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. Introduction

X-ray resonant (or anomalous) diffraction specific-
ity is related to the close relationship between scat-
tering, absorption, and refraction. Resonant scatter-
ing (or dispersion) refers to the modification of its
intensity due to absorption processes involving in-
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teractions between the X-ray beam and the atoms in
the sample. This interaction is dependent on elec-
tronic transitions from bound atomic orbitals. It
contains the chemical and short-range order sensitiv-
ity of absorption as well as the long-range order
sensitivity of diffraction. This enables resonant dif-
fraction to be exploited for various structural studies
ranging from pure crystallographic methods such as
the structure factor phase determination by multi-
wavelength anomalous diffraction to pure spectro-
scopic ones such as diffraction anomalous fine struc-
ture.

Resonant diffraction is often called anomalous
diffraction. This term finds its origin in the first
research on light dispersion. For visible light, the
index of refraction of transparent material generally
increases as the wavelength decreases, and this
corresponds to a dispersion, which was considered as
“normal”. However, near absorption bands, the slope
of this index could be inverse versus the wavelength,
and this was qualified as “anomalous” dispersion.
This negative slope of the refraction index n versus
wavelength 1 is observed close to absorption edges,
where dispersion effects are important and the term
anomalous scattering is currently used for the ab-
sorption effects on X-ray scattering and optical
properties. This phenomenon is not “anomalous”
since the dispersion term exists for all wavelengths
and all atoms, even if it is weaker far from absorption
edges; thus, resonant scattering is certainly a more
appropriate expression to qualify this process.

Before 1930, research on resonant scattering had
little to do with structural applications. Rather it
explored the properties of X-rays themselves and
showed the complex nature of dispersion. For a long
time the impact of resonant scattering and/or dif-
fraction has been negligible for crystal structure
determination and chemistry. The first structural
application of resonant scattering tried to separate
atoms of nearly equal atomic number.'~3 However,
the use of dispersion to obtain structural information
on the stacking sequence of atoms in zinc blende had
already been reported in 1930 in a contribution of
Coster et al.# It was only in 1949 that Bijvoet® showed
how to use this effect to solve the absolute configu-
ration problem, which was a major application aimed
to solve the absolute configuration of chiral mol-
ecules. The application of resonant diffraction to solve
the phase problem in structure factor determination
was also pointed out by Bijvoet,® but this method was
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not much used for this purpose since other methods,
such as the Patterson method and much later the
direct methods, were quite successful for crystal-
lographic problems of that time.

Intensity variations as a function of energy above
the absorption edge were reported in 1956 by Cau-
chois,® giving rise to “black lines” close to the absorp-
tion “white line” (Figure 1), and were already inter-
preted as a consequence of a possible “anomalous”
scattering contribution. In 1974, the status of theo-
retical and experimental resonant studies was re-
ported at the Madrid conference on anomalous scat-
tering’ and showed that although the physical
phenomenon was well understood, only a few ap-
plications on relatively simple problems were pre-
sented. The first large use of resonant diffraction was
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undertaken for macromolecular structural research.
Although in the early days of protein crystallography
resonant scattering was used to determine the ab-
solute configuration of molecules and for phasing in
association with isomorphous replacement, it was not
until the 1980s and 1990s that a standard application
of X-ray dispersion was found for MAD (multiwave-
length anomalous diffraction) experiments. Clearly,
the wide availability of tunable and intense X-ray
synchrotron facilities was a key point for such a
development as well as some theoretical, experimen-
tal, and computational advances. The International
Conference on Anomalous Scattering in 1992 at
Malente-Germany?® showed the expansion of disper-
sion applications related to the use of synchrotron
radiation. Developments ranged from the phase
problem and crystal structure determinations to
studies on anisotropy of resonant scattering, resonant
Raman scattering, magnetic X-ray scattering, and
nuclear resonant scattering.
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All resonant diffraction applications described herein
are based on the contribution of the atomic scattering
factor to the structure factor of Bragg reflections. The
variation of the resonant scattering contribution near
the edge of a given atom a induces a variation of the
contribution of this specific atom to diffracted inten-
sities. This property is used in several ways: (i) it
allows element-selective diffraction experiments (con-
trast method) and (ii) it provides an elegant and
efficient way of solving the structure factor phase
problem for complex crystallographic structures like
in biocrystallography (MAD method). On the other
hand, the dispersive scattering contribution can be
extracted from the diffracted intensities for a given
atomic site or compound, so that diffraction and
spectroscopy techniques can thus be combined (iii)
to perform a site-selective spectroscopy by means of
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Figure 1. Spectral distribution of intensity of the (0 0 2)
reflection of a “mica” analyzer with aluminum impurities.
The black line “x” was already labeled anomalous or
resonant scattering, and its contribution was different for
the (0 0 1) reflection. (Reprinted with permission from ref
6. Copyright 1956 Elsevier Science.)

diffraction anomalous fine structure (DAFS method)
or (iv) to use the anisotropy of anomalous scattering
to extract information on site symmetry or distortion
(AAS method). Resonant scattering also yields (v) an
enhancement of the X-ray magnetic interaction by
means of X-ray resonant magnetic scattering (XRMS
method), which is used to probe both the electronic
structure and the magnetic properties. In this con-
tribution, after a recall of the resonant scattering
process and of the properties of the resonant factors,
we will present examples of these different applica-
tions.

Il. Resonant Scattering

Scattering power is characterized for all particles
by a scattering factor f. The scattering of X-rays from
atoms comes from the interaction with electrons. The
atomic scattering factor f, is defined as the ratio of
the amplitude of the wave scattered by the atom a
to the amplitude of the wave scattered by a free
electron. This term is complex (f; = foa + fa' + ify").
Only the normal (nonresonant) form factor f,,(Q) is
frequency or wavelength independent and is the
Fourier transform of the electronic density, pa(r), in
the atom. This real scattering factor f,, decreases
with increasing scattering vector Q (IQI = 4z sin ©/1)
or Bragg angle 20. In the nonrelativistic approxima-
tion, it tends toward the atomic number Z, in the
forward scattering limit (20 = 0). However, for heavy
atoms, a relativistic correction (onf the order of 0—2
e”) must be subtracted.® This constant f,, factor
neglects electronic binding effects on the scattering
process.

The complex part of the atomic scattering factor
(fa'(w,Q) + ify"(w,Q)) is the resonant scattering factor
which is sensitive to the X-ray photons that are
absorbed by the photoelectric effect. When a photon
with frequency o, wavelength A, or energy E
(A = 2aclw, E = ho, E (in eV) = 12 398.4/4 (in A)) is
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Figure 2. Variations of the anomalous atomic scattering factors f ', f " with 1 or E near absorption edges. (Reprinted with
permission from ref 14. Copyright 1991 American Association for the Advancement of Science.)

close to an electronic resonance, it can interact with
the corresponding bound inner electron and be ab-
sorbed. The resonant term is therefore a complex
guantity, which depends on the chemical nature of
the scatterer and becomes substantial near the
absorption edges of the scatterer. For X-rays, reso-
nant effects are important for nearly all atoms.

Some results of classical optical theory!© are re-
called here. The index of refraction n(w) is related to
the scattering factor fy(w):(n(w) = 1 — (2xe?/mw?)-
> aNafa(w)) and may be writtenasn=1-6=1 -«
— i, where a and  vary with the frequency or the
wavelength and are, respectively, proportional to the
real and imaginary part of the atomic structure
factor. Since the refractive index is complex, the
electromagnetic wave of frequency w propagating in
a medium of index n has the form E = Egelvt—r0) =
Eoeiv(t--ardg=forle gnd the absorptive refraction term
p is proportional to the linear absorption coefficient
u (B = ucllw, u(w) = (4ze?/mcw)Nafa'(w)). The
imaginary term ;" (w) is proportional to wua(w), and
the real term f,'(w) can be obtained from the real part
of the refractive index n(w). Furthermore, the causal-
ity relation between an applied field and its effect
leads to the Kramers—Kronig relation between the
real part fy'(w) and the imaginary part f,"'(w) of the
scattering factor (fi(w) = (2/n) /& [0 fi'(@")/
(w? — w'?)]dw’, where the Cauchy principal value is
taken for the integral).'* This means that absorption
and dispersion are intimately related and that we
need only to measure either f,'(w) or fy'"'(w) to deter-
mine the other term.

A. Variation of f, with the Scattering Angle

Because of the diffuseness of outer electron shells,
the normal term f,, decreases rapidly with sin ©/4.

On the contrary, f;"" and f,' originate mainly from core
electron transitions. Because the radius of inner
absorbing electron shells (K, L,...) is much smaller
than the wavelength of X-ray photons, f)' and f,"
anomalous terms do not vary significantly with the
scattering angle 20.12 For example, anomalous dif-
fraction experiments performed on Ni powder near
the K edge have shown that fy;i' has nearly the same
value at different scattering angles (angular depen-
dence < 0.2e", error ~ 0.2e7).23 Due to the decrease
of f,a with sin ®/1, resonant scattering terms are
relatively more important at high 20 values (for
reflections with high (hkl) indices).

B. Variation of f, with the Energy

As f,""(E) is proportional to Eua(E), f''(E) displays
similar energy variations to the absorption coefficient
ua(E). Since fy'(E) and f,"(E) are related by the
Kramers—Kronig relation, f;'(E) also shows large
variations with energy at the absorption edges (Fig-
ure 2).1* This strong change of the resonant atomic
scattering factor can be used for contrast experi-
ments, and K or L absorption edges of almost all
atoms are accessible between 3 and 40 keV with
synchrotron radiation.

C. Chemical Sensitivity of f;' and f,"

Resonant scattering factors can be determined by
theoretical calculations which give reliable values far
from the absorption edges where damping and bind-
ing effects can be neglected.’>~18° However near edges
Ua, absorption spectra (and fy", fy' ones) exhibit
several features that are related to the chemical
nature of the sample and its structure.

(i) For a given chemical state, some atoms exhibit
a sharp resonance peak or white line related to
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Figure 3. K edges in vanadium oxides; the site symmetry and the valence state of the resonant atom affect the XANES
spectrum (prepeaks, energy shift of the absorption edge). (Reprinted with permission from ref 23. Copyright 1984 American

Physical Society.)

transitions from a deep core level to energetically
compact final states.’® This strong resonance is
generally larger for absorption edges occurring at low
energies (L and M edges of transition or rare earth
metals, for example). The edge resonance is some-
times so sharp that its observed width and intensity
could be affected by an inadequate experimental
resolution, a consideration that implies some require-
ments for the diffraction experiment itself. The
minimum line width is determined by the natural
level width of the core vacancy of the given absorption
edge. It can vary from 0.30 eV for the Na K edge,
1.33 eV for the Co K edge, 5.31 eV for the Pt L, edge,
to 49.3 eV for the Pt K edge (tabulated or experi-
mental values can be found in refs 20—22).20-22

(i) An energy shift of the edge position occurs for
different valence states, and at energies close to the
edge (0—50 eV), the X-ray absorption near edge
spectroscopy spectrum (XANES) of the same element
may be very different, as shown experimentally for
vanadium oxide by J. Wong et al.?® (Figure 3).
Furthermore as shown by theoretical calculations
and by numerous XANES spectra,?* 25 u,(E) near
edge absorption spectra and consequently variations
of fy"'(E) and f;'(E) are very sensitive to the geometric
environment of the absorbing atom.

(iii) Due to this local environment sensitivity, for
low local site symmetry of the absorbing atom,
ua(E), fa'(E), and f,'(E) are polarization dependent.?’
Dichroism (spectral dependence with polarization
states) can be observed in resonant diffraction data
as it was observed for absorption. Thus, as for the
absorption u,(E) and the index of refraction n(E), the
resonant scattering part, fy'(E) + ify"(E), of the atomic
form factor should be represented by a complex
tensor rather than by a complex scalar number.28-30

(iv) Photons are sensitive to magnetization densi-
ties, and although for many years X-ray magnetic
scattering was considered a curiosity, spectacular
enhancements of this interaction occur near absorp-
tion edges due to resonant phenomena which exhibit
a polarization dependence closely related to that
occurring for charge scattering.3%32

(v) Extended oscillations, due to interference effects
with neighbors, appear at energies above the edge
(50—1000 eV) in absorption spectra (EXAFS); they

affect resonant scattering factors and diffracted
intensities in the same way.

The sensitivity of the resonant scattering factor to
atomic chemical states and environments gives a
small taste of the power of this method and also of
its complexity. Consequently, from the beginning of
any resonant diffraction analysis, the chemical sen-
sitivity of resonant peak shape, position, and oscil-
lations implies an experimental determination of
ua(E), fa"(E), and fy'(E) on the same sample with the
same experimental setup and the same energy reso-
lution as that used for a resonant diffraction experi-
ment.

Ill. Experimental Determination of Resonant
Dispersion Factors

Resonant diffraction applications are based on the
variation of the structure factor of Bragg reflections
due to variations of fy, f;'" near the edge of one specific
atom a, and several studies can be performed. If
resonant atoms occupy different crystallographic
positions or have different valence states, f,/, fJ'' can
be extracted from diffracted intensities, allowing
combined diffraction and spectroscopy analysis. On
the other hand, if we know f,’ and f,"", we can use
the energy variation of resonant dispersion to extract
structural information from resonant diffraction data.
The accuracy of such an analysis is directly related
to the quality of the experimental determination of
fa' and f,".

Theoretical determinations for the free atom?5-182
give the step-like shape at the edge and the smooth
variation between edges but do not give edge features
that are sensitive to chemical effects. Thus, an
experimental determination of f,' or f)' must be
undertaken near edges on the sample itself. However,
to apply the Kramers—Kronig relation, ' or fy" must
be known in a very large energy range (from ~30 eV
to ~200 keV for an absorption edge near 10 keV),
and for such calculation, theoretical values are
generally used far from the edge and merged to
experimental values. As shown initially by Templeton
et al.,* it is also possible to apply the Kramers—
Kronig relation on the difference spectrum (experi-
mental factor minus the theoretical one), the final
resonant factor being the sum of the result and the
tabulated theoretical factor.
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Figure 4. f' calculated using a Kramers—Kronig trans-
form from the observed f' spectrum extracted from ab-
sorption on platinum oxides and theoretical values calcu-
lated far from the Pt L, edge. (Reprinted with permission
from ref 34. Copyright 1997 Université Joseph Fourier,
Grenoble.)

A. Direct Determination of f,"

The absorption spectrum is directly related to f:
W(E) = Sa(l/dme,)(2e?/mc?)dpafa (1) (pa = number of
atoms a per unit volume). Such measurements are
relatively easy to obtain, even on nonstandard
samples. They can be collected either in transmission
mode or (especially for diffraction experiments) by
measuring the fluorescence on the sample itself, in
parallel with the resonant diffraction measurement.
Owing to the high precision of this method, total
EXAFS oscillations and chemical shifts can be mea-
sured on the sample itself and the total dispersive
term f'(E) can be obtained through the Kramers—
Kronig relation (Figure 4).33735

B. Direct Measurement of f.’

Resonant scattering factors (mainly the f,' term for
powders and centrosymmetric structures) can be
obtained from intensity measurements of Bragg re-
flections and refinements from a known single crystal
or powder.13:3637 As shown in Figure 5, early disper-
sion factor measurements, obtained by this method,
exhibited a sharp white line and some structures
beyond the different L Cs edges.

The measurement of the real part 1 — o(E) of the
refractive index n(E) is also a direct way of determin-
ing f'(E). This can be performed by refraction of
X-rays through a prism? or by total external reflec-
tion on a surface.®®#% A total external reflection of
photons occurs below a critical angle ©.. This critical
angle is related to the refractive index of the reflected
medium, and we can measure on the f'(E) curve the
same chemical shift as that observed in absorption.
Interferometry is also a possible way of determining
f'(E), but this method is not easy to perform on
ordinary sample.

Another way to measure this real dispersive factor
is to use the small angular shift (2d(n? — cos? ©)2 =
kA) of the diffracting angle 20 relative to the Bragg
angle (2d sin ®g = kA). This shift is generally very
weak, but it can be used to determine f'(E) in an
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Figure 5. f', f" of Cs, refined from the relative intensities
of several reflections of CsHC4H,Og near the cesium L
edges. (Reprinted with permission from ref 36. Copyright
1980 International Union of Crystallography—Munksgaard.)

accurate way, as demonstrated in multilayers analy-
sis. 4

C. Comparison of different f,' and f,"
Determinations

An early comparison between f '(E) terms obtained
on the same Cu compound by (i) X-ray absorption
measurements and the Kramers—Kronig dispersion
relation,*? (ii) diffraction refinements of Bragg reflec-
tions from a single crystal,3” and (iii) X-ray interfer-
ometry measurements near the Cu K edge*® was
already very satisfactory.®® The differences are only
<0.5 e™; a discrepancy on the same order of magni-
tude also exists between experimental and theoretical
curves. More recently, on the same sample and
during the same diffraction experiment, simulta-
neous measurements of f '(E) were reported from the
20 diffraction angle shift and f'(E) from the dif-
fracted reflection width, related to the absorption
penetration length, and their corresponding Kram-
ers—Kronig transformation.*! The good agreement in
this comparison (Figure 6) means that although the
determination of f'(E) from absorption data is easiest,
f'(E) determinations are also reliable at low energies.

IV. Resonant Scattering for Structure Factor
Phase Solution (MAD Method)

During diffraction experiments, the measured in-
tensities are proportional to the squared modulus of
the structure factor F(hkl). The phase information
of this complex quantity is therefore lost, and the
central problem for structure determination is to
obtain the structure factor phases. Methods that are
successful in small molecule crystallography (heavy
atom method, direct methods) cannot be easily ex-
tended to large molecules. Thus, new methods have
been developed, mainly in biological crystallography,
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41. Copyright 1998 International Union of Crystal-
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to extract experimental phase information by varying
the scattering power of an atom in the structure
(isomorphous replacement with heavy atoms (MIR),
multiwavelength anomalous diffraction (MAD)).44~47

A. Fundamentals of MAD Phase Evaluation

The complex structure factor can be represented
geometrically as in Figure 7. In the absence of
anomalous dispersion factors, the Friedel pairs F',
F~ have the same modulus. The phase change,
induced by the anomalous absorptive term f' which

Chemical Reviews, 2001, Vol. 101, No. 6 1849

has a 7/2 phase shift with respect to f, and ', gives
rise to a change in their magnitude.

The difference between mates of a Friedel pair,
which is used for the absolute determination of
molecules, is one of basic principles of the MAD
method. This method was first described 40 years ago
for structures of crystals containing heavy atoms*8-50
and was nicely demonstrated in the 1980s for a
protein structure determination by Hendrickson and
Teeter.>® The structure of crambin was solved at
1.5 A resolution directly from the diffraction data of
a native crystal, exploiting the small anomalous
scattering of sulfur atoms at a single energy remote
from the sulfur absorption edge (Epeam ~ 9000 eV, Cu
Ka radiation, fs" = 0.56 e™). Although this textbook
example was performed on a classical X-ray source,
the method is better suited using the energy-tunable
radiation at synchrotron radiation facilities. These
sources allow (i) an increase of the resonant scatter-
ing contribution by collecting diffraction data sets at
energies close to an absorption edge of an atom of
the sample and (ii) a variation of the resonant factors
with X-ray photon energy to extract reflection phase
information from its different intensities. For the
MAD data analysis, a great improvement was intro-
duced by Karle, who separated wavelength-depend-
ent and wavelength-independent factors in an alge-
braic analysis of the structure factor equations.®? This
analysis allows energy-dependent parts of equations
to be treated separately.* The representation devel-
oped here is that of Hendrickson, who separates F
into nonanomalous contributions Fr and anomalous
contributions (Fa' + iFA"")%®

F(H) = F(hkl) = |F| exp(i®) = (3 ; fe® e +
Za foanﬂi(Hl‘a) e—Ta) + Za (fa' + ifa")ez”i(Hra)e_Ta

F(H) = (3 () + S a (Fa)a) +
Ya(FA +iFy),=Fr + Fy +iF,"

(nonresonant + resonant atoms)

with F* = F(hkl), F- = F(-h—k-I), Fr =
|FT| exp (lq)T), FA = |FA| exp (l(DA), ob = CI)T - (I)A.

F+ = F(hkl) F- = F(-h-k-1)

Fr=IFylexp (i)

Fy = Fylexp (idN)

Fa=/Falexp (i®4)

F =FNy+Fpa+Fq +iFy”

F =Fr+ Fpy' +iFy”

Fn : f, scattering and smooth anomalous terms
of normal atoms

Fy4 : [, scattering of anomalous atoms
FA'+iF4” : contribution of anomalous
scattering factors (f,’, f,”) of anomalous atoms
Fr : non anomalous scattering f, of all

atoms Fr = Fy + Fy (including those of the
anomalous scatterer)

Figure 7. Effect of anomalous dispersion on a diffracted intensity (geometrical representation).
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lected at two energies (Igi — Igj). (Reprinted with permission
from ref 56. Copyright 1996 International Union of
Crystallography—Munksgaard.)

This leads to equations that contain three energy-
independent parameters |F+|, |Fal, 0®. For a single
type of anomalous scatterers

17 o [Frf? 4 (£ + 1,260 IFAl” +
2(f, [f, ) |IFTl|FAlcos(0®) + 2(f,"/f,,) IF+|IFAl SIN(OP)

I o [Fl® + ((F)2 + £ 2 Fal” +
2(F,If ) |F1||F Al cos(0®) — 2(f,"/f)|F||F | sin(O®)

From these equations, the f;"” term shows up in the
Bijvoet (or anomalous) differences (I"— 17) which, at
a given energy, are proportional to f;"’ sin(®1 — D).
Several energy data are, however, needed to extract
fa'. Dispersive differences (lg; — lg;) depend mainly on
(fei' — fg') and cos(®r — Pa). As fy' and f)' are
assumed to be known at each energy, |F1l|, |Fal, and
od can be determined. Using these dispersive and
Bijvoet differences as Fourier coefficients, it is pos-
sible to calculate dispersive and Bijvoet Patterson
maps (Figure 8), which give the positions of the
anomalous scatterers. From theses positions, the
phase ®, of the anomalous scatterer can be calcu-
lated and thereby gives access to the phase @+ of the
structure factor. This finally allows the electron
density map to be calculated.557

B. Experimental Procedure and Applications

To get the best phasing power, energies must be
carefully chosen to yield large values of f,""g; but also

Hodeau et al.
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Figure 9. f'/f" loop corresponding to the f'(E) and f "'(E)

spectra of platinum oxide, near the Pt L,;, edge, represented

on Figure 4. The main loop corresponds to the “white line”

at the edge; secondary loops correspond to EXAFS oscil-
lations after the edge.

large differences (fJ'ei — fa'gj). At least two energies
close to an absorption edge should be chosen, one
corresponding to the largest value of f;'* (maximum
of the white line) and one to the inflection point of
absorption which corresponds to the largest modulus
of fi'. A third energy should be taken far from the
edge to have strong differences in (fiei — fa'g). In
principle, only two energies are necessary so that the
maximum variation of ' could be skipped. The best
combination for energies that gives accurate phase
determination for each reflection is directly related
to the area of the loop described by f,'/fy" in its
complex representation (Figure 9). Owing to smear-
ing of the f,' curve, the area of the f,/f," loop decreases
when data are collected with a lower energy resolu-
tion. For anomalous experiments, high-energy reso-
lution is therefore necessary to obtain a f,'/f," loop
that is sensitive to chemical features. These fine
structures in f,’ and fy" induce secondary loops on
the fy/fy" loop; accuracy in energy and in fy'/fy"
determination is also important to obtain reliable
phases.

The factor which limited the first MAD experi-
ments was that biological crystals are often highly
sensitive to X-rays and tend to degrade rapidly under
the intense synchrotron beam. Cryocooling tech-
niques (flash freezing, etc,) allow much longer data
collections on a given crystal. In the 1990s these
methods extended the MAD method to less “X-ray
resistant” crystals and was a key development in the
widespread use of this technique. They include, in
the first place, metalloproteins that naturally contain
metal atoms suitable for resonant diffraction, such
as Fe atoms in the metalloprotein lamprey hemoglo-
bin.%3%8 If no suitable anomalous scatterer (heavy
atoms) is present in the macromolecule, it can be
inserted as an extrinsic label. Some protein or nucleic
acid complexes contain light metal atoms that can
also be substituted by heavier ones such as lan-
thanides.>5%69 The most commonly used extrinsic
anomalous scatterers are currently heavy atoms,
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Figure 10. Simultaneous-MAD pattern collected in the
dispersive diffraction experiment measured on a Cellulase
A sample at the Hg L, edge. The diffracted pattern dis-
plays for each reflection rows of seven peaks corresponding
to seven energies. (Reprinted with permission from ref 65.
Copyright 2000 International Union of Crystallography.)

lanthanides and selenium atoms, that can be sub-
stituted for natural sulfur in methionine.!

C. Further Developments and Prospects

Up to now, it was considered that it was better to
improve the data accuracy at a few optimized ener-
gies (generally three) than to collect data at too many
energies.5%62 Nevertheless, with measurements at a
large number of energies, the whole f,'/fy"" loop can
be used for the phasing power and the phase error is
reduced. The measurement of the intensity gradient
of a reflection with respect to the energy also provides
information on its phase free from the problem of
intensity scaling.®® As data collection from a large
energy range is time-consuming, it was proposed to
use energy dispersive optics to perform a simulta-
neous-MAD data collection®455 (Figure 10). Multi-
wavelength 2D-patterns must be analyzed by an ad
hoc program to integrate reflections and normalize
intensities® and to allow quantitative analysis. How-
ever, the higher background level of the dispersive
method is an intrinsic limit related to the large
number of wavelengths collected in parallel.

Another experimental development is based on the
use of resonant scattering at soft X-ray energies to
access the K edge of light atoms (ClI, S, P) and to
obtain much stronger anomalous dispersion factors
for heavy atoms. For example, at the U My edge (E
~ 3545 eV) there is a change of more than 100 e~ in
the uranium scattering factor,%”-¢® and similar varia-
tions occur at the L,/L;, edges of the transition
elements.*! Figure 11 compares f,'/f,)'’ variations for
uranyl My edge, lanthanide L,;; edge, phosporus K
edge, and selenium K edge.®® This latter Se atom,
which displays only 8 e~ at the fs" maximum, is
currently used as selenomethionine in proteins.f! The
gain in Bijvoet and dispersive differences is, respec-
tively, proportional to f," and f.'; thus, the MAD
phasing power would be highly efficient for the
determination of large structures if difficulties re-
lated to the use of soft X-rays could be solved.®®

MAD experimental developments are now being
focused on undulator synchrotron beamlines with a
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Figure 11. Comparison of anomalous dispersion fy'/fy"" (in
electron units) of some elements at soft X-ray energies with
those of selenium atoms (smallest loop). (i) (O) uranyl My
edge (E ~ 3545 eV), (ii) (O) lanthanide Ly, (E ~ 5483 eV),
(iii) (a) phosphorus K edge (E ~ 2143 eV), and (iv) the
smallest loop (—) selenium K edge (E ~ 12658 eV). The
phasing power of the experiment is proportional to the area
of the loop if a complete intensity versus energy spectrum
is measured (for a three-energy experiment, the phasing
power is proportional to the area of the drawn triangle).
(Reprinted with permission from ref 69. Copyright 2000
International Union of Crystallography—Munksgaard.)

tunable-energy band-pass and monochromatic optics.
The high intensity and small divergence of the
undulator beam allow the study of smaller crystals
and the measurement of higher resolution data.
Nowadays, MAD is a well-established method in
biocrystallography; consequently, on one hand, mol-
ecules are often designed for the application of
resonant diffraction (e.g., incorporation of selenium
for example) and, on the other hand, most synchro-
tron radiation facilities have developed several dedi-
cated beam lines for MAD experiments.

It must be noted that resonant scattering has
received much less attention for the solution of
structures from the small molecule community. This
is particularly true for single-crystal structures of
small molecules, owing to the efficiency of conven-
tional structure solution techniques (direct methods).
This is also true for ab initio structural determination
on powder, although a successful theoretical and
experimental phasing demonstration was reported by
Prandl.”0"

V. Element-Selective Diffraction (Contrast
Method)

For X-ray diffraction, the ability to distinguish
elements is related to the ratio of the number of
electrons for each atom and the discrimination be-
tween element with close atomic numbers can be
difficult. There are two different methods used to
enhance this contrast. The first one uses resonant
diffraction: around absorption edges, the atomic
scattering factor variations range from 5 to 20
electron units (e.u.) per atom, thus providing an
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Figure 12. Intensity variation of (0 0 1) reflection for different localizations of Co and Zn in substituted YBa,(Cusz-xMy)O-
oxides. Experimental measurements at four energies for M = Co (x = 0.5) and Zn (x = 0.3), and calculated curves for (p)
a plane site occupancy, (c) a chain site occupancy, (r) a random occupancy, and (bf) the best experimental fit. These spectra
were used to prove that Co and Zn were randomly distributed on copper sites. (Reprinted with permission from ref 75.

Copyright 1989 American Physical Society.)

additional contrast. The second method is obtained
by neutron diffraction, since for neutrons the nuclear
scattering length, which depends on the isotope and
nuclear spin states, is not related to the atomic
number. The efficiency of neutrons and resonant
X-ray scattering for contrast studies has the same
order of magnitude, so the use of the resonant
diffraction method is based on the specificity of
X-rays produced by synchrotron radiation relative to
those of neutrons (sample size and absorption, sample
environment, elements, and scattering factors/lengths,
etc.). As the two techniques probe the same structural
parameters through different particles (neutrons are
scattered by nuclei and photons interact with elec-
trons), the best accuracy for determination of ele-
ment-selective parameters (occupancies, positions,
temperature factors) is often obtained by joint refine-
ment using both neutron and resonant X-ray scat-
tering. However, resonant X-ray diffraction is an
efficient technique which can be performed fully on
a single (and small) sample.

A. Contrast between Neighboring Elements

One of the main uses of resonant dispersion in
chemistry is to provide intensity contrast between
neighboring elements in the periodic table. Thus, the
determination of the distribution of the transition-
metal or rare-earth atom, on the same crystal-
lographic site is possible with X-rays.”?~7* This was
shown by Howland et al.”® on the high Tc supercon-
ductor YBa,Cus «MxO7_s, where the substitution of
Cu by M = Fe, Co, Ni, and Zn has a drastic effect on
the superconducting properties. X-ray-diffracted in-
tensities at four energies close to the different K
edges were collected and analyzed on a few sensitive
reflections rather than full Rietveld refinements
based on extended patterns (Figure 12). The analysis
reported with a relatively good precision that for x
= 0.3 Ni and Zn are randomly distributed on the two
copper sites (planes and chains) while Fe and Co
preferentially occupy Cu chains.” Such a contrast
enhancement was also used for site occupancy analy-
ses in spinel oxides,”® for Zn-exchanged Na zeolite—

Y,”” and for high-pressure experiments to increase
contrast between In and Sb at 3.5 GPa in a diamond
anvil cell.”®

The use of resonant scattering for contrast studies
was also reported for single-crystal structure deter-
minations.”®8 Wulf’® differentiates experimentally
lead and bismuth (Zpp, = 82, Zg; = 83) in the mineral
structure of the galenobismutite PbBi,Ss. For this
analysis, the author uses the differential resonant
o0-map which depends mainly of the variation of the
real f' term and shows up only at the atomic
positions of the resonant atoms.

On artificial samples such as multilayers where the
number of reflections may be rather low owing to the
poor epitaxy, resonant scattering increases the num-
ber of data sets of the same sample with different
atomic contributions. This allows better density
profile analysis of a specific element in superlat-
tices.8384

The complementarity of neutron and X-ray data
was nicely demonstrated by Williams et al.8 for
transition-metal alloy with an ordered CsCl-type
structure, where a simultaneous refinement deter-
mined the site occupancy of a very small addition
(2%) of vanadium in the 50/48/2 Fe—Co—V com-
pound. A comparative analysis of the contrast ef-
ficiency of resonant X-ray scattering relative to
neutron diffraction was also reported by Warner et
al.®® They refined occupancies of the two sites possible
for Co and/or Fe in Co,Fe(POy),. In this compound,
Fe and Co neutron scattering lengths are different
(bpe = 9.5 107 m, bg, = 2.5 107 m), and at 9 eV
before the Fe K edge, the Fe resonant f' factor
reaches a value close to —8 e.u., increasing the
difference between Fe and Co scattering factors (Zg.
= 26, Zco = 27). For both refinements the resulting
Fe/Co occupancies are in agreement at the level of
two estimated standard deviations (esds). These esds
are nearly the same (1—2%) for the two radiations
and confirm the equivalence of both techniques. It
should be noted that for neutron data, scattering
lengths can present large variations between ele-
ments and, in particular, the contrast can be tre-
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Figure 13. (a) Real scattering power (f, + f') of Ni, Co, Mn, and Al as a function of sin 6/1 for wavelengths or energies
far and close to K edges of Ni, Co, and Mn atoms. (b) Low 26 angle part of the observed and refined diffraction patterns
of LaNi3s5Mng4Alg3C0g 75 for the same wavelengths or energies. (Reprinted with permission from ref 92. Copyright 1998

International Union of Crystallography—Munksgaard.)

mendously improved for a compound with an atom
having a negative neutron scattering length. This
was demonstrated by Reimers et al.?” in the inter-
metallic compound (Mn;—Cr,)Sb, where the neutron
scattering lengths are extremely different with a
negative value for Mn (Zc, = 24, bey = 3.52 107 m;
Zun = 25, byn = —3.73 107 m).

B. Cation Localization in Complex-Substituted
Samples

Another advantage of resonant diffraction is its
ability to obtain diffraction patterns at the edges of
several elements to solve complex substituted samples

as shown in doped high-Tc superconductors or in
ternary alloys.88-9 An example of the importance of
cation localization analyses is the study of the inter-
metallic compound LaNis and its complex substituted
derivatives® 3 (Figure 13). These compounds have
attracted important commercial interest because of
their widespread application in rechargeable nickel
metal hydride (NiMH) batteries to replace nickel—
cadmium batteries because of their higher capacity
and lower toxicity. Their electrochemical long-term
cycling stability is improved by replacing part of Ni
atoms by Mn and/or Co transition metals, and good
properties are obtained for a multisubstituted sample
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like RE;Ni3s5Mno4Alp3C0p75.92 Nevertheless, the role
played by Co atoms is far from understood and there
is a great interest to reduce this expensive element
in NiMH batteries. Resonant scattering experiments
at 20—10 eV before K absorption edges of Ni, Co, and
Mn were performed to increase contrast between
these elements with similar atomic numbers (Zni =
28, Zco = 27, Zmn = 25). The variations of f' factors
(~ 5—6 e.u.) allow an inversion of scattering strengths
of these atoms as shown in Figure 13a. Consequently,
the intensity differences observed for the different
patterns (Figure 13b) allow relatively small esds for
atomic occupancy factors (~0.01—0.03).%?

One limitation of resonant contrast analysis is the
correlation of temperature and scale factors with the
resonant f' term. This problem may be minimized
by performing experiments at wavelengths or ener-
gies at ~10—20 eV before the absorption edge of the
resonant atom: the variation of the f' term is still
significant (—8 to —5 e.u. for transition metals), and
we can use the theoretical f' and f' values to avoid
any correction due to the chemical state and the
environment of the resonant atoms. It may also be
minimized by measuring data from additional off-
edge energy or by collecting a neutron diffraction
pattern.

The complementarity of neutron data for contrast
studies was used for the structure determination of
the nonstoichiometric La(Ni;—xCuy)s+s compound,
which is derived from the same LaNis-type structure
by the replacement of La atoms by Ni—Ni and/or Ni—
Cu dumb bells.®® For this sample, the resonant X-ray
contrast is opposite to the neutron one: for data
collected at an energy 14 eV before the Ni K edge,
Zni=28,f'ni=—6.1eu., Zcy, =29, f'cy=—-23e.u,,
Za=57,f'la=—-14e.u. and by = 10.3 10715 m, bc,
=7.7210"% m, b, =8.27 107 m.

Neutron and anomalous X-ray scattering were also
collected for the analysis of high-Tc superconductors
such as the thallium oxide since their compositions
are uncertain due to the evaporation of thallium
oxide at high temperature during the sample prepa-
ration. For example, Sinclair et al.®** determined the
composition and the cation distribution of the T12223
superconductor by using a combined refinement of
one neutron, two anomalous X-ray data, and one off-
edge pattern. For this complex and multiphase
sample, they show that a substitution by Cu rather
by Ca exists at the Tl sites, without vacancy forma-
tion.

As, contrary to neutron and resonant X-ray scat-
tering, the Thomson normal scattering varies with
sin 6/A, neutron diffraction and resonant diffraction
to some extent can also be used to improve the
determination of Debye—Waller factors. A latter
advantage of resonant dispersion is its ability to
separate individual temperature factors and atomic
coordinates when different species are mixed in the
same site.%

C. Atomic Selectivity for Modulated Structure
Analysis

For modulated structures, an analysis of the energy
dependence of the intensity of satellite reflections

Hodeau et al.

gives specific information about displacements of a
given atom.®®°7” For example, this can be used to
study quasi-one-dimensional metals; these com-
pounds exhibit Peierls transitions, where the mate-
rial changes from a metallic to a semiconducting or
isolating state, associated with a modulation of the
metallic atoms. One puzzling example is (TaSey):l,
which was recently analyzed.?® This compound ex-
hibits infinite (TaSe,) chains, where Ta d;2 overlaps
create a 1D conducting band. From this one-dimen-
sional character and from the fact that there is 0.25
electron per tantalum atom, one would expect a low-
temperature Peierls transition and tetramerization
of the Ta atoms, i.e., a modulation with vector qn =
(0 0 1). However, the analysis of the eight low-
temperature incommensurate satellite reflections
had failed to show this modulation in (TaSe):l,
rather exhibiting an “acoustic” modulation, with a
long modulation period and affecting all atoms.
Resonant diffraction experiments around the Ta Ly,
edge was used to study specifically the modulation
of the Ta atoms: this has shown, in fact, that satellite
reflections with | = 4n + 1.08 exhibit a contribution
from the Ta atoms whereas the corresponding satel-
lite reflections with | = 4n + 0.92 do not have this
contribution®® (Figure 14). Since only (hkl) main
reflections with | = 4n have a contribution from the
Ta atoms, this proves that there exists a modulation
vector gm for the Ta atoms with a component along
c¢* equal to 1.08, which corresponds to the expected
Peierls modulation. In that case, resonant diffraction
can separate the expected modulation of the metallic
atoms from the dominant acoustic modulation.

D. Partial Structure Factor Analysis

Resonant scattering was used to study the diffuse
scattering and to extract short-range pair correlation
of atoms in crystalline solid solutions such as binary
or ternary alloys.'°%191 This contrast enhancement
can also be used for small angle scattering experi-
ments to study compositional and topological inhomo-
geneities at the nano-/micrometer scale. Anomalous
dispersion helps to separate the contributions of
different particles, and this approach was used to
study the solute partitioning during alloy decomposi-
tion.192

Differential anomalous scattering and partial struc-
ture factor analysis are efficient to study amorphous-
like materials such as glasses, liquids, nanoparticles,
and catalysts.%37197 It can also be used for quantita-
tive analysis of minority phases such as Pt metal
inclusions on amorphous or crystalline substrates.1%81%°

Such analyses are highly sensitive to the concen-
tration and position of the resonant atoms, and in
the case of nanometer-sized zinc ferrite particles, it
has been shown that an amorphous-like structure of
zinc ferrite is present on their surface rather than a
crystalline structure!® (Figure 15).

VI. Diffraction Anomalous Fine Structure Data
Analysis (DAFS Method)

The DAFS method combines in the same experi-
ment X-ray diffraction and X-ray absorption fine
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Figure 14. Resonant study of satellite reflections with | odd to search for tetramerization in (TaSe,).l: satellite reflections
are at q = (£0.05; £0.05; £0.08) for T < 263 K, resonant spectra corrected for absorption of (1 0 13) main reflection
surrounded by its eight satellites: the resonant contribution that appears specifically for satellites with | = 13 + 0.08
(intensity ~ 100) and not for satellites with | = 13 — 0.08 (intensity < 10) is a signature of the modulated state of Ta
atoms. (Reprinted with permission from ref 99. Copyright 1999 Université Joseph Fourier, Grenoble.)
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Figure 15. (a) Observed resonant X-ray scattering patterns of 4 nm zinc ferrite particles measured at two energies below
the Zn and Fe K edges and the corresponding differential intensities. (b) Calculated patterns for the corresponding classical
diffracted pattern and the two differential intensities obtained at the Zn and Fe K edges. The best fit is obtained for
calculations (continuous lines) which substitute part of the scattering intensity of the crystalline particles by the scattering
of amorphous ZnFe,O4—4 zinc ferrite. (Reprinted with permission from ref 104. Copyright 1994 Elsevier Science.)

structure (XAFS). In this way, the long-range struc-
tural information contained in diffraction peaks is
combined with the chemical and local structure
selectivity of X-ray absorption spectroscopy. Thus, it
can provide site-selective and chemical-selective struc-

tural information. This combined technique offers the
possibility of obtaining chemical information on
mixed-valence oxides, phase-selective spectroscopy of
mixed compounds, selective absorption spectra on
multilayers, etc.
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Although the first study of fine structure in X-ray
diffraction was reported a long time ago,51%11! almost
no contributions developing this work were published
during the 1960s and 1970s. It was with the develop-
ment of synchrotron radiation sources in the 1980s
that a few reports showed the feasibility of DAFS
measurements3112113  and  in 1992  that
Stragier et al.'** and Pickering et al.l*® gave a
demonstration of this method on a copper thick film
and in powders, respectively. Later, several groups
applied this method to different types of samples
(thin films, multilayers, powders, single crystals).116-124

For atoms in solids, the scattering amplitude can
be subdivided into smooth (free atom) and oscillating
fine structure components y,(E). Such a separation
of DAFS components is analogous to the standard
XAFS separation of u into smooth yu, and oscillating
Yu termsli6.124

f(©.B) = 15,(©) + T,/ (B) + if,"(E) + Af"(E)xa(E)

Xa(E) = xa'(E) + ixy"(E)

As in the XAFS method, the site-selective distance
information can be extracted from DAFS data. As
shown in Figure 16, on a copper single crystal, only
an absorption phase shift occurs between DAFS and
XAFS spectra. XAFS provides atom-selective local
information, and DAFS gives atom- and site-selective
local information.

The aim of the DAFS analysis is to extract site-
dependent f)’ and f,"" curves from the diffraction

intensity spectra measured as a function of energy.
If the compound contains only one kind of anomalous
scatterer a, the diffracted intensity can be written
as follows:

(i) using the crystallographic formalism453 by

(E)= ColIF7I? + ((F,% + £, 206, Fal® + 2(F, /)
IF1l[Fal cos(0®@) + 2(F," /o) IF+lIF Al sin (0P)]
(ii) using the spectroscopic formalism?16.122 by
I(E) = ¢,|F|? cos’(0®)[1 + y° + 2B, f, +
2y BB + B (17 + 1)
with s = |Fal/(foa| Fr| cos(0®)) and ys = tan(o®)16
or I(E) = ¢,|F1|°[(cos(d®) + B £.')* + (sin(0®D) +
Bt
with 8 = |Fal/(foa |F7|).1%?

In all equations, ¢, = S-LP-A-D/E3 where S is the
scale factor, LP the Lorentz-polarization corrections,
A the geometrical effect and the transmission coef-
ficient due to absorption, and D a term corresponding
to the detector efficiency and air path absorption; |F1|,
|Fal, 0D, foq , fa', and fy"" are the same terms as defined
above.

A. Data Analysis

The DAFS data analysis proceeds first by an
accurate energy calibration of each intensity spec-
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Figure 17. Intensity simulation of BaZnFegO;; hexaferrite
(0 0 33) reflection at the Fe K edge using theoretical free
atom f '(E) curves of Sasaki and only the measured absorp-
tion correction. (Reprinted with permission from ref 125.
Copyright 1995 Elsevier Science.)

trum and an accurate absorption correction since the
total absorption could be important for samples
having a large anomalous scatterer content and could
introduce intensity oscillations above the edge!?®
(Figure 17). These oscillations are caused by the
average absorption of all anomalous atoms a present
on all sites of the structure. Removing these oscilla-
tions is vital for the DAFS analysis, since they
represent “average” information, while we want to
separate anomalous terms from different crystal-
lographic sites: the diffraction process is site-selec-
tive but not absorption. For this, the absorption
correction 4 must be measured on the sample itself
to take into account the chemical features of the
sample.

Then, the calculation of site-selective f)' and f,"
curves can then be performed by using the energy
dependent f 'y and ' iy values for each individual
reflection (hkl) and later, from their different site
contributions, the determination of the site-selective
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fa' and f;"’ curves. This spectroscopic procedure was
initiated successfully by Stragier et al.,''* and it is
the most convenient one for samples where the site-
selective information can be directly extracted from
selective reflections. This direct procedure of site-
selective f;' and fy"" determination (and then that of
xa' and ya'") was used for multilayers and thin films
to separate their information from the buffer 116121126
For example, DAFS experiments performed at both
Ga and As K edges can extract GaAs distances in a
buried Ga;—«InxAs layer grown coherently on GaAs-
(0 0 1).%22123 From the diffracted spectra, high-quality
k-weighted fine structures can be obtained (Figure
18), giving results in excellent agreement with XAFS
spectra and models for strained-layer semiconduc-
tors. In relaxor ferroelectric PbMgy3Nb,303, using
superlattice reflection originating from ordered nano-
domains, DAFS analysis can directly provide selec-
tive information of the local Nb atom in the do-
mains.'?” This procedure was also used on samples
like the Co304 spinel compound, whose space group
gives rise to extinction rules and where, conse-
quently, reflections exist for which only resonant
scatterers located in one site could contribute!®
(Figure 19). On the high-Tc superconductor YBa,-
Cusz0y, it was used to separate the individual f,"”
curves of the two copper sites.!'6

Another process for obtaining the site-selective f,’
and f,)" spectra uses a simultaneous refinement
procedure of several reflections at all energies. This
method is convenient for samples where there are no
reflections with a single contribution from only one
site and was generally used by crystallographers on
powders or single crystals.748990.128-131 |t has been
used for twinned single-crystal analysis of platinum
oxide™? and to separate Fe site contributions in
hexaferrite BaZnFesO1;.*?° The structure of this latter
compound contains four octahedral sites occupied by
Fe cations and two tetrahedral sites occupied by Fe
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Figure 18. DAFS spectra of the (0 0 4) strained-layer reflection around the Ga and As edges on a Gag 7ss51ng 215AS layer
grown on GaAs(0 0 1); corresponding k-weighted fine structure at the As K edge that gives the first- and second-neighbor
distances around As atoms. (Reprinted with permission from ref 123. Copyright 1998 American Physical Society.)
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Figure 19. Cobalt near edge XAFS and DAFS spectra of
Co0304. The bottom curves show both spectra of the octa-
hedral and tetrahedral cobalt site, directly extracted from
the (2 2 2) and (4 2 2) reflections. The top curve compares
the weighted sum DAFS spectrum with the XAFS one
obtained from total absorption. (Reprinted with permission
from ref 115. Copyright 1993 American Chemical Society.)

and Zn atoms. DAFS measurements of nine (0 0 I)
reflections were performed to distinguish Fe cation
contributions from tetrahedral and octahedral sites.
First, the simultaneous refinement procedure of
several reflections at all energies was performed far
from the edge, using the measured transmission
absorption coefficient, the theoretical fy’ and f,"
curves, and intensity variations versus the energy are
refined to determine all instrumental and samples
parameters such as the atomic occupancies. Then the
f,' factors of the different sites are refined and ;' are
calculated using the Kramers—Kronig relation (Fig-
ure 20). As shown in this figure, for strong reflections
such as (0 0 33), oscillations are caused mainly by
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variations of the total absorption. In contrast, weak
reflections such as (0 0 24), less sensitive to absorp-
tion, exhibit large DAFS oscillations; they could
present a large phase change at the edge due to the
small |F+|/|Fa| ratio, giving rise to an inversion of the
intensity variation near the edge.

B. Valence Determination

As the DAFS methods presents a spectroscopic-like
sensitivity, it can be used for valence studies in
mixed-valence compounds such as the high-Tc super-
conductor YBa,CuzO;. If we study at a few energies
for such a compound in which a single element could
have different oxidation states at different sites,
refinements of f,'(E), f)''(E) values can allow deter-
mination of the absorption chemical shift observed
for the different sites”12°~13L (Figure 21). However,
the accuracy of such earlier determinations was
limited by the small number of energies used.

Full spectra obtained by diffraction anomalous near
edge spectroscopy experiments (DANES) give infor-
mation on the valence state of the resonant atom with
the same sensitivity as for X-ray absorption near edge
spectroscopy experiments (XANES). Such experi-
ments give very good results on thin films, and the
site selectivity of DANES was nicely demonstrated
on thin films of the high-Tc superconductor YBa,-
Cuz07 where Cross et al.*®2 extracted the individual
fa"" curves of the two copper sites by using a co-
refinement of different reflections (Figure 22).

Such an analysis can be useful in solid-state
chemistry. However, samples are often only available
in a powder form and there are some intrinsic limits
of the DANES method when applied to powders (low
count rate, low " sensitivity, sampling problems, and
fluorescence scattering).”#115129.134-136 Eor example,
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Figure 20. (a) DAFS spectra of the BaZnFesO;; hexaferrite (0 0 24) and (0 0 33) reflections and intensity fits using bulk
u(E), refined individual f,'(E) and f,""(E) curves for tetrahedral and octahedral sites. (b) Corresponding f'tetra(E) and f''octa-
(E) hexaferrite spectra for the tetrahedral and octahedral sites derived from DAFS refinements and the Kramers—Kronig
relation, the average k) spectrum being obtained from transmission XAFS experiments. (Reprinted with permission
from ref 120. Copyright 1996 OPA Gordon & Breach Publishing.)
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refined from anomalous powder diffraction. The triangles
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experiments were performed, at low energy near the
Mn K edge, on a highly absorbing powder La;Mns-
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Si,O2, where there is no pure site-selective reflection
(no systematic extinction for the resonant atomic site
as it is for all spinel oxides). This compound is
believed to contain three valence states of manganese
(Mn**, Mn®", and Mn?"), distributed over three
crystallographic sites. Regarding data collection strat-
egy, energy scans at fixed Q positions of selected
reflections were preferred to the collection of complete
powder patterns at 20—30 discrete energies. With an
adequate sample spinning and a large acceptance
analyzer (for a better sampling), good spectra of
different diffracted intensities have been obtained as
a function of energy. DANES analysis used a co-
refinement of eight reflections containing crossed
combinations of the three manganese sites.!3® The
three different manganese sites of this powder dis-
play three different edge positions, each shifted
relative to the other by 3 and 4 eV (Figure 23).
Valence states and DANES studies can thus be
performed on samples such as powders even if they
are extremely absorbing. The statistics, however, is
poorer than for single crystals, and the extended part
of the spectra (EDAFS) cannot be extracted with
accuracy.

C. EDAFS Determination

In contrast to the case of powders, accurate ex-
tended-DAFS spectra can be collected on epitaxial
thin films or multilayers.17121-123 Most experiments
have been undertaken to separate the different
atomic local structures in the different layers, which
is not possible using absorption spectroscopy since
the contributions of all equivalent atoms in the
different parts of the material are averaged. For
example, it has been shown in Fe/lr multilayers with
thick Fe layers that, using y(E) curves of several
superstructure reflections (Figure 24), it is possible
to probe selectively Fe atoms at the Fe—Ir interfaces
(i.e., 6% of the total amount of Fe in the cell). The
co-refinement of several superlattice reflections, mea-
sured at the Fe K edge, has allowed the extraction

" (électrons)

Energy (eV)

Figure 23. Energy shifts of the three site-selective f'(E),f'"(E) spectra of the Mn1, Mn2, and Mn3 atoms, extracted by
DANES analysis of a highly absorbing powder La;MnsSi O2,. Each XANES spectrum is characteristic of the environment
of the atom in its site and can be used to determine its valence and the site symmetry. (Reprinted with permission from

ref 135. Copyright 1998 European Physical Society.)
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of oscillating x(E) curves for Fe atoms localized either
at the Fe middle layers or at the Fe—Ir interfaces.
Their respective Fourier transforms gave first- and
second-neighbor distances around the corresponding
Fe atoms.'” EDAFS spectroscopy can also be used
to separate y(E) oscillations of different X-ray absorp-
tion edges when two or more absorption edges are
too close in energy in a given material, such as for
the Ti K and Ba L edges in BaTiO3.1%

VII. Anisotropy of Anomalous Scattering

Using polarized X-rays provided by synchrotron
sources, DANES spectra near absorption edges, such
as XANES spectra,?® can depend on the orientation
of the local chemical environment of the resonant
scatterer with respect to the beam polarization direc-
tion. This occurs when the resonant atom presents a
coordination with a low symmetry like the uranyl ion
in the salt RbUO,(NOs3); or the Pt?>" cation in
K,PtCl4.28137 This dichroism is observed most easily
if the compound contains a single orientation for the
site of the resonant ion. For example, in the salt
RbUO,(NOs3)3, the linear O—U—O ions lie on the
3-fold axes of the rhombohedral crystal and an edge
shift of ~2 eV can be clearly seen in the absorption
curve for polarized X-rays near the U L,;, edge (Figure
25a). Due to the anisotropic anomalous scattering
(AAS), this dichroism can be observed on more
symmetric crystals such as in the P2;3 cubic NaUO.-
(C2H30,); compound in which each uranyl ion lies on

a 3-fold axis and the difference patterns f,” — ;" and
f,, — f,, extracted from diffracted intensities at the
U L, edge, clearly agree with the curves obtained
from polarized absorption experiments on the ru-
bidium uranyl salt?® (Figure 25b).

The site selectivity of DANES spectra can be used
to separate the polarization dependence of dispersive
terms for cations with different coordination environ-
ments and distinct oxidation states. For example, in
the Cs,Au,Cls compound, the f' and " dispersive
terms are largely different for the Aut and Au®* sites
and the Au®* cations give rise to a highly anisotropic
scattering contribution at the Au L, edge.'®® This
anisotropic anomalous scattering is highly sensitive
to the energy resolution of the scattering experi-
ments: the maximum variation of the scattering
amplitude with respect to the polarization direction
can increase from 1 to 8 e.u. by improving the energy
resolution from 10 to 1 eV.2%°

Thus, for resonant scattering experiments per-
formed with a good energy resolution on compounds
with resonant atoms in low-symmetry sites, the
anomalous scattering factor must be replaced by a
tensor to take into account polarization of both
incident and diffracted beams. This effect is a so-
phistication of resonant effects, but it is also a new
means of solving problems. Novel applications make
use of this cross-term contribution oz of the resonant
tensors, to which dichroic atoms contribute.®® The
scattering of the dichroic atoms can be easily ob-
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Figure 25. (a) Absorption curves near the U L, edge in RbUO,(NO3); for polarized X-rays with an electric vector parallel
and perpendicular to the uranyl axis. (b) Polarized anisotropy of f' and f"" dispersive terms for the uranyl ion near the U
Ly, edge, represented by the difference patterns f,' — ;" and f,/ — f;/. Points with error bars are determined from diffraction
experiments on NaUO,(C;H30,);, and continuous curves are obtained from the absorption measurements on the rubidium
salt (a). (Reprinted with permission from ref 28. Copyright 1982 International Union of Crystallography—Munksgaard.)

served, independently of the surrounding structure,
by using a polarization-selective detector.

Anisotropic anomalous scattering is almost aver-
aged out in disordered samples and in powders.
However, it can be extracted by the DAFS method,
even in powders.'*® In anisotropic crystals, AAS can
be easily observed. It explains the observation of
reflections that are forbidden by a screw axis or glide
plane, and their intensity changes with the azimuthal
angle.*#141 Such an effect can be used for a partial
structure analysis!42143 or for an electronic environ-
ment analysis of distorted sites.1447146 As point defects
and atomic thermal vibrations decrease the sym-
metry of the local atomic environment, they can
contribute to additional anisotropy of the resonant
scattering and to forbidden reflections near absorp-
tion edges.'*” These forbidden reflections can also be
used to probe the splitting and ordering of the
unoccupied p and d densities of state for dipole and
quadrupole transitions#® and for orbital ordering
studies in V,03.1%° Several anisotropic factors, such
as the anisotropy of the local atomic environment,
magnetic ordering, and orbital ordering, can exist
simultaneously in a crystal, and phenomenological
expressions were developed to describe the scattering
tensor in such cases.'®®

Resonant diffraction was recently used to investi-
gate electronic fluctuations of the octahedral iron
atoms in magnetite, which is considered to be the
prototype for charge localization.'5%152 Near edge
DAFS spectra of (0 0 2) and (0 0 6) forbidden
reflections were reported, above and below the Ver-
wey transition as a function of energy, versus crystal
azimuthal angle and for different polarization (oo or
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Figure 26. (a) (00 2) and (b) (0 0 6) forbidden reflections

measured at the Fe K edge in magnetite at 300 K. The

insets show the dependence of the integrated intensity at

7.124 keV as a function of the crystal azimuthal angle.

(Reprinted with permission from ref 152. Copyright 2000
American Physical Society.)

oo + o) of the scattering process (Figure 26). Their
intensity analysis indicates p-orbital ordering for the
octahedral iron atoms and d-orbital ordering for the
tetrahedral ones. Furthermore, their appearance
implies that all octahedral sites are structurally and
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Figure 27. X-ray intensity in the Sm—C* phase of the
MHDDOPTCOB as a function of Q and energy, near the
sulfur K edge. Shown on top is the MHDDOPTCOB
molecular structure. (Reprinted with permission from ref
154. Copyright 1999 American Physical Society.)

electronically equivalent down to a time scale shorter
than the interaction time of the resonant virtual
process involved.

Another application of the tensor nature of the
dispersion factors is their use for the structural
characterization of chiral mesophases.'5315* Several
chiral smectic-C variants were found in liquid crystal
compounds, but previously, it has been impossible to
obtain a detailed information about their molecular
orientation. Resonant diffraction experiment per-
formed at the sulfur K edge provided the direct
structural evidence of several periodicities of the
different Sm—C* phases. Due to the off-diagonal
tensor components of dispersion, the scattered X-ray
intensity varies depending on the relative orientation
of molecules with respect to the polarization of the
X-ray beam.’®> At the sulfur K edge only, this
interaction generates superlattice diffraction peaks
related to periodicity of the helical molecular ar-
rangement®®* (Figure 27).

This anisotropy of the resonant dispersion factor
can be introduced in Bragg intensity calculations by
using components of the f;/, f;"’ tensors in the refine-
ment of intensity as a function of energy.'®® For
experiments with an energy resolution better than
10 eV, such anisotropy effects can be quantified, for
example, for selenium in selenomethionine. Never-
theless, up to now, this effect was generally judged
to be too small to be routinely introduced into MAD
calculations, but a recent contribution shows that this
variation can be used to help the determination of
structure factor phases in the same way as changes
of fa' fy"" with wavelength are used.*®’

VIIl. Magnetic Resonant Scattering

The use of X-rays for the investigation of magne-
tism in matter is relatively recent. A theoretical
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Figure 28. Energy dependence of the (0 0 5/2) magnetic
reflection intensity, corrected for absorption, at the ura-
nium M edges in UAs. (Reprinted with permission from
ref 163. Copyright 1990 American Physical Society.)

prediction®® and the first magnetic diffraction ex-
periment, using conventional X-ray sources, were
published in the 1970s.'%° Due to the smallness of
the effect, magnetic scattering was considered to be
a curiosity for a long time. However, since the
development of synchrotron radiation sources, a large
variety of experiments have been performed. Through
its polarization dependence, nonresonant magnetic
diffraction allows one to separate the orbital and the
spin parts of the magnetic form factor. It has been
shown theoretically and experimentally that strong
enhancement of magnetic intensity occurs when the
energy is close to an absorption edge of magnetic
atoms.'%0-162 This resonant intensity increase is
particularly large near the M absorption edges of
actinides'®® (Figure 28). The enhancement of the
magnetic diffraction signal and the existence of
magnetic dichroism arise from the same mechanism,
which has been analyzed in terms of electric multi-
pole transitions, whereas the purely nonresonant
magnetic X-ray scattering originates from magnetic
couplings.31:164

Contrary to X-ray magnetic circular dichroism,
which is sensitive only to the imaginary part of the
resonant scattering amplitude, resonant X-ray mag-
netic scattering measures the square of the modulus
of the total scattering amplitude including both the
real part and the imaginary parts of the resonant
scattering. Magnetic resonant scattering gives an
element-selective information that can probe elec-
tronic structure and magnetic properties. Its sensi-
tivity allows weak magnetic moments to be investi-
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Figure 29. Energy dependence of the magnetic reflection intensity of a Cez/Feszo multilayer, corrected for absorption, at
the cerium L,, edge (a): (O) experimental values and (—) the best simulations obtained using the Ce concentration and the
oscillating magnetic profile shown in (b). (Reprinted with permission from ref 165. Copyright 1999 American Physical
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gated. Furthermore, as resonant X-ray diffraction
contains the long-range order structural information,
it can separate different magnetic contributions in
the sample. For example, in Ce/Fe multilayers, X-ray
magnetic circular dichroism experiments at the L and
M edges show that the hybridization of the Ce 5d and
4f states with the 3d states at the Fe interface
induces magnetic ordering at room temperature, with
a weak magnetic moment on both the 5d and 4f
states of Ce. Using a circular polarization of the X-ray
beam, scattering measurements performed with the
magnetic field applied parallel or antiparallel to the
diffraction plane display a difference or asymmetry
ratio which can be interpreted only by the existence
of an oscillating polarization distribution for Ce
(Figure 29). Such complex magnetic structural ar-
rangements can be detected only by resonant scat-
tering methods, thus demonstrating their usefulness
for defining X-ray magnetic spectroscopy results.'6>
As a result, this method is used in the soft X-ray
energy range to study artificially structured magnetic
devices!®6-1%8 and in hard X-ray for more classic
magnetic samples.'69-172 The use of X-rays for struc-
tural magnetic studies is today a very well-estab-
lished technique that is complementary to those
involving neutrons.

IX. Experimental Requirements for Resonant
Diffraction

Resonant diffraction experiments are based on
variations of the f;' and ;" anomalous factors, which
are much weaker than that of the Thomson scatter-
ing. Consequently, DAFS, MAD, and resonant ex-
periments must be accurate. They have special
requirements both for the experimental setup and for
the data collection process, where several sources of
systematic errors must be avoided.

(i) For MAD and contrast experiments, the energy
stability is crucial to get reliable values of f;' and f".
Furthermore, a high-energy resolution increases the
fJ'/fy" loop area and improves the phasing power. This
means that third-generation sources are well suited
for such experiments (source stability, high flux
which allows high energy resolution).

(i) For DAFS experiments, precise energy calibra-
tion is necessary. In mixed-valence samples, cations
in different sites could give spectra that differ only
by a small energy shift (1—-2 eV). When several
reflections are measured successively at each energy,
this source of error decreases. However, in all cases
an external check is needed. The best way is to
measure directly, in fluorescence mode, either the
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beam scattered by air through a metal foil or the
absorption of the sample itself.118173 |n this last case,
the absorption reference used is that of the sample:
the energy resolution of the absorption spectrum and
the DAFS ones are identical.

(iii) For anomalous measurements performed in
dispersive diffraction mode, raw I(E) spectra must
be normalized by the incident beam intensity Io(E),
spatial distortions, and intensity responses of differ-
ent pixels of the 2D detector. For the data analysis,
a pixel/energy calibration must be performed care-
fully. For DAFS measurements, the sample to detec-
tor distance is strictly constant, and a single XAFS
spectrum recorded on the same detector in transmis-
sion geometry with a powder sample can be used for
this energy calibration.’4

(iv) When the sample is bathed into the beam, an
additional beam monitor is needed. Even when very
small slits are used, due to the confusion sphere of
the goniometer, their sizes must be always slightly
larger than the sample dimension and the crystal
receives only part of the monitored beam. If the beam
intensity distribution is not perfectly homogeneous
and varies with energy, errors due to standard
monitors will be larger than the DAFS oscillations.
A scintillation detector, mounted on the diffractome-
ter, can measure fluorescence from the crystal as the
energy is scanned through the absorption edge and
at each energy we can have a continuous check of
any discontinuity in the incident beam intensity
received by the sample itself.'18

(v) As anomalous measurements are performed at
absorption edges, the scattered intensity must be first
corrected for the total absorption effects. As absorp-
tion correction can be sensitive to variations in
thickness of a few micrometers, only the surface of
the sample diffracts and an accurate absorption
correction must be used for highly absorbing pow-
ders.1 For single crystals, the absorption correction
is highly sensitive to crystal shape and must take
precisely into account the crystal geometry. An
accurate empirical absorption correction procedure
was developed by Vacinova et al.'!® to take this effect
into account.

Furthermore, compared with XAFS measurements,
DAFS and anisotropy experiments are synchrotron
beam time-consuming since they correspond to ab-
sorption measurements performed on a diffraction
peak. For this reason different experimental modes
of resonant data collection have been developed: (i)
multimonochromatic diffraction (MMD), which is
performed with classical monochromatic optics, and
(if) dispersive diffraction (DD), which uses energy-
dispersive optics.

In the DD mode, the incident beam angle distribu-
tion Aa in the horizontal plane is directly correlated
to the photon energy distribution'’® and several raw
diffracted spectra I(E) are collected simultaneously
on the 2D-detector (Figure 30). This DD mode was
first proposed for phase determination by Arndt et
al.1’’ Despite a large gain in time obtained for the
collection of I(E) spectra, several subsequent experi-
ments show possibilities but also difficulties of this
mode for resonant diffraction and DAFS experi-
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Figure 30. 2D-DAFS spectra of two reflections and their
eight incommensurate satellites, measured at the tantalum
L edge on the (TaSey),l crystal, above and below the
Peierls transition at 263 K. The length of each reflection
is directly related to the angular span of the dispersive
beam and the Bragg angle variation with energy. The Ta
Ly, absorption edge can be seen at the middle of the
diffracted lines. (Reprinted with permission from ref 99.
Copyright 1999 Université Joseph Fourier, Grenoble.)

ments.178-180 Most difficulties in the quantitative data
analysis are discussed and solved through a new
integration procedure “DAD”.%6 However, energy
resolution of DD data is intrinsically limited by the
sample mosaicity and data quality is worse than that
obtained on the MMD mode. The DD technique could,
yet, prove valuable for in-situ experiments under
variable external conditions and for simultaneous-
MAD experiments.59°

Up to now, nearly all resonant experiments have
been performed in the multimonochromatic diffrac-
tion mode with traditional monochromatic optics.
Diffracted intensities could be measured using an
omega-scan that integrates the reflection. This is
required for compounds with ill-shaped reflection
profiles due to the mosaic spread and/or the domain
structure.**® This procedure must be done for all
energies and therefore is time-consuming. This omega-
scan is, however, not needed when the reflection
profile is well defined and relatively broad. In this
case, the exact Bragg angle of the reflection at each
energy can be calculated and the intensity
data collection can be performed only at the top of
this reflection or with a limited sample oscilla-
tion.114.117.122.181.182 DAFS data acquisition using the
MMD mode is now well established and accurate.
Extended DAFS spectra, satisfying the criteria of the
XAFS community, can be obtained at different syn-
chrotron radiation facilities. This means that with
this MMD mode we can measure Bragg reflection
intensities as a function of the energy with an
accuracy better than 0.5%.

X. Conclusions

It could be said that nowadays resonant diffraction
can be used to determine any information about any
element in a crystal: phase of its structure factor,
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valence, neighbors, orbital characteristics, magnetic
properties, etc. However, all of these information
have a price: they require a sophisticated tool (syn-
chrotron rings) as well as a complex analysis. How-
ever, thanks to efforts of the scientific community,
several straightforward applications are now avail-
able.

The first one concerns the (long-expected) avail-
ability of an experimental determination of the phase.
This method (MAD) is vital for the structure deter-
mination of complex macromolecules for which direct
methods are helpless. The software dedicated to these
studies, as well as technical developments (cryocool-
ing, 2D detectors), and the worldwide availability of
synchrotron radiation have made this method a well
established one, routinely used by structural biolo-
gists.’® Speed and availability of beam time is also
becoming less relevant: specialized beam lines pro-
viding high intensity and fast detectors can yield
complete, three-wavelengths, MAD data collection in
less than half an hour.®*

The second type of application uses more directly
the chemical sensitivity of resonant diffraction and
is more relevant for inorganic materials: it is possible
to extract the contribution of a single element in a
given crystallographic site. Even if this method is less
used than the MAD one, it is also a well-established
one for analyses of complex substituted powders. It
can thus be used to distinguish elements having a
close scattering power (contrast) with much less
material required compared to neutron diffraction.
Furthermore, resonant X-ray analyses can be per-
formed on a single sample, without any isotopic
replacement as needed for neutron experiments.

Also interesting to the chemist should be the DAFS
method: the fine structure of the intensity as a
function of the energy is directly related to the
valence, the anisotropy, and the coordination of the
resonant atom. However, like the resonant magnetic
scattering, this last technique requires an important
beam time to allow the collection of energy spectra
for several reflections. Even if softwares have been
developed for the analysis of such experiments, the
improvement of data collection speed and the devel-
opment of more dedicated software for an easier
analysis is now the goal of researchers in this field.
This is a price that still needs to be entirely paid to
fully extract the rich “anomalous” information.
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