coefficient for the sample. Thus, for
a multi-phase mixture, Eq. (2) can be rewritten summing over the p phases in a mixture (e.g., Hill
and Howard, 1987) as

y,(c) = y_,(c)+ Zs, - (14)
p k

The sca!e factor for each phase can now be written

CaK (15)
Sa _ 2 '

V,_ft.,

where Cccis the volume fraction of the ct phase, Vecis the unit-cell volume of phase ct, and ltm is
the linear absorption coefficient of the mixture. Recasting Eq. (15) in terms of weight fractions
and the mass absorption coefficient of the mixture we obtain

WaK (16)

s°=

where It* is the mass absorption coefficient of the sample, Wcc is the weight fraction of phase ct,
and Pa and Va are the density and unit cell volume, respectively, of phase cc Alternatively, the
unit-cell volume can be incorporated into the variable, phase-specific parameters as outlined by
Bish and Howard (1988).

.

The scale factors contain the desired weight fraction information in a Rietveld analysis of a
multicomponent mixture. However, the value of K and the sample mass absorption coefficient
cannot easily be determined so that an analysis of an unknown sample is usually performed by
constraining to unity the sum of the weight fractions of the phases considered. Thus, for a two-
phase mixture,

tva (171

Equation (17) can be solved for the weight fractions of the ct and [_phases to yield an expression
for the weight fraction of phase cc in terms of the scale factor information determined in the
Rietveld analysis,

=

S_p_V_ (18)

W_= (S_ v 2p_ _ + S,p_V_)
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In general, the weight fraction for the ith component in a mixture of n phases can be obtained from

S_pIV"2 (19)
w,=Xspyj,

I

' This method is exactly analogous to the adiabatic principle of Chung (1974b) in which reference
intensity ratios are measured prior to analysis. The Rietveld method calculates absolute intensifies
to obtain intensifies on an absolute scale rather than measuring reference intensity ratios.

A second method of Rietveld quantitative analysis requires that a known weight fraction of
a crystalline internal standard be added to the unknown mixture. The internal standard can be any
well-crystallized material that is readily available in pure form. Bish and Howard (1988) used Si,
but corundum appears to be preferable CLinde A corundum) (Bish and Post, 1993). If Wct is
known, then an additional parameter (C) can be evaluated from the internal standard:

J

K
c = sop v2= (20)

This parameter can then be used to determine the weight fractions of other phases in the sample.
For example, the weight fraction for the [3phase is determined by

(21)%=
• C '

Q

where S/] is the refinable scale factor for the ]3phase,ps is calculated from the composition and
cell parameters of phase _, and C is determined using an internal standard and Eq. (20).
Therefore, the weight fraction of phase ]3 (14"$) can be easily determined. This second method
does not constrain the sum of the weight fractions, as does the first method, and it is analogous to
internal-standard methods commonly used to perform quantitative analysis such as the matrix-
flushing method of Chung (1974a). The total weight fraction of any amorphous components (or
other phases neglected in the refinement) can thus be determined with this method if the amorphous
profile can be fit with the Rierveld background polynomial and if the amorphous content is
significant (greater than 5-10%). The difference between the sum of the weight fractions of the
crystalline components and 1.0 is the total weight fraction of the amorphous components.

O'Connor and Raven (1988) used this method in slightly modified form. They determined
the constant parameter, K, from a single sample and used the refined unit-cell parameters and cell
contents to evaluate density and volume. The mass absorption coefficients were computed using
the known compositions of the two phases in their s;,ngle sample. It appears that some pitfalls may
exist with this approach in light of their results on a 50:50 quartz:corundum mixture in which they
concluded that their quartz contained 18% amorphous component.

103



Bish

4

Application. Application of the Rietveld quantitative analysis method has been demonstrated on
a variety of geological systems by Bish and Post (1993), but it is worth describing the application
to mixtures containing clay minerals because significantly different problems arise. As emphasized
above, the Rietveld method cannot be applied rigorously to materials exhibiting non-Bragg
diffraction effects, such as many clays and layer silicates. With this caveat, the method can be
successfully applied to a variety of important systems containing clays and clay minerals. Any
materials in a mixture exhibiting non-Bragg diffraction effects can be analyzed by difference, using
an internal standard. Alternatively, such materials can be included in a refinement in unusual
cases. Guthrie and Bish (unpublished) successfully analyzed a synthetic mixture of dehydrated
halloysite and corundum, assuming file dickite structure for halloysite. Only the scale factor and
lattice parameters for halloysite were allowed to vary, and all other phase-specific parameters for
halloysite were kept constant. The quantitative analysis was successful apparently because the
useful observations for halloysite consisted only of 001 reflections and the sample exhibited no
preferred orientation of crystallites. The fit between observed hk bands and calculated hkl
reflections was so poor that the bands did not appreciably affect the scale factor, i.e., there were
significant errors above and below the calculated diffraction pattern. However, the poor fit
between observed and calculated reflections produced a very large agreement factor. Such a
situation may not always exist for samples containing clay minerals, so these mixtures should
always be analyzed with caution.

The analyses of bauxite samples presented by Bish and Jones (1991) illustrate a successful
application of the method to poorly crystalline soil samples. They analyzed a suite of Hawaiian
bauxites rh.ken from the surface to 290-cm depth using CoKct radiation. Although these samples
represent complex (up to eight phases) and poorly crystalline mixttues, the ref'mements converged
to consistent values and the resultant fits were excellent (Figure I 1). The samples contained no
materials exhibiting any two-dimensional diffraction effects so the Rietveld method could be
applied without significant assumptions. The quantitative results were consistent with chemical
data, and integrated peak intensities for the goethite 110 reflection found by profile fitting
correlated very well with the quantitative results from Rietveld refinement (r2 = 0.96). Quantitative
analyses for !2 samples are shown in Table 1. In addition, the Rietveld refinements yielded
precise unit-cell parameters for the major phases; for example, the goethite parameters suggested an
AI content between 28 and 35%, and the magnetite/maghemite parameters showed that they were
75-80% oxidized towards end-member maghemite (Table 2). The plots of X-ray diffraction data
clearly showed that the goethite reflections were anisotrcp,_cally broadened, so refinements were
conducted using the program GSAS (Larson and Von Dreele, 1988) that can explicitly model
anisotropic crystallite-size and strain broadening. The results of the GSAS refinements suggested
that the goethite reflections had a significant strain-broadening component in addition to a small
crystalLite size component. The crystallite-size broadening was primarily perpendicular to the (001)
plane, whereas the strain broadening was principally in the X-Y plane. The major phases in these
samples did not exhibit significant preferred orientation, probably because of their fine-grained
nature.

Interestingly, the Rierveld method can also be easily adapted to the analysis of trace phases.
When the full pattern in Figure 12 was originally used in a multi-phase Rietveld quantitative
analysis, refined amounts of erionkte (0.14%) were consistently above the known added amount of
erionite (0.05%). Further analysis of the "pure" analcime with the Rietveld method revealed the
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.

presence of --0.07% erionite and -0.43% illite, missed in the original analyses. The f'mal Rietveld
quantitative analyses are thus consistent with the amount of erionite in the analcime-erionite
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Figure1I.Observed (+) and calculated(solidlinc)X-ray diffractiondata(CoKcx) forHawaiian

bauxitesample from 260- to 290-cm depth. Lower curveisthedifferencebetweenobserved
and calculatedprofiles.

Table 1. Quantitative analyses (wt.%) of Hawaiian bauxites as a function of depth.

Mineralogy Hematite Goethite Gibbsite Magnetite Anatase Rutile Ilmenite

Sample Depth (cre.)
0-101 4.1 38.6 39.6 6.5 6.2 0.2 0.3

10-20 2.5 43.3 40.0 7.5 6.4 0.1 0.2
20-30 3.2 45.6 37.7 6.5 6.7 0.2 0.2=

30-50 6.2 32.8 46.8 8.4 5.2 0.2 0.3
50-70 4.0 30.7 53.3 6.4 5.2 0.2 0.2
70-90 6.0 31.8 48.4 8.5 5.0 0.2 0.2
90-100 3.5 24.8 53.1 14.7 3.9 0.03 0.03

110-120 9.5 18.9 47.2 20.4 3.7 0.2 0.02
130-160 3.5 40.7 42.1 8.4 4.9 0.1 0.2
170-200 6.6 26.3 49.6 14.2 2.8 0.2 0.4
220-260 5.0 19.7 60.0 11.5 3.5 0.1 0.2
260-290 7.2 23.7 51.9 13.3 3.2 0.4 0.4

lThe 0-10 cm sample also contains 4.5% quartz which was not detected in ali other samples
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Table 2. Unit-cell parameters (A) for goethite and magnetite (maghemite) for Hawaiian bauxite
samples.

Gocthitc Magnetite
a b c a

Sample Depth (cm.)

0-10 4.582(1) 1 9.827(3) 2.9731(6) 8.3561(5)
10-20 4.584(1) 9.843(3) 2.9750(7) 8.3588(8)
20-30 4.583(1) 9.843(3) 2.9758(7)
30-50 4.587(2) 9.849(5) 2.973(1)
50-70 4.584(2) 9.855(5) 2.972(l)
70-90 4.587(2) 9.864(5) 2.976(1)
90-100 4.580(2) 9.812(7) 2.969(2)

110-120 4.595(4) 9.84(1) 2.964(2)
130-160 4.581(2) 9.841(5) 2.9699(9)
170-200 4.589(3) 9.87(I) 2.966(2) 8.3631(6)
220-260 4.583(4) 9.92(1) 2.969(2)
260-290 4.591(3) 9.91(1) 2.964(2)

lNumbers in paientheses represent estimated standard deviations in the last quoted decimal piace.

Refinement of Unit-Cell Parameters

: The Rietveld method minimizes the differences between observed and calculated diffraction

patterns at every dam. point rather than relying on simpler methods that use only peak positions. In
addition, calculated peak lx, sitions are constrained by the model symmetry and by a set of unique
unit-cell parameters, resulting in refined unit-cell parameters that are most consistent with the
observed data. The calculated diffraction pattern also incorporates ali possible reflections
contributing to a peak that might shift its position slightly but may be too weak or too closely
overlapped to be resolved. Therefore, the method yields unusually precise information on unit-cell
parameters and reflection positions. Figure 13 illustrates a region of the diffraction pattern of
clinoptilolite, showing the Rietveld fit to a composite three-peak region. The refinement results
shown in the figure show that this three-peak region is instead composed of at least six reflections.
Obviously, this overlap (common in powder diffraction patterns) would make unique indexing of
the peaks in the pattern difficult and would preclude accurate un;t-cell parameter refinement by
conventional methods.

The full-pattern fitting routine used in the Rietveld method also provides the opportunity to
correct analytically for a number of the most serious systematic errors affecting peak positions,
including specimen displacement, specimen transparency, and zero-20 offset. These effects, and
corrections for them, are discussed by Klug and Alexander (1974) and Jenkins (1989).
Incorporation of some or ali of these effects allows the Rietveld method to provide unit-cell

_
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parameters not only of high precision but also of high accuracy. The Rieweld method appears to
be superior to any other conventional method for determining unit-cell parameters.
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Figure 12. a) Observed X-ray powder diffraction pattern of a synthetic analcime-erionite mixture,
showing the presence of --0.14% erionite and -0.43% illite; and b) observed (+) and calculated
(solid li-he) )(-ray diffraction data (CuKc0 for the analcime-erionite mixture. Lower curve is the
difference between observed and calculated profiles.
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Figure 13. A portion of the observed (+) and calculated (solid line) powder X-ray diffraction paxtem

of clinoptilolite, showing the fit to a three-peak (peaks are labeled) region. The lower curve
shows the difference between observed and calculated patterns, and verucal marks (in pairs) at
the bottom indicate the positions of allowed Kel and Ka2 reflections (Rwp = 14.7%, Rexp =
7.5%).

Post and Bish (1989) illustrated that consistent unit-cell parameters could be obtained for Si,
even for samples displaced from the focal plane by up to 8 mils. They also gave refined unit-cell
parameters for corundum, hematite, and quartz. Use of a specimen transparency correction in
addition to a specimen displacement correction can yield even greater accuracy. Refinement of the
unit-cell parameter o:f NIST 640a Si without either correction gave a value of a = 5.43073(2)A and
use of both corrections gave a value of 5.43087(3)A, comparing well with the certified value of
5.430825(36)A (statistically identical at the lfr level).

Application of the Rietveld method to synthetic Mn-goethite samples of varying Mn
substitution (Bish and Ebinger, 1989) gave unit-cell values of a = 4.6056(4)A, b = 9.9657(8)A,
and c = 3.0210(2)A, significantly more precise than previous measurements. Precise values were
obtained in spite of the presence of very broad reflections and a hematite impurity. It is difficult to
assess the accuracy of these values because the true values are not known. The goethite a and c
dimensions decreased by 0.039A and 0.096A, respectively, and the b dimension increased by
0.474,_ as the Mn mole fraction increased to 0.47. These changes in unit-cell parameters appear to
be consistent with increasing Jahn-Teller distortion in the octahedral sites with increasing Mn
substitution.

AJ_alysis of Peak Broadening

Because the Rietveld method explicitly fits ali observed diffraction peaks, considerable
information on the prof'tles can be extracted, particularly if the capability exists to fit anisotropically
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broadened reflections. This treatment can potentially go far beyond the familiar Scherrer method
which relates peak broadening to crystallite size. An analytical peak-shape function is explicitly
included in ali Rietveld refinements, a function that as accurately as possible represents the
observed peak shapes. Although earlier Rietveld'refinement programs used simple profile
functions, such as a Gaussian or Cauchy profile, more recent programs use more complex
functions such as a pseudo-Voigt (combination of Gaussian and Cauchy) or Pearson VII function
(see Young and Wiles, 1982, for a description of many profile functions). These profile functions
have commonly been combined with an angle-dependent peak-width function, the most common
being the formulation of Caglioti et al. (1958) relating peak width, H, to angle:

H=Utan20 + Vtan0 + W, (22)

where H is the peak full width at half-maximum height, and U, V, and W are refinable parameters.

Instead of the Caglioti et al. (1958) formulation, the program GSAS (Larson and Von
Dreele, 1988) uses a multi-term Simpson's-rule integration of the pseudo-Voigt function that
contains separate expressions for Gaussian and Lorentzian broadening and incorporates the ability
to accommodate anisotropic broadening. The Lorentz.ian component is parameterized in terms of
1/cos0 and tan0. As shown below, this formulation allows separation of crystallite size and strain
contributions to reflection broadening.

Crvstallite-size broadening causes all reflections in reciprocal space to be broadened alike,
'_ * 1

i.e., Ad = constant. Because d = d- , ,6d* = -d-2z3d = Ad/d 2 = constant, crystallite-size
broadening is related to 20 broadening by:

A0cot0

Ad/d2- d = constant. (23)

Using Bragg's law, and the equality 2A0 = A20,

A20 cot0 sin0
Ad/d 2 - (24)

Broadening is then:

K(ad/d2)
A20 = (25)

2coso

Thus, crystallite size information can be extracted from a refinement if profile coefficients are
parameterized to relate peak breadth to I/cos0.
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Strain (essentially a distribution of unit-cell parameters) broadening causes a shift in
diffraction line position, and broadening in reciprocal space is a function of d*, i.e, _t*/d* =
constant. From the above relationships we can show therefore that Ad/d = constant. Thus strain
broadening in real space (as opposed to reciprocal space) is related to 20 broadening by:

/Xd/ d = zX20cot 0 = constant (26)

or

A20 = (Ad / d)tanO (A20 in radians). (27)

Thus, if the profile coefficients are parameterized to relate peak breadth to ta_n0, information on
lattice strain can be extracted from a refinement. Broadening of a reflection (in ,520) due to small
crystallite size varies as the inverse of cosO, whereas strain broadening (again in 1220) varies as
tan0. Thus, determination of the pseudo-Voigt breadth terms related to l/cos0 and ta.n0 can
provide information on crystallite-size and strain broadening, respectively.

Goethite. The Rietveld refinements of goethites (FeOOH) by Bish and Ebinger (1989) and
Ebinger and Bish (1990) are good examples of the extraction of information on the sources of peak
broadening in a mineral. Bish and Ebinger (1989) used these methods with X-ray powder
diffraction data in a study of goethite and Mn-goethites to determine not only structural information
but insights into the causes of peak broadening for the samples (Figure 14). Their refinements
illustrated that increasing Mn substitution in goethite causes a decrease in the a and c unit-cell
parameters and an increase in the b parameter. Atomic positions obtained for goethite were
significantly different from limited literature data, and they showed that the environment of the
metal site progressively changes as the amount of Mn substitution increases. The (Fe,Mn)-O,OH
distances systematidally changed with an increase in Mn mole fraction. The two apical metal-
O,OH distances lengthened significantly whereas the equatorial metal-O,OH bonds shortened with
an increase in Mn mole fraction, consistent with a Jahn-Teller distortion that increased with
incorporation of Mn. The relative changes in the unit-cell parameters are readily explained by these
atorruc changes. A new and interesting result of their study is the indication from the refined
profile parameters that the principle cause of broad reflections in the X-ray diffraction patterns is
lattice strain rather than small crystallite size. These parameters implied that crystallite size either
remained constant or increased with increasing Mn mole fraction. However, lattice strain increased
with increasing Mn, reaching values in excess of 5% strain at 0.47 Mn. Results also indicated that
swain is greatest in the X-Y plane. Bish and Ebinger concluded that the highly strained lattice is
probably the reason for the observed structural break between goethite and groutite (MnOOH).
These results obtained from the observed profiles are in direct opposition to published results on
goethite; ali previous investigators had assumed the cause of broad reflections to be due to small
crystallite sizes and had applied the Scherrer equation. Because of the extreme breadth of the
goethite reflections and the presence of overlapping reflections (including contributions from
hematite in the low-Mn materials) in the diffraction pattern, extraction of this information using
other methods such as profile fitting would have been virtually impossible.
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The Rieweld refinements of Ebinger and Bish (1990) on Cr-goethites are similar to those of
Bish and Ebinger (1989) on Mn-goethites. The unit-cell parameters for Cr-goethites decreased
only_a minor amount as Cr substitution increased, due to the similarity in size between Cr+3 and
Fe +3. In contrast with the results for Mn-goethites, the broadening of reflections in diffraction
patterns for Cr-goethites appeared to result primarily from small crystaUite sizes rather than strain.
This is consistent with the similarity in ionic size and the lack of Jahn-Teller distortions for Cr+3.

Clearly there axe many potential applications of the Riet'veld method to clay minerals in
extracting information on the sources of peak broadening, because many clay minerals exhibit
significantly broadened reflections. For example, the refinement of kaolinite by Bish and Von
Dreele (1989) suggested that the kaolinite reflections were broadened by both crystallite size and
strain effects, both of which were anisotropic. The strain broadening was greater along [001] than
within the X-Y plane, consistent with a finite distribution in the c unit-cell parameter. Based on
these results and those for goethite, it is probably fallacious to neglect the effects of strain
broadening in studies of clay mineral diffraction peaks.

"" SAMPLE REFINEMENT

A typical Rietveld refinement is a complex undertaking, involving numerous variable
parameters related to background, profile shapes, unit-cell parameters, preferred orientation, and
structure. Due to the often large number of variable parameters, it is very easy to "get a pie in the
face" by allowing parameters to vary too early in the refinement or allowing unjustified parameters
to vary. In this respect, Rietveld refinements are very different from conventional single-crystal
refinements in which individual reflection intensities or structure factors are used as observations.
Because of the difficulties encountered during a Rietveld refinement, it is worthwhile to outline a
typical and recommended refinement scheme that should minimize difficulties.

Sample Preparation and Data Collection

Perhaps the most important step in a Rietveld refinement is sample preparation and data
collection as is the case with many instrumental methods of analysis. It helps to remember that a
typical data collection may take as long as a day or two, unattended, whereas a typical Rietveld
refinement may take much longer and require frequent user interventions. Thus, time spent on data
collection is time well spent. It is always advantageous to use as pure a sample as possible,
although most modern Rietveld programs incorporate the ability to treat multiple phases.
Otherwise, the foremost requirement for a Rietveld refinement is accurate intensity data, so
attempts must be made to obtain adequate particle statistics (using a sufficiently fine particle size)
and to minimize preferred orientation. Bish and Reynolds (1989) suggested that particle sizes be at
least as small as i0 l.tm for materials of average linear absorption coefficient, and smaller if high
linear absorption coefficient materials are used. As outlined by Bish and Reynolds, a variety of
sample-mounting methods exist to reduce preferred orientation, but spray drying appears to
produce the most "random" sample mount. If the Rierveld method is being used only for unit-cell
parameter determination from a complex pattern, these requirements can be relaxed; relatively poor
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quality data can be used as long as no uncorrected systematic errors are present that can influence
the reflection positions.

For both X-ray and neutron studies, it is recommended that data be collected out to the high-
angle limit of the instrument. This will provide much more stable refinement of angle-dependent
variables such as temperature factors, site occupancies, and profile parameters (yielding
information on crystallite size and strain broadening). Although it is a common perception that
little or no useful information is available from the high-angle portion of diffraction patterns, this is
usually not true. If a sample is sufficiently ordered and exhibits only Bragg diffraction effects,
high-angle data will probably be useful. The high-angle data may appear broad and poorly
resolved, but this is usually due to low intensities and overlapping of numerous reflections. The
low-angle cutoff in data collection should be determined based on beam coverage of the sample and
on instrumental effects. Low-angle reflections can have considerable asymmetry in both X-ray and
fixed-wavelength neutron data, due in part to axial divergence of the beam (incident-beam Soller
slits should be used). In addition, it is often worthwhile to avoid using data in the angular range in
which Lorentz and polarization effects are rapidly varying. In any X-ray experiment, the sample
must be fully within the incident beam at the lowest angle of interest, although a correction can be
applied to the data if the X-ray beam and sample dimensions are known. Choosing a low-angle
cutoff as high as 20 °20 seldom results in the loss of many reflections. Finally, it is important to
note that a well-aligned diffractometer and well-known calibration standards are important in any
Rietveld refinement. Although most Rietveld programs provide the ability to refine both zero-point
and sample-displacement corrections, these two corrections are highly correlated and simultaneous
refinement of both values may yield unstable results. Use of a diffractometer with no zero-point
error and refinement of only a sample displacement correction is preferable.

lt is possible and advantageous to obtain digital X-ray data in a variety of separate angular
ranges in an attempt to acquire data with approximately constant precision. Consider a diffraction
pattern in which reflections between 10 and 50 °20 are on the average five times as intense as those
between 50 and 100 °20, which are in turn five times stronger on average than those between 100
and 160 °20. An appropriate data-collection strategy would then involve collection of three
separate ranges, for example counting for 2 s/step in the ftr'st range, 10 s/step in the second range,
and 50 s/step in the third range. The author has obtained good results using this data-collection
strategy in conjunction with a Rietveld program that facilitates the use of multiple data sets (e.g.,
GSAS, Larson and Von Dreele, 1988). The use of multiple ranges is particularly beneficial for X-
ray diffraction studies because of the decrease in atomic scattering factors with angle. However,
neutron scattering lengths do not decrease as a function of angle, so the multiple-range method is
not necessary in neutron diffraction studies. The author has found that the use of this data-
collection method with X-ray diffraction data yields improved values for temperature factors and
site occupancies, and individual temperature factors can be stably refined in favorable cases with
complex structures. Post and Bish (1989) outlined the various arguments concerning choice of
step sizes and count times for use in Rietveld data collection, and the interested reader should

= consult that discussion and the references cited therein.
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Refinement Strategies

To reiterate, the approximate crystal structures of ali phases in a given sample must be
known before performing a Rietveld refinement. The structures, together with the unit-cell
parameters and space group symmetry of each phase, make up the sample-related paran_ters to be
used as input to any Rietveld refinement program. In addition, before beginning a refinement, the
types of background and proffle functions to be used must be selected; the available options will be
determined by the particular Rietveld program used. Most refinements with X-ray diffraction
observations today use either pseudo-Voigt or Pearson VII profile functions, or a more complex
variant of one of _ese. Appropriate starting values for the profile function are what are known as
instrument parameters, i.e., values unaffected by any sample-related broadening. These values
should be determined for an individual instrument with an appropriate material that contributes little
or no sample-related broadening (e.g., NIST SRM 660, LAB6) so that instrument-related profile
broadening can be evaluated and incorporated into the analysis of profiles. Table 3 illustrates a
typical input file for a one-phase refinement of the structure of goethite for the DBW program of
Wiles and Young (1981). This table is not meant to provide a template from which to prepare a
Rietveld input file, but it is presented to illustrate the type of information typically required to
perform a Rietveld refinement. As is obvious, there are numerous control parameters that define
various instrumental, data, and refinement-related input values. Input for each phase consists of a
title line, a line listing the number of atoms in the asymmetric unit, and, possibly, a preferred
orientation direction. Following this information is a line containing the space group, and ali atoms
in the asymmetric unit are listed next. Input for each atom consists of one line providing the x, y,
and z atomic parameters, an isotropic temperature factor, and the site occupancy times the site
multiplicity. The second line for each atom consists of six anisotropic temperature factor values,
often set to zero in a Rietveld refinement. The next line contains the scale factor and an overall

temperature factor, followed on the next line by the U, V, and W parameters of Caglioti et al.
(1958), a profile number (in this case Pearson VII), the value of the Pearson VII coefficient and its
angle-dependence. _;tarting unit-cell parameters are contained on the next line, followed by a line
containing information on a preferred-orientation correction and an asymmetry correction. The
remainder of the file contains a variety of what are termed codewords that define which refinable
parameters will be ref'med. Many varieties of input files exist for Rietveld refinement programs,
and this table simply provides an example of the type of structural information and refinement
parameters that are required.

Although the refinement strategy outlined here works well for the author, other similar
strategies are used, and this procedure is by no means universally accepted in detail. After
preparation of an input rifle containing the sample-related parameters and appropriate background
and proffle parameters, refftnement can be commenced by allowing individual scale factors for each
phase to vary. This stage of refinement is often combined with variation of background parameters
(if fixed background points are not used). The aim at this point is to bring observed and calculated
diffraction patterns to the same scale and to generate a background that closely matches the
observed background. If a refined scale factor is too low, calculated intensities will be uniformly
low by a constant factor', non-uniform intensity discrepancies can result from a variety of factors,
including incorrect temperature factors, incorrect Lorentz-polarization factor, and errors in site
occupancies or atomic positions. If the starting structural and unit-cell parameters are reasonably
close to the true values, this flu-st stage of refinement is usually successful. On some occasions,
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various parameters may require damping to remain stable, i.e., applying less than the full
calculated shift to the parameter during each least-squares cycle. Throughout every stage of a
refinement, it is important that progress be monitored by examining plots of observed and
calculated data, particularly if any difficulties are encountered. Thus, it is imperative that quick
plotting capabilities be available, e.g., on a graphics terminal. Any problems with the refinement,
e.g., improper background parameters or scale factor, incorrect unit-cell parameters, incorrect
profile parameters, or a missing phase, are usually readily apparent in the plots, lt should also be
obvious that a Rietveld refinement usually progresses in discrete steps, with refinement of a given
set of parameters to convergence, addition of another parameter, and re-refinement to convergence.
Virtually any variable may refine to unreasonable values (e.g., negative or very large temperature
factors, negative profile parameters), and care should be exercised when adding additional
refinable parameters.

Table 3. Sample goethite input file for the DBW Rietveld program.

(title) Goethite
0 6 1 0 0 0 0 0 1 0

(control params) 0010110001130
1.5406 1.5444 0.5000 0.0003 15.0000 0.7992 1.0000 45.0000
120.400.700.700.700.70 15.0000 0.0200 91.9000

19 0 0.0000 0 0.0000 0 0.13000 0 0.0000
(displacement) 0.000000 0.00 0.02885 111.130
(background coeff) 87.8132 3.00396 0.823991E-010.000000E+000.(XXX)(X)E+000.000000E+00
(bkg. codewords) 21.00 31.00 41.00 0.00 0.00 0.00
(phase name) Goethite
(# atoms) 3 0 00.000.000.130
(space group) P B N M

FE FE+2 0.04607 0.85100 0.25000 0.80000 0.50000

(atoms, temperature" 0.00000 0.00(O 0.00000 0.00000 0.00000 0.00000
factors, & O O-1 0.79557 0.18709 0.25000 1.20000 0.50000
occupancies) 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

OH O-I 0.15060 0.07292 0.25000 1.200(30 0.50000
0.00000 O.O0(XX_0.00000 O.O(X)_ 0.00000 0.00000

(scale factor) 188.342 1.08108
(profile parameters) 0.00000 0.51488 0.07053 6 1.2088 0.0000
(unit-cell 4.60989 9.95492 3.01957 90.0000 90.13000 90.0000
parameters) 0.00013 0.0000 0.0135

141.00 151.00 0.00 201.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

(codewords) 161.00 171.00 0.00 211.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

181.00 191.00 0.00 221.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
11.00 131.00
0.00 91.00 81.130 101.00 0.00

51.00 61.00 71.130 0.00 0.t30 0.00
0.00 0.00 121.00
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Once all profile-related parameters, unit-cell parameters, and atom positions have been stably
refined, it should be possible to refine variably occupied sites if the scattering power of the
occupants differ, e.g., Fe and Mg for X-rays. Site-occupancy refinement of atoms of similar
scattering power, e.g., A1 and Si with X-rays, should not usually be attempted because
unpredictable results will probably occur. If data are available over a wide angular range, it is
usually possible to refine individual temperature factors, particularly if like atoms are constrained to
have the same shifts. However, simultaneous refinement of temperature factors and site
occupancies often yields unstable results due to correlations between the two. If partial structure
solution is desired, e.g., determination of the location of an exchangeable cation in a zeolite, the
recommendations in Post and Bish (1989) should be followed to avoid biasing the refinement.

The Rietveld method is more prone to yielding inaccurate refined structures than are single-
crystal methods, and it is always important to assess the reliability of a final structure. The
weighted profile residual [-Eq. (1)] provides a means of assessing the quality of the fit, but it does
not allow assessment of the statistical significance of the refined structure. A variety of statistical
parameters, including the Durbin-Watson d statistic and the reduced Z2 statistic (see Post and Bish,
1989) have been proposed that allow one to obtain an idea of how significant a final result is.
Irrespective of what Rwp value is obtained, it is important to assess how crystal-chemically
reasonable a final structure is. Generally, this involves a comparison of the observed bond
distances and angles with published results from comparable structures. If observed bond
distances deviate significandy from accepted values, the refined results should be suspect. In rare
(?) cases, the refined structure may represent a false-minimum result, although poor and inaccurate
structures usually result from various combinations of incorrect starting model, poor-quality data,
incorrect refinement strategies, and uncorrected systematic errors.

When presenting results, it is important to provide all information pertinent to the ref'mement,
including the type of prof-fle function used, the value and type of preferred orientation correction,
and the type of temperature factors (individual or overall) used. Observed, calculated, and
difference curves should also be provided in plots, and it is essential to state whether background
has been subtracted or not when using neutron powder diffraction data. Markers showing the
calculated positions of possible reflections are often useful but are less so for complex patterns.
The wavelength, scan range, count time per step, and temperature used in data collection should
always be provided. Finally, in order to allow the reader to assess the quality of the ref'mement,
both Rwo and expected R (Rexv) value should be provided (in addition to one of the useful
statistical-parameters, d or reduce_ _2). Rexp is essentially the minimum Rwp that can be obtained

= and is one measure of how much informafiofiremains unresolved in the data kfter refinement.

CONCLUSIONS

Rietveld refinement is clearly a versatile and powerful method that can be applied to solve a
variety of problems in clay mineralogy if the user is aware of the appropriate sample limitations and
the assumptions inherent to the method. The method can be applied to well-ordered clays and
many other fine-grained minerals, such as many oxides and hydroxides, without significant
assumptions and it can provide information that was previously beyond reach. This information
includes accurate and precise unit-cell parameters, separation of crystallite-size and strain

116



Studies of Clays Using the Reitveld Method

@

broadening effects, quantitative multicomponent analysis, partial structurc solution, and full
structure refinement. The method is particularly important for such materials because it allows
analysis of very finely c, ystalline minerals that may be unavailable in single-crystal form.

The Rietveld method is limited in its application to disordered clays and clay minerals
because it implicitly assumes the presencc of Bragg diffraction effects only. Furthermore, it is
very important to understand that two-dimensional diffraction effects cannot be approximated by
broadening reflections using the profile shapc functions typically available with the Rietveld
method. Thus, a full three-dimensional refinement of such matcrials cannot be performed, but
abbreviated analysis is still possible, including one-dimensional structure refinement which
pre ,rides a projection of ali atoms onto c. Such an analysis can provide accurate and precise
in_brmafion on layer repeat and can potentially provide information on site occupancies. Semi-
random stacking sequences present an intermediate case, but their analysis will probably lead to a
refined structure tha_ ;s at least partially an artifact due to the presence of some two-dimensional
diffraction effects.
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