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Abstract

With the increasing availability and accessibility of high resolution powder
diffractometers at many synchrotron radiation sources throughout the world,
there is rapidly-growing interest in the exploitation of anomalous dispersion
techniques for structural studies of polycrystalline materials. In conjunction
with the Rietveld profile method for structure refinement, such studies are
especially useful for the determination of the site distributions of two or more
atoms which are near neighbors in the periodic table, or atoms which are
distributed among partially occupied sites. Additionally, it is possible to i)
determine the mean-square displacements associated with different kinds of
atoms distributed over a single set of sites, ii) distinguish between different
oxidation states and coordination geometries of a particular atom in a
compound and iii) to determine f' for a wide range of atomic species as a
function of energy in the vicinity of an absorption edge.

Experimental methods for making anomalous dispersion measurements
are described in some detail, including data collection strategies, data analysis
and correlation problems, possible systematic errors, and the accuracy of the
results. Recent work in the field is reviewed, including cation site-distribution
studies (e.g. doped high Tc superconductors, ternary alloys, FeCo2(PO4)3,
FeNi2BO5), oxidation- state contrast (e.g. YBa2Cu306+x, Eu304, GaC12, Fe2PO5),
and the effect of coordination geometry (e.g. Y3Ga5012).

1. INTRODUCTION

In the past few years, there has been rapid progress in the development and
application of high-resolution powder diffraction techniques at synchrotron
sources [1,2,3]. Several beam-lines dedicated to powder diffraction are now in
operation or being commissioned, and others are in the planning stages at the
next-generation sources presently under construction. As in the case of
dedicated neutron instruments, there is a large user community with a major
interest in the determination and refinement of inorganic structures, and the
study of phase transitions. In addition, the high resolution is being
increasingly exploited for the ab-initio determination of unknown structures.

While anomalous scattering powder diffraction has been used in structural
studies for many years (see, for example, the 1934 paper of Bradley and
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Rodgers [4]on the distributionofCu_ Mn a_d Al inHeusler alloys),the success
of synchrotron x-ray powder techniques has stimulated a new and growing
interestintheirapplicationin thisarea.On a bending magnet beam-lineata
2.5 GeV machine such as the National Synchrotron Light Source (NSLS), a
wide range of K- and L-absorptionedges in the range 5-25 kev isaccessible,
which includes most of the elements between V and U. The remaining
elements in thisrange have edges that are accessibleon a wigglerbeam-line
or at a higher energy source.

Probably the most important application of anomalous scattering to powder
diffraction is to provide contrast between neighboring elements in the periodic
table, long a traditional application of neutron diffraction. This, of course, is
possible because fattains large negative values in the vicinity of the absorption
edge, which markedly reduces the overall atomic scattering factor of the
element in question. This can have a dramatic effect on certain classes of
reflections. Furthermore, this effect is proportionally greater with increasing

scattering angle, 2e, or momentum transfer, K (=4_ sin e/_) , since fremains
essentially unchanged as a function of these quantities. For example, at an
energy 10 eV below the K-edge of Fe, theory [5,6] and experiment [7] show fto
have a value of about -6 electron units (eu), compared to 26 and 12 eu for fo at

(sine)/_. values of 0.0 and 0.5 _-1, a fairly typical range for the collection of
powder data. Comparable ratios are found for heavier elements. In fact, in
many cases the contrast provided by x-rays is better than that provided by
neutrons.

Anomalous scattering is therefore a quite general technique for the deter-
mination of the distribution of two or more elements of similar atomic number
among crystallographicallydistinctsitesin a crystalstructure.This isa very
common problem in many areas of solid state chemistry and physics,
metallurgy,materialsscienceand mineralogy.In principle,the method can be
applied to any number of elements, with accessibleedges, in a given
compound.
A relatedaspect isthe distributionoftwo atomic speciesamong partially

occupied sites,which isan important featurein the chemistry of molecular
sievesand microporous materialssuch as zeolites,forexample. Ifone ofthe
specieshas an accessibleedge,detailsofthe distributioncan be obtainedfrom
two setsofdiffractionmeasurements, one closetothe edge and the othermuch

furtheraway. When the two speciesoccupy a singleset ofsites,anomalous
scatteringprovidesa selectiveprobe forthe determinationof the individual
temperature factorsor staticdisplacementsassociatedwith relaxationeffects
[8].
A very recentapplicationofanomalous scatteringto powder diffractionhas

been the study ofcompounds in which a singleelement ispresentin two diff-
erent oxidationstates.This technique requirescarefulmeasurements very
closeto the absorptionedge,sinceitreliesin partupon the small differencein
the positionsofthe respectiveedges foreach oxidationstate,typicallya few eV,
as illustratedin Figure 1.In thisway, a directassignment ofeach oxidation
stateto a specificsitein the structurecan be made, which isseldom possible
with spectroscopictechniques.This may alsobe a usefulmethod to study the
behavior of an element in a singleoxidationstatebut with differenttypes of
coordinationgeometry.



Anomalous scattering diffractio_ ..
measurements on simple reference ,,
compounds can be used for the f
experimental determination of f'as a
function of energy [9,10]. Such reference
materials are available for practically all
elements, so this is a quite general
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technique. Of course, there are many
other, sometimes more accurate methods
that can be used for this purpose if
suitable samples can be prepared, such as
single crystal diffraction [ 11 ],
interferometry [7], and transformation of
x-ray absorption data [12,13,14]. These
experimental techniques are discussed in
more detail in the article by Lengeler in - "'- ..-
this book [15]. ... ...-""

A potentially important application of "',. ,,'
anomalous scattering to powder _ ' "",,, -"
diffraction is the estimation of phase f ,, ,,

angles as an aid to the ab-initio solution . ',,\ \ / /

of unknown structures [16,17,18]. While _,.,//, ,,this is a widely-used technique in , :
macromolecular crystallography, as
described in the article by Hendrickson in
this book [19], it use is only just starting to
be explored by the powder diffraction Energy
community.
Differentialanomalous scatteringhas Figure 1. Schematic illustration

proved to be a valuabletechniquein the oftheshii_inthe curveforf' as
study of amorphous materials [20], a functionof x-ray energy from
polycrystalline compounds showing a lower (solidline)to a higher
intermediate-range order, and (dashed line) oxidation state.
quasicrystals[21,22,23],and itcan alsobe The shii_istypicallya few eV.
used for qualitative and quantitative
analysisof minority phases in mixtures
[24].Because ofspace limitationsthese aspectscannot be consideredin the
currentarticle,which isrestrictedtostudiesoflong range structuralfeatures
in bulk polycrystallinematerialsand isorganizedas follows.In section2 we
will outlinethe experimental strategy and techniques for data collection,
methods fordata analysisand some ofthe pitfallslikelytobe encountered.In
section 3 we will review a number of specific examples which will illustrate
many of these points, and in section 4 we conclude with a few general remarks.

2. EXPERIMENTAL TECHNIQUES

2.1. Data collection strategies
Powder diffraction data collection at a synchrotron source is normally a

relatively straightforward procedure compared with many other types of
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experiment, but there are several important points to keep in mind in the
planning stage, especially in the case of anomalous scattering investigations.
A brief summary follows; more detailed accounts can be found in the recent
literature [25,26,27].

It is essential to check samples on a good laboratory diffractometer for
homogeneity, impurity phases, and size and strain line-broadening. The
synchrotron is not the place to discover problems of this sort. Useful
informationabout crystallitesizeand shape anisotropycan oftenbe obtained
from SEM micrographs.Large crystallitesseveralmicrons in dimensions may
make it difficultto achieve proper powder randomization, and flat-plate
samples of platy or acicular materials will probably show pronounced
preferred orientationeffectswhich may be difficultto correctfor in the
subsequent data analysis.
The next pointtoconsideristhe choiceofdiffractiongeometry,as illustrated

in Figure 2.Typicalconfigurationsincludea flat-plateor capillarysample in
conjunction with a narrow receivingslitand, a scintillationcounter or
semiconductordetector,or a flat-platesample with Sollerslitsifthe beam size
permits. Crystal-analyzergeometry offersthe best resolutionand peak-to-
background discrimination,but may not give adequate counting rates,
especiallywith narrow diameter capillarysamples.Receiving-slitor Soller-slit
geometry shouldthen be consideredinstead.In any case,itisverydesirableto
make some preliminarychecks of the trade-offbetween intensity,resolution
and peak-to-backgrounddiscriminationat the startof the experiment.Other
possibilitiesincludethe use ofa one-dimensionalposition-sensitivedetectoror
an imaging plateformore rapid data collection.
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Figure 2. Various types of instrumental geometry for synchrotron x-ray
powder diffraction.(a)narrow incidentbeam slits(IS)and receivingslit(RS),
fiat-platesample (b)narrow receivingslit,capillarysample (c)Sollerslits(SS),
fiat-platesample (d)crystal-analyser(CA),fiat-platesample.Reproduced from
ref.[3].



The energy spread in the incident beam is another important factor. This is
easily estimated from the intrinsic energy resolution of the monochromator
crystal, AE/E, and the divergence of the beam in the scattering plane (usually

vertical), AO, which will depend on the source and incident beam or sample
dimensions.

AE/E = [(_ cot SM)2 + (AE/E) 2 crystal] 1/2 (1)

Here eM is the Bragg angle of the monochromator and (AE/E)crystal = £ocot eM,
where cois the Darwin width. For Si(111) at an energy of 10 keV, typical values of

AE at beam-line X7A at the NSLS lie in the range 2-3 eV.
A standard procedure for preparing flat-plate samples by back-loading is

described by Klug and Alexander [28]; however, since the sample must be
rotated or rocked during data collection and a smooth surface is needed, it is
probably best to press the sample into a recessed holder with a glass slide. This
minimizes the possibility of losing part of the sample as a consequence of its
motion, but unfortunately will also tend to exacerbate preferred orientation
effects. If desired, such effects can usually be eliminated through the use of
capillary specimens; in this case the radius of the capillary, R, should be

chosen so that bR does not exceed 2, say, to avoid unduly large absorption
corrections. It is a good practice to weigh the amount of material introduced
and determine the effective density directly, typically 25-40%. Again, it is well
worth the extra effort to carry out preliminary checks with both flat-plate
samples and capillary specimens of different diameters.

If the objective of the experiment is to contrast near-neighbor elements in the
periodic table and determine their distribution among different
crystallographic sites, the recommended strategy is to collect two extended
data sets, one slightly below the absorption edge (say 10 eV for a 3d atom), and
one several hundred eV below the edge, or better still, well above the edge. It
has been our experience that data collected around 0.7 ,_ (-18 keV) are less
prone to systematic errors than those collected at the longer wavelengths
which are often employed and give more reliable refinements, especially with
respect to thermal parameters. In the subsequent refinement, the second data
set provides a constraint which helps reduce the otherwise large correlations
between thermal parameters, site occupancies, dispersion terms and the
overall scale factor.

The energy difference of 10 eV for a3d atom is chosen so that the value of f'
can be estimated reliably using readily available theoretical results and to
provide an adequate contrast change between the two wavelengths. The
reliability of the theoretical calculations falls off rapidly close to the absorption
edge due to the omission of the influence of the natural line-widths of the
energy levels [29] and the instrumental energy resolution. Additionally, the
chemical environment of a species also effects the anomalous scattering
corrections in the near-edge region.

Since the position of the edge will depend on the oxidation state of the
element in question, it is strongly recommended to determine this directly.
This approach also avoids some of the difficulties associated with
monochromator calibration and is easily accomplished by monitoring the Ka



fluorescence from the sample
(preferably with a semiconductor "" ' ' ' ' " ' "
detector) as the monochromator is .""

scanned through the edge. An _ _650 " ",'.,_,_,_,_
example of a Ga K-edge scan for _ " "
Y3GasO12 is illustrated in Figure 3 _, _oo "
[25]. The measured edge is at about _ •

10.377 keV compared to 10.367 keV for ! 550 "
elemental gallium, and reflects the z o
extra binding energy of gallium in the
trivalentstate. If the energy is now set o , . . , , A , j ,10.36 10.37 10.38 10.39 10.40 10.41

to 10.367 keV, the calculated value of Energy/KeV
f' is about -7 eu [30]. In this case the
sample was the same flat-plate Figure 3. Fluorescence signal from
specimen satisfying the "infinitely- a flat-plate sample of Y3Ga5012 in
thick" criterion [28] used for the the vicinity of the Ga K-edge
diffraction measurements, and the measured with a semiconductor
fluorescence curve may be somewhat detector. Reproduced from ref. [25].
distorted with respect to an absorption
curve collected on a dilute sample.
Nevertheless the measured edge position should be reliable enough for setting
up the experiment.

At this stage, an accurate calibration of the energy should be carried out
with a standard reference material such as Si (a = 5.4308 A) or CeO2 (a = 5.4113
/_). If there is some concern about the stability of the source or the beam-line
optics, further calibrations may be needed to check for possible drifts in the
energy.

M_:asurements designed to study oxidation state contrast in a compound are
considerably more challenging than those involving only element contrast,
since they require the accurate determination of f' for both oxidation states in
a narrow region (typically only a few eV) around the absorption edge. Good
source and beam optical stability, say, to within +1 eV, are desirable for such
experiments, and calibration is necessary at frequent intervals. In the region
just above the edge, counting rates and peak-to-background discrimination are
vastly inferior due to the stronger absorption, as illustrated in Figure 4.
Maintaining a proper powder average may also be a problem because of the
decrease in the volume of material which is sampled, and systematic errors
due to surface roughness effects may be greatly enhanced [31]. The advantage
of using a semiconductor detector can be appreciated from the inset to Figure
4, which shows the energy spectrum obtained for a background point. By far
the largest component of the scattering is the Ka fluorescence, which would
increase the background by a factor of five if a conventional scintillation
detector were used. In oxidation-state contrast studies of this type, valuable
complementary information can be obtained from x-ray absorption spectra
measured on the same sample and suitable model compounds, for example,
the presence of white-line features and the likely energy difference between the
respective edges can be determined. This will be illustrated in more detail by
some results for GaC12 to be described in section 3.2.

The procedure for data collection is quite straightforward; step-scans are
carried out at intervals appropriate to the peak widths (typically 5 or 6 points
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Figure 4. Scans of the (32i) peak from Y3Ga5012 just below (left) and above
(right) the Ga K-edge. The inset on the tight shows the energy spectrum from
the semiconductor detector recorded in a multichannel analyser. The strong

peak is the Ga Ka fluorescence signal.

across the full-width at half-maximum) over a suitably wide angular range.
For proper powder averaging it is essential to rotate or rock the sample at each
point while counting. The reproducibility of the measurements should be
checked by replication scans of a few strong low-index reflections.

2.2. Data analysis and structure refinement
By far the most widely used method for the analysis of powder diffraction

data is the profile technique for structure refinement introduced by Rietveld in
1969 [32]. In this method, the intensity, Yi, at each point in the diffraction
pattern is calculated from the expression,

m

Yi = K _ Fk Jk (LP)k Ai N g(A2(}/Fk) (2)
k=l

where K is an instrumental scaling factor, jk is the reflection multiplicity,
(LP)k is the Lorentz-polarization factor, -_-i is the transmission factor, N is a

normalization constant, g is a peak shape function, 429 = (20i- 2(}k) is the

displacement from the peak position 20k and Fk is the peak full-width at half-
maximum (FWHM). Fk is the structure factor defined in the usual way, i. e.
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F = _ (fo + f' + if" )j exp[-2_i(hxj + kyj +lzj)] (3)
j=l

The summation in Eq. (2) is carried out over all peaks that contribute to the
intensity at that point. It is important in Rietveld analysis to have a good model
for the peak shape, and a variety of functions have been described in the
literature, the most commonly-used one being the so-called Voigt function,
which is a convolution of Gaussian and Lorentzian functions, or an
approximate form first suggested by Wertheim et al. [33] and now known as
the pseudo-Voigt function,

I cc _ CL [1 + 4(A20/F) 2] -1 + (1- rl ) CG exp [- 41n2(A20/F) 2] (4)

where CL and CG are normalization factors and TI is the mixing parameter.
The Gaussian and Lorentzian FWHM's are usually assumed to take the form,

FG = (Utan2O + VtanO + W) 1/2 (5)

['L = Xtan0 + Y/cos(} (6)

These expressions allow for both instrumental resolution and for isotropic
strain and particle-size broadening effects, with U, V, W, X and Y as
parameters which can be varied in the refinement as desired. Each peak is
assumed to contribute to the observed intensity over some range, based on
either an angular range related to the peak widths or a minimum threshold

intensity (say 0.1% of the peak maximum). An angular range of 5 - 10 F is
usually taken for synchrotron X-ray peaks, since these are generally
predominantly Lorentzian in character and hence have long tails. The
background can be approximated by, perhaps, a Fourier series or a polynomial
function; alternatively it can be estimated by interpolation between average
values in regions well away from the peaks.

In general a pseudo-Voigt function does a remarkably good job in fitting
synchrotron X-ray data except at low angles where axial divergence effects
lead to an asymmetric peak shape [28]. Many empirical corrections have been
described in the literature to model this asymmetry; we have had very good
success using the more rigorous functional form described by van Laar and
Yelon based on the diffraction optics [34].

It is important to remember that the Rietveld method requires an initial
structural model. If this is chosen properly then a few refinement cycles are
usually sufficient to give a good enough fit that difference Fourier methods can
be used to locate any missing atoms. Several Rietveld refinement programs
have been developed and are freely available to the user community; widely
used ones include GSAS [35], DBW [36], RIETAN [37] and SIMREF [38].

High-resolution synchrotron X-ray powder data are also well suited to the
ab-initio solution of unknown structures in which the unit cell is first
determined by standard auto-indexing techniques and then integrated
intensities are obtained by a pattern decomposition process which is analogous



to the Rietveldmethod but does not involveany structuralmodel. One very
convenientprocedureforthisisdescribedby Le Bailand colleagues[39].

The least-squaresfittingprocedure involvesboth structuralparameters
(e.g.atomic positions,temperature factorsand siteoccupancies)and profile
parameters (unit cellparameters, half-width parameters and zero point
offset).In the initialstages of a refinement itis often desirableto apply
constraints,such as a singletemperature factorforallthe atoms ofthe same
atomic species,and to relax these as the fitimproves. The peak shape
parameters tend to be highlycorrelated,andsometimes physicallyunrealistic
valuesare obtained(e.g.X or Y may become negative)or the refinementmay
diverge.With high-resolutionsynchrotrondata itisfrequentlynot possibleto
refineany of the Gaussian parameters U, V or W. Temperature factorsand
siteoccupancies are also highly correlatedand thismay lead to physically
unrealisticresultsas weil;forexample a siteoccupancy should be fixedat
unity ifitrefinesto a largervalue.Unusually largetemperature factorsare
often indicativeof staticdisorderrather than large thermal fluctuations,or
possibly a partiallyoccupied site.lt is difficultto determine anisotropic
temperature factorsreliablyfrom powder diffractiondata,and resultsofthis
type should be regarded with some caution.Ifsystematicdiscrepanciesofthe
observed and calculatedintensitiesofa particularclassofpeaks are noticed,
such as the (00_)reflections,for example, preferredorientationshould be

suspected,especiallyfor flat-platesamples. A generalizedcorrectionforthis
effectrequiresthe use ofsymmetrized sphericalharmonics [40],but thishas
not yet been incorporatedintomost ofthe widely-usedprograms. Instead,the
simple uniaxialMarch correction[41]isusuallyapplied.The qualityof the
refinement isassessedby a varietyofresidualR-factors,based on integrated
intensities(Rf,sometimes RB) or structurefactorsRF and RF2, unweighted

data pointsin the diffractionpattern(Rp),weighted data points(Rwp) and an
expected or statisticalresidual(Re),as definedin reference[42].The ratio

(Rwp/Re)2 istheX2weighted-profilegoodness-of-fitindex,S2wp.
lt is important to recognizethat the weights used in the least-squares

minimizationare usuallybased solelyon countingstatistics,which are seldom
the limitingsource of error in powder diffractionmeasurements. Thus the
estimated errorsobtainedforthe refinedparameters (which usuallycontain

the factorSwp) represent a lower limitand may underestimate the "true"
errorsby a factor2-3.In addition,Rp and Rwp are notingeneralappropriatefor
the widely used Hamilton significancetests[43]to assesswhether the fitis
improved by the inclusionof extra parameters in the structuralmodel.
Therefore,what constitutesa significantimprovement islargelya matter of
subjectivejudgement. In the case ofhigh resolutionsynchrotronx-raydata Rp

and Rwp tend to be dominated by large,predominantly,background regions
with very low countingrates,and are not always a good indicatorofthe fitto
the structuralmodel.A betterchoiceisRf,or perhaps the analogousweighted
R-factorRwl, which isnot usuallyquoted but can be calculatedeasily,and can
be be used inthe Hamilton significancetests.

From the above discussion,itisclearthatifanomalous scatteringisused
for structuralstudies,attempts to refinef', siteoccupancies and thermal
factorsmay presentproblems because ofcorrelationsifonly a near-edgedata
set isavailable,ltwould then be necessarytofixf' at some assigned value.
based upon eithertheory or experimental data for a model compound taken
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under the same conditions. However, if a second off-edge or neutron data set is
simultaneously used in the refinement, the additional constraint on the
temperature factors should allow a satisfactory refinement of f' from the
near-edge data set. This is the rationale for many of the experiments described
in section 3.

As Friedel pairs overlap in a powder diffraction pattern, the amount of
useful information about f' that can be extracted from the data is limited.
Clearly, in the case of centrosymmetric space groups the situation is much the
same as that in the case of single crystal data, but for non-centrosymmetric
space groups the lack of access to Bijvoet differences places powder diffraction
data at a significant disadvantage when compared to single crystal data. For
most practical purposes it is a sufficiently good approximation to fix f' at its
theoretical value. However, if the data arc of good quality and f' is relatively
large, as in experiments at the top of an absorption edge, it is our experience
that there is likely to be some sensiti,rity to f'.

Simultaneous refinement can also be used to advantage in the analysis of
multiple x-ray data sets collected at several different energies for the same
element, or for more than one element. In this context, an interesting strategy
has been proposed by Limper et al. [17] namely simultaneous data collection
from the primary radiation and its higher harmonics. The use of a neutron
data set, collected on the same sample, in such a refinement provides an
additional strong constraint on the temperature factors, as previously
mentioned, and a much better probe of light elements, of course.

3. EXAMPLES

3.1. Elemental contrast
One of the first powder diffraction studies at a synchrotron to exploit

anomalous scattering was the determination of the dopant distribution in sub-
stituted YBa2Cu3-xMxO7-5, where M = Fe, Co, Ni and Zn, by Howland and co-
workers [44]. These elements are known to have a drastic effect on the super-
conducting properties of the parent material, and it is clearly important to
determine how they are distributed between the Cu(1) "chain" sites and the
Cu(2) "plane" sites in the parent structure [45]. Similar materials were
previously studied by neutron powder diffraction techniques, but there was
some disagreement between the results of different workers, especially for Zn.
This is presumably due to the varying contrast between the scattering lengths
of Cu (b = 0.77 x 10-12 cre) and the other elements ( b = 0.95, 0.25, 1.03 and 0.57 x
10 -12 cm for Fe, Co, Ni and Zn respectively). Hence, while the problem is well-
determined for say, Co, this is not the case for Zn. The x-ray experiments
relied on measurements of a few integrated intensities at four energies close to
the respective K-edges rather than full Rietveld refinement based on extended
data sets. Values of f' were determined experimentally by Kramers-Kronig
transformation of absorption data. The variation of the observed intensities was
compared with values calculated for different models of the distribution of
dopant atoms between the two types of site. The results demonstrated with fair
precision that for x = 0.3, Ni and Zn were essentially randomly distributed.
while Fe and Co occupied predominantly the chain sites. For Zn substitution a



similar conclusion was reached by Kwei et al. [46] from a Rietveld refinement
based on combined neutron and x-ray anomalous scattering data.

An interesting example of neutron and x-ray data used in a simultaneous
refinement is the determination of the atom distribution in an alloy of nominal
composition Feo.soCo0.48V0.02 by Williams et al. [47]. This alloy has an ordered
CsCl-type structure and is an excellent soft ferromagnet of great commercial
interest; the small V addition improves the mechanical properties. The
Rietveld refinement of the site occupancies employed time-of-flight neutron
data and synchrotron x-ray data collected at four different energies. The latter
were chosen to be well-above and about 5 eV below the respective Co, Fe and V
K-edges. The fraction of each constituent was constrained to the known
composition, but the total occupation of each site was not constrained to unity.
Theoretical values of f' were employed in this study. The results are
summarized in Table 1 and demonstrate the precision that can be attained by
this refinement technique.

Table 1
Site occupancies and temperature factors, U, in body-centered cubic
Feo.50Coo.48Vo.02. Figures in parentheses are estimated standard deviations
(esd's) referred to the least significant digit.

Fe Co V U(A 2)

Site occupancy at 0,0,0 0.852(3) 0.169(8) -0.001(7) 0.0042(1)

Site occupancy at 1/2,1./2,1/2 0.148(3) 0.791(8) 0.041(7) 0.0026(2)

Fe and Co are about 85% ordered in the corner and body-centered positions,
with V in the latter site. Furthermore, the total occupation of each site is very
close to the expected value of unity, which is an additional check of the
precision of the results.

Anomalous scattering has been employed by Kumar and colleagues to
determine the atom distribution in ordered ternary alloys Cu(AuxMl.x), with
M = Ni and Pd [48]. In the prototype tetragonal CuAu-I type of structure, Cu
and Au are ordered on the corner and body-centered sites. Extended data sets
were obtained close to the Cu, Ni and Pd K-edges and the Au LIII-edge, and
corrections to the theoretical anomalous terms were made based on measured
absorption data. The results from a simultaneous refinement demonstrated
that for x = 0.12, Ni preferentially substitutes on the Cu site, while for x = 0.2
and 0.5, Pd substitutes on the Au site. As in the previous example, the fraction
of each element was constrained to the known composition, and the total
occupationobtainedforeachsitewas veryclosetounity.
In the courseof theserefinements,itwas found necessaryto apply a

correctionfor surfaceroughness,sinceunphysical,sometimes negative,
valueswere obtainedforthetemperaturefactors.Thispointwas investigated
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in more detail in subsequent '_
measurements by Sparks et al. [31] in 5 1.o . :..i,.:.,:..'..':;:.,.:.-,-;.-.-:-. ".....

which the Ni Ka fluorescence intensity _ 0.8 " " .... " "'_r"
." .!itW

was monitored as a function of 2e for _ __,._|!l't_!,0.6 " ,," _" :..
several samples as illustrated in _ ,;,i_l_._ "_='_£T
Figure 5. The decrease in intensity z o., -::4;'" ,.,o_,_c_,,,_ ,oo :._with decreasing 2e qualitatively _ ,,_ o.,,,._s.¢.._._,, ,,,o_,
resembles the effect that would be u 0.2 _r ,.,..o.-._._o.,..._

WI _ _ (_t29MESI_CuwAum._l_, gl_

produced by a negative thermal factor, =o _ _-,_,,_,,, ,-_-.*,
and the authors recommend the _ o.o:- .... , , , , , -
incorporation of an extra parameter in _ 0 30 80 90 _2o _5o e02o(daq.)
the refinement program to allow for
situations where such effects might Figure 5. Fluorescence signal from
occur, for example, in the case of various alloy samples as a function
coarse and highly absorbing powders, of scattering angle illustrating the
Possible corrections of this type have effect of microabsorption. In the
been proposed by Suortti [49] and absence of granularity effects the
Hermann and Ermrich [50]. intensity would be constant.

The application of anomalous Reproduced from ref. [31] by
scattering to a much more complicated permission of the authors.
crystallograhic problem was recently
reported by Perkins and Attfield [51],
namely an investigation of the cation distribution in FeNi2BO5, which has an
orthorhombic unit cell with 16 variable positional parameters and four
inequivalent metal sites. An energy of 7104 eV was chosen for data collection,
which is sufficiently far below the Fe K-edge (7120 eV for Fe203) to avoid
possible difficulties associated with absorption and fluorescence, and any
variation of f' due to chemical environment. Since the Fe atoms in FeNi2BO5
are in a similar octahedral environment and oxidation state to those in Fe20 3,
data from the latter, collected under identical conditions, were used to obtain a
value of f' (-6.9 eu) for subsequent use in the refinement of the FeNi2BO5
structure. This strategy avoids the need to know exactly how far the incident
beam energy is from the absorption edge, and in the case of measurements
very close to the edge, would take into account the variation of f' with chemical
environment. With the composition fixed at the ideal stoichiometry and the
total occupation of each site constrained to unity, the refinement converged
satisfactorily, yielding a significantly non-random cation distribution very
similar to that previously reported for isostructural AINi2BO5 [52].

A comparative study of the elemental contrast obtained with anomalous
scattering of x-rays and the traditional neutron technique has been reported by
Warner and coworkers [53]. The compounds chosen for study were
Co2Fe(PO4)2, for whichneutrons provide excellent contrast between Fe and Co,
with respective scattering lengths of 0.95 and 0.25 x 10 -12 cm, and the
structurally related material Fe3(PO4)2, which served as a model compound for
the determination of f' . As in the previous example, only a single data set
was collected, at an energy of 7111 eV, about 9 eV below the Fe K-edge
determined from XANES data (7119.5 and 7119.8 eV for the Fe and Co
compounds, respectively). High resolution time-of-flight neutron data were
also taken on the Co compound.



The structure of Fe3(PO4)2 is quite comPlicated, with a monoclinic unit cell, a
total of 39 variable positional parameters and three inequivalent metal sites,
one six- and two five-coordinated. To allow for possible differences in f' for the
two types of coordination, separate values were refined initially but no
significant differences were found, and an average value was assigned in the
final stages of the analysis. The refined value of-7.8 eu (which is slightly lower
than the theoretical figure of-8.2 eu) was used in the refinement of the
Co2Fe(PO4)2 structure. This has a smaller monoclinic unit cell, 18 variable
positional parameters and two crystallographically distinct metal positions, a
five-coordinated fourfold site and a six-coordinated twofold site. The results of
independent refinements carried out with the neutron and x-ray data, with the
stoichiometric composition assumed and the total occupancy of each site
constrained to unity, yielded the results summarized in Table 2.

Table 2
Site occupancies in Co2Fe(PO4)2 determined from independent neutron and x-

@

ray refinements [53]. Space group P21/n, a = 7.5880, b = 8.4246, c = 5.0808 A, _ =
94.093 o. Figures in parentheses are estimated standard deviations (esd's)
referred to the least significant digit(s).

Site Coordination Atom Occupancy Occupancy
(neutrons) (X-rays)

M(1) 4(e) 5 Fe 0.251(4) 0.243(5)
at x,y,z Co 0.749(4) 0.757(5)

M(2) 2(c) 6 Fe 0.498(8) 0.514(10)
at 0,0,1/2 Co 0.502(8) 0.486(10)

The results are seen to be in excellent agreement, and even though the x-ray
refinement is based on a single data set, the precision is only slightly inferior to
that of the neutron refit, ament.

A further example of the potential of anomalous scattering is provided by
some diffraction patterns recently obtained by Nelmes et al. from InSb in a
diamond-anvil cell at a pressure of about 3.5 GPa [54]. The diffraction profile
derived by integration of the data recorded on an imaging-plate area-detector at
an energy of about 25.8 keV is reproduced in Figure 6. The inset shows the
enhancement of the low-angle reflection at an energy of 27.886 keV (about 11 eV
below the In K-edge) due to the increased contrast between In and Sb, which
furnishes crucial information about the phase transformations which occur
with increasing pressure in this material.

3.2. Static disorder problems
When two atomic species are distributed over the same set of sites, for

example, in a solid solution, it is normally impossible to refine independent
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Figure 6. Diffraction pattern from InSb at a pressure of ~ 3.5 GPa recorded on
an imaging plate at an x-ray energy of about 11 eV below the In K-edge. The
inset shows (b) the enhancement of the difference peak compared with (c) data
collected off-edge. Reproduced from ref. [54] by permission of the authors.

temperature factors or coordinates for the species as they are highly
correlated. However, it is possible to employ multiple data sets collected at
different contrast levels to determine individual temperature factors or
coordinates for them. The use of anomalous scattering in this type of problem
was demonstrated by Moroney et al. by measurements on an yttria-stabalized
zirconia sample with the composition Zro.slYo.1901.90 [8]. This material has a
defect fluorite-type structure in which a single set of sites is occupied by both Zr
and Y, and charge balance is preserved by the formation of vacancies in the
oxygen lattice. Crystallographic evidence indicates that there are substantial
static displacements of both anions and cations from the usual fluorite
positions. From an EXAFS study it was concluded that the Zr cations showed
greater displacements than the Y cations [55]. Three sets of synchrotron X-ray
powder diffraction data were collected; an off-edge set at 16047 eV, one at 17023
eV (19 eV below the K-edge of Y), and a further one at 17989 eV (10 eV below the



K-edge of Zr). Appropriate values 0_ff' for Zr Iv and yIII were derived from
published experimental values for Zr [12] shifted by 3 eV and 961 eV
respectively. Refinement based on integrated intensities yielded the mean-
square displacements listed in Table 3.

Table 3

Mean square displacements in Zro.81_Vo.1901.91 [8]. Correspon_ng values for Zr
and O in ZrO2 are 0.01lA 2 and 0.012A 2 respectively, and 0.009A 2 for Y in Y203.

Atom U(A 2) U(A 2)
( Zr and Y independent) (Zr and Y the same)

Zr 0.045(2) 0.041(1)
Y 0.024(6)
O 0.098(2) 0.098(2)
RwF2 0.018 0.021

Also shown in Table 3 are the results of a refinement with the temperature
factors of Zr and Y constrained to be the same. Application of the Hamilton
significance test [43] shows that the improved fit with the unconstrained model
is highly significant (99.5% confidence level). The results show not only that
substantial static disorder is present, but also that Zr is displaced significantly
more than Y, consistent with the EXAFS study.

3.3. Site selective measurements
Anomalous scattering is capable of providing information similar to that

provided by x-ray absorption measurements, but with the additional advantage
that it is crystallographically site-selective. This arises because of the close
connection between absorption and the anomalous scattering corrections,
which can be determined independently for each site. Such site-specific
determinations of the anomalous scattering corrections in the near-edge
region can be used to contrast oxidation states in mixed-valence materials and
to characterize the coordination geometry around an element at a specific site,
even in solid solutions. This approach has already been exploited in several
cases, as described in the next two sections; and was very recently extended
into the EXAFS region in a quantitative fashion for the study of thin films,
multilayers and powders (see the article by Sorensen and coworkers in this
book [56]).

3.3.1_ Oxidation state contr_t
The determination of the distribution of valence states in compounds

containing two different oxidation states relies upon the rapid change in
f' close to the absorption edge, which typically shifts to higher energies by a
few eV per oxidation state unit. Thus in this region f' will vary significantly
between the differing oxidation states. Measurements of this type have been
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Figure7. f' in the vicinityofthe K-edge forCu in the chain,Cu(Z) and plane
Cu(2) sitesin (left)non-superconductingYBa2Cu306.09. The dottedlinesshow
f° for Cu I and Cu II in the model compounds Cu20 and CuO (right)
superconductingYBa2Cu306.72. The dottedlineshows f'forCu II.Reproduced
from ref.[46]by permissionofthe authors.
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performedby Kwei and coworkerstoprobe the oxidationstateofCu in thehigh
Tc superconductorYBa2Cu306.77 and reduced non-superconductingmaterial
YBa2Cu306.09 [46].Initially,combined neutron and synchrotron x-ray data
were used to refinef' as a functionof energy near the K-edge forthe model
compounds Cu20, CuO and KCuO2, in which Cu isformallyin Cu I,Cu IIand
Cu IIIoxidationstates.Neutron and x-raydata were then used torefinevalues
off° for the Cu(1) chain and Cu(2) plane sitesat severaldifferentenergies
within about 25 eV of the edge.The resultsare illustratedin Figure 7, and
show that in the reduced compound the Cu(1) and Cu(2) sitesare occupiedby
Cu I and Cu IIrespectivelyby comparison with the resultsobtained for the
model compounds shown by the dotted curves.However, no such distinction
can be seen forYBa2Cu306.72, nor for two other compositionswith oxygen
contentsof6.38and 6.92.

A differentapproach was adoptedby Attfield[57]toprobe the oxidationstate
distributioninYBa2Cu306.27. He derivedsite-resolvedabsorptionspectrafrom
a combination of fluorescenceand diffractiondata collectedwith the same

experimentalgeometry at 12 energiesbetween 8960-9080 eV, i.e.from about 30
eV below to 90 ev above the Cu K-edge.This method requiresa knowledge of
the instrumentalscalingconstantand the phases ofthe structurefactorsofat
leasttwo suitablepeaks,in thiscase (001)and (111),which were determined
from an off-edgedata set.The absorptionspectrawere then derivedfrom the



intensities of the fluorescence data
400

following Suortti [58]. The results are ,'_,,,

reproduced in Figure 8 for the two Cu _ 300
sites. In spite of the relatively poor 200
resolution due to limitations in the
amount of data and the counting _oot
statistics, the spectra reveal that the __r .....
Cu(1) edge is broader with unresolved 8_60 8980 9000 9020 9040 9060 9080
pre-edgefeatures,and severaleV lower z (ev)

in energy than the Cu(2) edge, Figure 8. Site-resolvedCu K-edge
consistentwith XANES resultsand the absorption spectra for the Cu(1)

generally-heldview that both Cu Iand (solidline)and Cu(2) (dashed line)
Cu IIaxe presenton the Cu(1) sites,but in YBa2Cu306.27 derived as

describedin text.Reproduced from
onlyCuIIon theCu(2)sites[59,60]. ref.[57]by permissionofthe author.Attfieldhas also used anomalous

scatteringin an investigationof the
oxidationstatesand cationdistributionin Eu304 and EuSm204, which have
orthorhombic structureswith three inequivalentrare-earthmetal sites[61].
The resultsobtainedfrom a refinementoff' and f" foreach ofthe threesites

inEu304 demonstrated thatEu IIIwas presenton both the M(1) and M(2) sites,
and Eu II was found only at the M(3) site,in agreement with previous
conclusionsbased on coordinationgeometry and other cationsubstitutions.
Based on the experimentallydetermined values off' and f" forEu and the
theoreticalvaluesforSm, itwas possibleto demonstrate in an analysisofthe
structureofEuSm204, thatthe cationswere fullyorderedwith Sm in the M(1)

and M(2) positionsand Eu IIintheM(3) sites.
A detailedstudy has been reportedby Wilkinson etal.[62]ofthe anomalous

scattering in GaCl2, which is a textbook example of a mixed-valence
compound, i.e.GaIGaIIICl4[63].This isa very reactivecompound, immediately
hydrolyzed by moist air,necessitatingthe use of sealed capillariesfor the
diffractionexperiments.A channel-cutSi(111)monochromator was used with
an energyresolutionofabout 2 eV. Data were collectedat severalenergieswith
various diffractiongeometries,includingthe use of two differentanalyzer
crystalsand a receiving-slit.The latterwas found togivethe bestcompromise
between intensity,resolutionand reproducibility.The strategychosen forthe
data analysiswas to refinea structuralmodel foreach ofthe extended data
setswith a variablef' foreach ofthe Ga sitesand f" fixedaccordingto the

experimentalvalues reportedforGaAs [64],sinceattempts to refinef' were
unsuccessful.Several limited data sets,consistingof scans over a few
individual peaks, were also used in separate refinements, but with f
constrainedtobe the same forboth sites.The resultsare summarized inTable

4 and illustratedin Figure9.
The most strikingfeatureisthatwhereas f' isessentiallyidenticalforthe

Ga I and Ga IIIsitesat lower energies,there isa highlysignificantdifference
between the refinedvalueswithina few eV ofthe Ga K-edge at 10370 eV. Based

on the experimentalvaluesobservedforGa in GaAs [64],the differencesin f'
couldbe interpretedas a shiftof about 8 eV from the Ga I to the Ga IIIedge.
However, there isa considerabledifferencebetween the minimum value off'
for GaCl2 and GaAs, namely -12.9 and -10.6 eu, which deserves further



Table 4
Refined values of f' for Ga in GaC12 [62].

Energy f' (average) f' (Ga I) f' (Ga III)
(keV)

9932.6 -3.4(1) -3.3(1)
9933.9 -3.8(3)
9937.3 -3.9(2) -3.8(2)
10143.8 -4.1(3)
10312.4 -5.8(2)
10352.8 -7.5(1) -7.1(1)
10353.2 -7.2(1) -7.2(1)
10354.6 -8.9(2)
10359.8 -8.3(1)
10363.3 -10.5(1) -8.8(1)
10365.5 -10.6(2) -8.7(3)
10369.5 -12.9(1) -9.7(2)
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consideration. X-ray absorption spectra 0.4 ..... . . , . .

were therefore measured, with a _ _i ]_ '

similar bandpass to that used in the -- o.2
diffraction measurements (about 2 eV),

for GaC12 and two model compounds, _ 0.

GaA1C14 and GaC13, which contain Ga I _ -0.2.'-and Ga III respectively [65]. As can be -_
seen in Figure 10, the spectra for the .|
latter two compounds show strong _ .0.4
white-line features displaced by about 3 .0.6
eV from each other. A splitting 1o.34 1o.36 lo,3s 1o.4o 1o.42
corresponding to these features is seen Energy/KeV
in the GaCI2 spectrum with the more
strongly absorbing component at lower
energy, as seen in the data from the _.2 . . . , . . . , . . . , . . .
model compounds. It is the presence of 1

these strong white-line features which _ 0.sdistinguishes GaC12 from GaAs and ,'_
prevents a direct comparison of the f' _ 0.6

curves. _._ 0.4 _.-...- ........
Oxidation-state contrast has also ._ o.2

been studied in a-Fe2PO5, which has an _ ___._._... 'orthorhombic unit cell with 13 variable _ o
positional parameters [66]. There are "_ .0.2 -..,---,.,, , • • •10.34 10.36 10.38 10.40 10.42

two setsofinequivalentsitesforthe Fe Energy/KeV
cations, and Mossbauer spectra

indicate ordering of FeIIand FeIIIin Figure 10.X-ray absorptiondata for
these sites.XANES data showed a weil- (top) GaCl2 and (bottom) model

defined edge at 7120.9 eV, which was compounds GaAICl4 (solidline)
assignedtoFeII,and a lesswelldefined and GaCl3 (dashed line),which
edge forFeIIIestimatedtobe at7123 eV. containGa I and Ga IIIrespectively.
Three sets of synchrotron x-ray data Reproduced from ref.[65].
collectedat6953,7118 and 7125 eV were
used to refinethe structuralmodel, with temperature factorsfixed at the
valuesobtainedin an independent refinementbased on time-of-flightneutron
data.Separatevaluesoff' were refinedforeach site.The high precisionofthe
refinement is illustratedby the resultssummarized in Table 5. Identical
values were obtainedat the lowest energy,but closeto the edge a significant
differencewas found,consistentwith the presenceofFeIIand FeIIIinthe Fe(1)
and Fe(2)sitesrespectively.

3.3.2. Site coordination geometry_ effects
The examples in the previous section demonstrate that significant

differences in f' values for an element in two different oxidation states can be
measured in powder diffraction experiments carried out within a few eV of the
respective absorption edges. One would also expect differences in f' for an
element in a single oxidation state but with markedly dissimilar coordination
geometry.



Table 5

Refined values of f' for Fe in ct-Fe2PO5 [66]

Site f' f' f'
(6953.1 eV) (7118.3 eV) (7124.8 eV)

Fe( 1) -3.57(4) -9.74(5) -6.75(11)
Fe( 2 ) -3.56(5) -8.04(7) -10.01(17)

This has been explored by -2 . . . , . . . , . . . , . . .
measurements on the garnet-type
compound Y3Ga5012, in which Ga -4
occupies both tetrahedral and :'
octahedral sites [25]. Extended data -6 -"_'_: _-.
sets were collected at 15442 eV, well t'
above the measured Ga K-edge, and at -s
seven other energies in the range -:-te_t !i ........ ] \\
10318-10390 eV. A refinement of the -It) :' octf'by diffn.]

structure, in which there are three . ' tet f' by diffn. J ,

variable oxygen parameters, was -12 • • • ' ' ' ' ' ' ' ' ' ' ' '10.31 10.33 10.35 10.37 10.3q

carried out for each data set. To reduce Energy / keV
correlations, the individual
temperature factors for the various
atoms were constrained to the values Figure 11. f' in the vicinity of the
obtained from the off-edge refinement Ga K-edge for Ga in Y3Ga50 12.
and an overall temperature factor was Squares and crosses are diffraction
refined in the other cases. Close to the values for the octahedral and
edge, differences between the f' values tetrahedral sites respectively. Solid
found for Ga in the two types of site and dashed lines are f' derived
varied between -1 and +3.5 eu, as from a Kramers-Kronig
shown in Figure 11. transformation of absorption data

Figure 11 also shows the variation of for model compounds ZnGa204
f' with energy obtained from a (octahedral Ga) and Sr3Ga206
Kramers-Kronig transformation of Ga (tetrahedral Ga) respectively [25].
K-edge absorption spectra measured
for two model compounds, Sr3Ga206
and ZnGa204, which contain Ga in tetrahedral and octahedral sites
respectively, as indicated by the broken and solid lines. The latter show that
there are indeed significant differences in f' of up to 2 eu for the two sites.
qualitatively in agreement with the diffraction results near the edge if the
energy scale is shifted slightly. Such a shift might arise from small errors in
calibration, or possibly because the model compounds are not truly
representative of the Ga in the garnet. This latter point may also be responsible
for the discrepancy between the absolute values of f' determined from the
diffraction data and those from the reference compounds. However, the errors
in the values obtained from the Kramers-Kronig transformation may be quite



large and are difficult to quantify. The effects mentioned above would not
account for the difference of roughly 0.5 eu between the two sites as determined
from the diffraction data, at the lower energies (and also for the off-edge data).
This presumably arises from deficiencies in the structural model, such as
incorrect temperature factors or 'perhaps inadequacies in the form factors

employed. Additional work is needed to resolve these points.

3.4. Structure solution
While, as mentioned earlier, anomalous scattering diffraction is a widely-

used tool in structural macromolecular biology, it has received little attention
from the small-molecule and solid-state community. This is undoubtedly a
consequence of the rapid advances in conventional structure solution
techniques for single crystals of such materials. However, the development of
techniques for the solution of structures, in an ab-initio fashion, from powder
diffraction data is still at a relatively early stage (see, for example, the review by
Cheetham and Wilkinson [67] and some very recent work on FIPS (Fast
Iterative Patterson Squaring) [68]) and specialized direct methods [69,70]. Only
recently has the possibility of solving structures from powder diffraction data
using anomalous scattering started to be explored.

Prandl [16] has demonstrated theoretically that such data can be used to
solve structures of both centrosymmetric and non-centrosymmetric triclinic
phases. In the former case a single type of anomalous scatterer and data at two
wavelengths are sufficient, but in the latter case at least two types of
anomalous scatterer and data at three wavelengths are needed. His approach
was based upon the location of the anomalously scattering atom or atoms
using difference Patterson maps followed by the phasing of the data using the
intensity ratios of the Bragg reflections at different wavelengths. A practical
test of the phasing method of Prandl has recently been successfully performed
for the material CuSO4. 5H20. A full discussion of this is given in the article by
Limper and Prandl in this book [18].

3.5. Measurements of f'
Although there are several available methods that can be used for the

determination of f', as mentioned in section 1, suitable samples are not
always available, whereas simple model compounds can be prepared in
polycrystalline form for practically every element. The powder diffraction
method has the added advantage that f' can, in principle, be determined as a

function of 2e. It is even possible to determine f' for some elements with good
accuracy from absolute measurements, as demonstrated by Suortti et al. for Ni
powder [9]. However, such measurements require careful experimental
technique and data analysis, together with very well-characterized samples. A
much simpler technique is to use a simple compound in which the other
constituents serve as an "internal standard" for the instrumental scale factor.
This method was employed by Will et al. [10] to measure f' for Yb in Yb203,
which has a simple body-centered cubic structure with four variable positional
parameters. Data were collected at four energies 8, 21, 60 and 182 eV below the
measured LIII edge. Integrated intensities were used in the data analysis
which was carried out in an iterative ("block refinement") mode for the

positional coordinates, the temperature factors and f' in turn, because of the
strong correlations. The refinement gave f' values with high precision (0.2 eu),



but differing by 3-5 eu from the Cromer and Liberman values [5,6]. The reason
for this rather large discrepancy is not clear.

For this kind of experiment simple binary oxides are not the ideal choice
since the scattering will be dominated by the heavier element. In general it is
probably a better strategy to select a ternary oxide with a relatively simple
structure (e.g. spinel or perovskite-type), and also to collect one data set well
away from the edge as discussed in section 3.1. A neutron data set would be
particularly useful in this situation.

4. CONCLUDING REMARKS

In this article we have descibed the rapid progress made in the last three
years in the application of anomalous dispersion to powder diffraction studies
at synchrotron sources. For studies involving element contrast, this can now
be regarded as a more-or-less routine aspect of operations at a dedicated
powder diffraction beam-line. On the other hand, investigations of oxidation
state or coordination geometry effects require careful experimental technique
and are much more demanding; in particular, complementary x-ray
absorption data should be collected with similar energy resolution whenever
possible.

It is worth remembering that there are a few elements for which laboratory
sources can be used quite effectively in anomalous scattering experiments
without resorting to unusual target materials and exotic emission lines. For
example, the Cu Ka and K_ lines (Ks1 = 1.5406._, Ka2 = 1.5444_, K_1,3 =
1.3922A) lie very close to the holmium LIII (1.5368_) and LII (1.3905_) edges
(approximately 20 and 10 eV below the edges) respectively, a feature which has
been useful in the phasing of single crystal data from HoNa(edta).SH20 [71],
while the energy of Cu K_ radiation is about 75 eV below the Cu K-edge,
corresponding to an f' value of about -4 eu. For Cr and Co the analogous
values are about -5 eu. Characteristic K_ radiation does not appear to have
been exploited much in this way, but has some potential use, and has the
added advantage that if a semiconductor detector is used, simultaneous
collection of an off-edge Ka data set is also possible.

Simultaneous collection of on-and off-edge data sets at a synchrotron source,
utilizing higher harmonics from the monochromator, is also an intriguing
prospect. As pointed out by Limper et al. [17], the effective use of this technique
will require mosaic crystals [72] to enhance the intensity of the harmonics.
Such crystals would also be very useful as analyzers; the improved integrated
reflectivities and counting rates would more than compensate for the slight
degradation in energy and angular resolution compared to perfect crystals.

In conclusion, we predict that the combination of high resolution neutron
and multi-wavelength synchrotron X-ray data which exploits anomalous
scattering, promises to be an extraordinarily powerful tool for the structural
characterization of materials in the future.
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