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Abstract. Experimental results and their theoretical explanation are
reviewed for fundamentals of anisotropic resonant X-ray scattering.
Resonant scattering depends on X-ray polarization, i.e. the scattering
reﬂects anisotropic environment of atoms in crystal. The polarization
anisotropy in atomic scattering can excite the forbidden Bragg reﬂections. Studying this type of forbidden reﬂections we can distinguish
electronic orbitals of speciﬁc symmetry. This method is very useful for
studying local electronic states in crystal. We reveal detailed property
of the anisotropic scattering, eﬀect of quadrupole transition, thermal
motion, magnetic scattering and so on. Especially successful examples
are given in detail: observation of phase of the scattering factor, the
hybridization of states with diﬀerent parity, local chirality of atom in
centrosymmetric crystals, thermal-motion-induced resonant reﬂections,
etc.

1 Introduction
Resonant X-ray scattering essentially depends on X-ray polarization as well as
energy. This fact means that the scattering is sensitive to orientation of unoccupied electronic orbitals as well as the density of state. In this case we should treat the
atomic scattering factor as tensor quantity with respect to the components of X-ray
polarization. Even for atoms of the same site in crystal, the scattering amplitudes
are diﬀerent if the atomic environments, i.e. interatomic directions, are diﬀerent.
Therefore conventional extinction rules for the forbidden Bragg reﬂections, related
with glide-planes and/or screw-axes, can be violated in the resonant regions, and we
can observe those reﬂections. We usually neglect the X-ray polarization anomaly in
the experiment because the anisotropic term is generally very small compared with
isotropic terms corresponding to mainly charge scattering. Observing the forbidden
reﬂections, however, we can detect exclusively the anisotropic scattering term. Moreover, the resonant scattering factor is enhanced near the absorption edge. Therefore
from the resonant forbidden reﬂections we can obtain the information about only the
anisotropic part of the electronic states of resonant atoms.
a
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The polarization anisotropy is also observed in absorption experiment (XANES).
The phenomena such as linear dichroism and birefringence are closely related with
the anisotropic scattering, but those methods are not ﬂexible in comparison with the
forbidden reﬂection experiment. In some sense, the information obtained from forbidden reﬂections is complimentary to XANES, where we see absorption coeﬃcient
averaged (summarized) over a unit cell: quite the contrary, the structure factor of
forbidden reﬂection is proportional to diﬀerences of atomic factors of resonant atoms.
Using the diﬀraction method we can realize very precise and highly technical experiment for probing local electronic states. Typical data of the diﬀraction experiment are
azimuth dependence and energy spectrum of the scattering intensity. X-ray polarization analysis of the forbidden reﬂections gives more detailed information. Additionally
diﬀerent contributions to the atomic scattering tensors can be obtained from diﬀerent
forbidden Bragg reﬂections. Therefore we can distinguish speciﬁc tensor elements by
control of many experimental conditions. From these measurements we can deduce
important details about the nature of the resonant electronic states. Of course the
synchrotron radiation, which has continuous energy and high brilliant and polarized
X-rays, is indispensable for such experiment.
The electric dipole approximation, i.e. the ﬁrst order approximation, is usually
applied to the resonant X-ray scattering; this scattering is based on dipole-dipole
(d-d also called E1E1) transition process, which depends on only X-ray polarization vectors. In higher order approximations, the resonant scattering also depends on
X-ray wave vectors; the scattering process can be quadrupole-quadrupole (q-q, E2E2),
dipole-quadrupole (d-q, E1E2), etc. The quadrupole eﬀect is generally small compared
with the d-d scattering but it can be observed in practice. Near K-absorption edge,
according to selection rules for electronic orbitals, we can detect p-like states from the
dipole transition, d-like states from the quadrupole transition and p-d hybridization
of states from the d-q transition.
Templeton and Templeton [1] observed X-ray linear dichroism by synchrotron radiation experiment and Petcov et al. [2] observed birefringence as well as the dichroism
with a technique like visible-light experiment. In 1982, Templeton and Templeton [3]
observed also nonforbidden reﬂections intensities dependent on X-ray polarization
and supposed that a special type of forbidden reﬂections can be excited owing to
the polarization anisotropy. This polarization eﬀect is caused by electric anisotropy
of resonant atoms near the absorption edge. From these results it was pointed [4, 5]
out that the atomic scattering factor should be treated as tensor and traditional
extinction rules for Bragg reﬂections were violated. In practice the forbidden reﬂections were observed in many crystals, ﬁrst by Templeton and Templeton [6, 7], Kirfel
et al. [8] and then by many other groups. Even in cubic crystals the polarization
anisotropy was observed with diﬀraction method [3, 8]. In most cases, the observed
azimuth dependence of the reﬂections was explained by the dipole approximation,
e.g. in NaBrO3 [6,7], Cu2 O, TiO2 [8], FeS2 [9], Fe3 O4 [10], HoFe2 [11], etc. In iron
pyrite, FeS2 , the polarization anomaly of the forbidden reﬂections was directly studied with polarization analysis [9], and its property was also explained in the dipole
approximation.
However, the forbidden reﬂections that are not allowed in dipole approximation
were observed in some crystals. Finkelstein et al. [12] investigated the 111 forbidden
rhombohedral reﬂection in hematite, α-Fe2 O3 , near the Fe K-absorption edge. The
azimuthal dependence of the reﬂection was found to be sixfold, which was explained
by q-q scattering. Templeton and Templeton [13] observed forbidden reﬂections in
germanium crystal near the Ge K-edge at room temperature. Their properties were
explained by d-q scattering. After that time Kirfel et al. [14] found d-q scattering
in addition to d-d scattering from magnetite, Fe3 O4 , near the Fe K-edge. Kokubun
et al. [15] measured the detailed energy spectra of the forbidden reﬂections in iron

Resonant Elastic X-ray Scattering in Condensed Matter

41

pyrite. As a result diﬀerent spectra were carefully examined in the pre-edge region
of the Fe atom and their azimuthal dependence was explained by the d-d and q-q
scattering combination [16]. Similar quadrupole eﬀects were also reported in other
crystals: spinel ferrites [17–19], TiO2 [20], etc.
Considering the physics of forbidden reﬂection, a new type of anisotropic resonant scattering that is induced by atomic thermal motion was predicted [21, 22]. In
germanium crystal, the forbidden reﬂection was indeed strongly dependent on temperature and this result revealed that the large part of the intensity was caused by
thermal-motion-induced (TMI) resonant scattering [23]. The Ge atoms are in regular
tetrahedral symmetry, but the atomic displacement from the equilibrium position degrades the symmetry. Therefore thermal motion allows us to observe the anisotropic
d-d scattering despite of high average site symmetry. The TMI scattering is mainly
caused by the eﬀect of optical phonon mode and additionally reﬂects thermal motion
correlations. Other physical problems solved with the help of the resonant forbidden
reﬂections are discussed in Sect. 4.
In this paper we introduce typical and remarkable experimental results on the
forbidden reﬂections caused by the resonant anisotropy. We show also additional and
complicated physical phenomena concerning resonant scattering, in particular, we
consider the inﬂuence of the magnetic scattering, thermal motion and so on. It is
demonstrated that the quadrupole scattering eﬀect is typical of many crystals.

2 Basic theory
According to the second-order perturbation theory of interaction between photon and
electronic states, the anomalous scattering factor near the absorption edge is given
by

1  a | (ε · p) e−i k ·r | n n | (ε · p) ei k·r | a
,
(1)
fRes =
m n
Ea − En + ω − iΓn /2
where ε and k represent the polarization and the wave vector of incident X-rays,
and ε and k  those of scattered X-rays, respectively. Equation (1) has a resonant
denominator for X-ray energy ω from the ground state |a of energy Ea to intermediate states |n of energy En and width Γn . By expanding the exponential factor in
Eq. (1), we obtain the approximation of the power series,
ei k·r ≈ 1 + ik · r.

(2)

Therefore, the atomic scattering factor containing non-resonant terms for the i-th
atom in the unit cell can be expanded in a series over the wave vectors k and k :
(fˆi )jk = fi0 δjk + (fˆidd )jk + i(fˆidqs )jkl (kl − kl )

+i(fˆidqa )jkl (kl + kl ) + (fˆiqq )jklm kl km
+ (fˆimag )jk ,

(3)

where fi0 is the conventional Thomson scattering factor given by a scalar quantity,
fˆidd and fˆiqq describe dipole-dipole (d-d) and quadrupole-quadrupole (q-q) scattering
whereas (fˆidqs )jkl = (fˆidqs )kjl and (fˆidqa )jkl = −(fˆidqa )kjl correspond to symmetric
and antisymmetric (relative to the ﬁrst two indices) contributions to mixed dipolequadrupole (d-q) scattering, and fˆimag stands for magnetic scattering, which should
be added in the case of magnetic material. The d-d scattering factor is the tensor of
second rank, the d-q factors of third rank and the q-q factor of fourth rank [24–27].
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Using the tensorial scattering factor fˆi , the tensorial crystal structure factor is
given by

F̂ (G) =
(4)
fˆi e−2π iG·ri ,
i

where G is the scattering vector and r i is the atomic coordinate of the i-th atom in
the unit cell; the tensors fˆi of crystallographically equivalent atoms are related by
the space-group operations. The scattering matrix for the 3 × 3 format of a structure
factor F̂ is described as

  

σ F̂ σ σ  F̂ π
Mσ σ Mσ π
,
(5)
=
M̂ =
Mπ  σ Mπ  π
π  F̂ σ π  F̂ π
and the total scattering intensity, I, for the σ-polarized incident X-rays is given by
2

2

I = Iσ + Iπ = |Mσ σ | + |Mπ σ | ,

(6)

where σ and π represent the two polarization vectors of incident X-rays, and σ  and
π  those of scattered X-rays, respectively.

3 Experimental
In this paper we treat mainly compounds of 3d transition metals near their
K-absorption edges. Our synchrotron radiation experiments were mainly performed
with a four-circle diﬀractometer installed on beam line 4C at Photon Factory, KEK
in Tsukuba, Japan. The incident X-ray energy was selected with a double Si (111)
monochromator which was detuned to about 60% intensity yield in order to exclude
higher harmonic components. We used a reﬂection plane that is parallel to surface of
the studied single crystal.
The samples were mounted on the diﬀractometer with measured reﬂection plane
perpendicular to ϕ axis of the diﬀractometer. On this condition we can easily make
azimuthal angle scanning. We set additionally a polarization analyzer on 2θ arm of
the diﬀractometer if we need polarization analysis of the scattered X-rays. The other
experimental arrangements were typical of a diﬀraction experiment with synchrotron
radiation. Since the polarization of the incident X-rays was in the horizontal plane
and the scattering plane was vertical, the incident beam was σ polarized. The energy
dependence and the azimuth dependence of the forbidden reﬂections were obtained
from integrated intensity with θ–2θ scan. Of course, we subtract the background
intensity from the scan. Here we must take care of contribution of Renninger reﬂections (multiple-wave peaks), which are excited via nonforbidden reﬂections and
observed in the azimuthal scanning. We ﬁrst measured the Renninger plot and made
azimuthal correction by comparing with the calculation. Then we searched ﬂat positions between those peaks and selected carefully the azimuthal angles to avoid the
Renninger eﬀect at each energy. This procedure allows us to obtain smooth data with
the intrinsic symmetry.

4 Results and discussion
We ﬁrst present a simple structure case, iron pyrite FeS2 [9, 15, 16], which is a cubic
crystal with the space group P a3̄. The iron atoms occupy the fcc positions and the
site symmetry is 3̄. In this symmetry the d-d and q-q scattering are allowed, but
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Fig. 1. Observed energy spectra in iron pyrite, FeS2 , near the Fe K-absorption edge: (a) the
absorption coeﬃcient and forbidden reﬂections intensities [15]; (b) the real and imaginary
parts of the anisotropic tensor element of the iron scattering factor [32].

the d-q scattering is not allowed by inversion symmetry. We need only one complex
parameter (the diﬀerence of atomic X-ray susceptibilities along and perpendicular to
the corresponding threefold axis) to explain the d-d forbidden reﬂections intensities in
iron pyrite [15]. Figure 1(a) shows the observed energy spectra of the forbidden reﬂections intensities near the Fe K-absorption edge. The absorption data were measured
in advance by usual XAFS technique with a powder sample. In order to distinguish
the scattering character, d-d or q-q scattering, we must perform the azimuthal scanning or more complicated measurement, e.g. polarization analysis. Above the edge,
the shapes of energy spectra are almost the same as shown in Fig. 1(a). The azimuth
dependence well agrees with the calculation of d-d scattering at the energies above
the edge [9, 15]. The results of polarization analysis of the scattering X-rays are also
in good agreement with the dipole calculation [9]. Therefore we conclude that the
reﬂections above the edge are caused by the d-d scattering from p-like states. The
derived scattering factor depicted in Fig. 1(b) is discussed later.
In the pre-edge region, on the other hand, the shape of the energy spectrum is
diﬀerent from each other as shown in Fig. 2(a). Even for the same reﬂection, spectra
change with azimuth angle. These results indicate that other contributions in addition to the d-d scattering factor are involved in the scattering. In fact the azimuth
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Fig. 2. Forbidden reﬂections intensities in the Fe pre-edge region of FeS2 . (a) Observed
energy spectra of the 001 and 011 forbidden reﬂections at diﬀerent azimuthal angles, ϕ.
(b) Azimuthal angle dependence of the 001 reﬂection. The dashed curve in (b) is calculated
based on the d-d scattering. The solid curve denotes the d-d and q-q mixed calculation. (The
observed 001 and 011 data are the same as in references [16] and [15], respectively.)

dependence well agrees with the calculation of d-d and q-q mixed scattering as shown
in Fig. 2(b). Therefore we conclude that the scattering in the pre-edge region has d-d
and q-q mixed character.
Similar situation is also seen in tetragonal rutile crystal, TiO2 [8, 20]. The d-d
and q-q scattering is also allowed in the crystal. Above the Ti K edge the character
of the forbidden reﬂections is explained by the d-d scattering. In the pre-edge region,
however, the energy spectra show diﬀerent proﬁles and the azimuth dependence is
quite diﬀerent from the d-d calculation [20]. Figure 3 shows the azimuth dependences
of the forbidden reﬂection at two energies above and below the edge. The azimuth
dependence at the lowest resonant energy nearly coincides with the q-q calculation.
Thus in the pre-edge region of the 3d transition metals the q-q scattering is large in
comparison with the d-d scattering.
In magnetite, Fe3 O4 [10,14, 17, 18,28, 29], the Fe atoms occupy two diﬀerent sites,
tetrahedral and octahedral sites. In this case the scattering conditions at the sites are

Intensity [arb. units]
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Fig. 3. Observed azimuthal angle dependence of the 100 forbidden reﬂection intensity in
rutile, TiO2 , above the Ti K-absorption edge (4.9759 [eV]) and at the lowest resonant energy (4.9594 [eV]) in the pre-edge region. The curves denote the d-d and/or q-q scattering
calculations. (All observed data are the same as in Ref. [20].)
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Fig. 4. Energy spectra of the 046 forbidden reﬂection intensity in Fe3 O4 near the Fe Kabsorption edge with polarization analyzer. Circles and squares were observed on special
experimental conditions, ﬁxed azimuthal angles and polarization angles. Circles (squares)
are on the conditions where the d-q (d-d) scattering almost vanishes. (All data are not
published before, though the tentative results are in Ref. [29].)

rather complicated. Because of symmetry restrictions, for the tetrahedral site only d-q
scattering gives contribution to forbidden reﬂections, whereas d-d and q-q scatterings
(and not d-q) are allowed from the octahedral site. In the forbidden reﬂection experiment both the d-d and the d-q scatterings have been observed near the Fe K edge
though evidence of the q-q scattering is absent until now. It is generally diﬃcult to
measure separately diﬀerent characters of the scattering. However the experimental
conditions for their observations are diﬀerent. By selecting the appropriate reﬂection
plane and azimuthal angle and using polarization analyzer we can measure separately
the d-d or d-q scattering from magnetite [29]. The observed energy spectra are shown
in Fig. 4. The one of them (squares) shows the d-q scattering from almost hybridized
p-d mixed states of the tetrahedral site. Another spectrum (circles) shows the d-d
scattering from almost p-like states of the octahedral site.
For the energy spectra of the anisotropic d-d scattering we measured three crystals. Figure 5 shows the observed energy spectra of iron, cobalt and nickel pyrites,
FeS2 , CoS2 , NiS2 [30], which have the same pyrite structure. As shown in this
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Fig. 5. Energy spectra of the 001 forbidden reﬂection intensities in three pyrite crystals,
FeS2 , CoS2 , NiS2 (same data as in Ref. [30]). The origin of the energy scale denotes each
metal K-absorption edge.

ﬁgure the similar spectra are observed from the similar crystals above the metals
K-absorption edges. The reason may be that in high-energy region the spectra are
mainly determined by surrounding sulfur atoms, because all metal ions have the same
divalent states.
In addition to the anisotropic scattering intensity we can measure the phase of
the scattering factor. When allowed multiple Bragg reﬂections are excited simultaneously with forbidden reﬂections, the strong Renninger peaks are observed in the
azimuthal scanning of the forbidden reﬂection. The Renninger scattering amplitude
has opposite phase in each side of the reﬂection peak, therefore the interference eﬀect
with the anisotropic scattering is diﬀerent in each side. By means of the interference
we can determine the phase of anisotropic scattering factor because the amplitude of
the Renninger reﬂection can be calculated if the crystal structure is known.
Using this technique we can obtain separately the real and imaginary parts of
the atomic scattering factor, i.e. two separate energy spectra. For details of the
multiple-wave interference theory for forbidden reﬂections and the phase determination method, see references [31] and [32] respectively (see also [33–37] and references
therein). Figure 1(b) shows the successfully obtained energy spectra of real and imaginary parts of the iron pyrite scattering factor. The observed spectra are supported
by the electronic states calculations with muﬃn-tin and full potential approach. The
reﬁned calculated spectra are in good agreement with the observation [32]. The separately obtained real and imaginary spectra could be very useful for studying the
details of the electronic states. This is more informative than only the intensity
data.
We next take a rare case, anatase crystal [38], where the resonant scattering
from only p-d hybridized orbitals with diﬀerent parity can be observed. Anatase is
a tetragonal polymorph of TiO2 , the Ti site symmetry is 4̄m2. In the crystal, all
d-d and q-q atomic scattering factors of Ti atoms are exactly the same. Therefore,
in the forbidden reﬂections, we can observe only the d-q scattering. In this case two
parameters are needed for the 002 forbidden reﬂection. Figure 6 shows the observed
energy spectra of the reﬂection intensity. The shapes of the two spectra are almost
identical at diﬀerent temperatures. The shapes of azimuth dependences were also not
changed by temperature. A little intensity increase was observed down to 20 K from
room temperature (inset in Fig. 6), but the temperature dependence can be explained
by usual Debye-Waller factor. Therefore we conclude that the observed anisotropic
resonant scattering is almost pure d-q scattering induced by p-d hybridization of orbitals. This result is quite diﬀerent from that in germanium crystal, which is largely
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Fig. 6. Energy spectra of the anatase 002 forbidden reﬂection intensity measured at diﬀerent
temperatures near the Ti K-absorption edge. The spectra are normalized to a common
maximum intensity. The inset shows the temperature dependence at the peak-top energy.
(All data are the same as in Ref. [38].)

dependent on temperature, see below. A possible physical reason of this diﬀerence is
that in anatase, contrary to germanium, the main contribution arises from the antisymmetric d-q term which cannot be induced by thermal motion of atoms. In spite
of the same chemical formula, TiO2 , the property of the anisotropic resonant scattering is quite diﬀerent in three polymorphs, rutile, anatase and brookite [26]. This
reason is attributed to the diﬀerent crystal structures and diﬀerent site symmetries
of Ti. We can observe only the anisotropic part of the resonant scattering and the
allowed multi-pole contributions to scattering are restricted by the site symmetry.
Therefore unfortunately we cannot select freely the scattering from speciﬁc electronic
states.
We next consider magnetic eﬀect on the resonant anisotropic scattering, and local
chirality of atom in a centrosymmetric crystal. Hematite, α-Fe2 O3 [12, 39], has corundum structure of rhombohedral crystal, the Fe site symmetry is 3. For the forbidden
reﬂections in hematite, d-d scattering is not allowed but d-q and q-q scatterings are
allowed. In addition to the electric scattering the magnetic scattering can also aﬀect
the forbidden reﬂections because hematite has anti-ferromagnetic structure. In fact
the non-resonant magnetic scattering was observed in hematite, though its intensity
was much smaller than that of the resonant scattering. The observed forbidden 111
and 333 reﬂections in the crystal revealed one resonant peak only in the pre-edge
energy region of the Fe atom. Figure 7 shows the observed azimuth dependence of
the 111 and 333 forbidden reﬂections intensity at the resonant energy. The azimuth
dependence of the 111 reﬂection shows almost threefold symmetry. This result is well
explained by the interference between d-q and q-q scatterings. The crystal is centrosymmetric but the iron site have no inversion symmetry and the d-q contribution
to the forbidden reﬂections depends on antisymmetric part of the third-rank tensor of
the iron atomic susceptibility (remind that just the antisymmetric part is responsible
for the eﬀects of natural chirality in non-centrosymmetric crystals). Therefore the
observation of d-q scattering in the 111 reﬂection is evidence of local chirality of the
Fe atom.
On the other hand, the resonant 333 reﬂection in hematite shows complicated
azimuth dependence, nearly mirror symmetry. This result is well explained by interference of non-resonant magnetic scattering with the d-q and q-q resonant electric
scatterings. Resonant magnetic scattering can also bring similar contribution to the
333 reﬂection, but the eﬀect is inconsistent with other experimental results. Namely
clear evidence of the resonant magnetic scattering was not found. From these results it

48

The European Physical Journal Special Topics

25
Intensity (arb. units)

(a) Fe2O3 111
20

Obs.
Calc.

E = 7.105 keV

15
10
5
0
-180

-120

-60
0
60
Azimuthal angle (degree)

120

180

Intensity (arb. units)

2.5
2.0

(b) Fe2O3 333

Obs.
Calc.

E = 7.105 keV

1.5
1.0
0.5
0.0
-180

-120

-60
0
60
Azimuthal angle (degree)

120

180

Fig. 7. Azimuthal angle dependence in hematite [39]: (a) the 111 and (b) the 333 reﬂections
at the resonant energy near the Fe K pre-edge. The solid curves are calculated from a combination of the d-q, q-q resonant electric scatterings and non-resonant magnetic scattering.
In the 111 reﬂection the electric scatterings are dominant.

is shown that the non-resonant magnetic scattering has a signiﬁcant inﬂuence on the
resonant electric scattering though its intensity is much smaller. Thus the interference
between the magnetic and electric scatterings plays a very important role in hematite
forbidden reﬂections. This phenomenon opens new ways for studying additional
details of the magnetic structure, for instance, it allows us to determine the sign of
the Dzyaloshinskii-Moriya interactions in this class of antiferromagnetics with weak
ferromagnetism [40,41]. Very recently the sign has been really measured for another
weak antiferromagnetic, FeBO3 [42], using interference between resonant q-q scattering and non-resonant magnetic scattering. Moreover, in non-centrosymmetric MnSi
crystal, it is possible to measure this way diﬀerent components of the DzyaloshinskiiMoriya vector never measured before [43].
The polarization properties of resonant forbidden reﬂections provide a direct way
to distinguish right and left enantiomorphs of crystals [4, 5]. The structure factors
and corresponding intensities of the screw-axis forbidden reﬂections in right-handed
and left-handed crystals are very diﬀerent for right and left circular polarizations
even in pure d-d approximation. Only recently this was experimentally conﬁrmed for
low quartz [44] (SiO2 , Si K-edge), berlinite [45] (AlPO4 , P K-edge), CsCuCl3 [46]
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Fig. 8. Temperature dependence of the Ge 006 forbidden reﬂection intensity at the resonant
energy near the Ge K-absorption edge [23, 49]. The curve is calculated from the Einstein
model for optical phonons with the thermal motion correlation considered.

(Cu K-edge), and tellurium [47] (Te L1 -edge) crystals (see also the paper of
Tanaka [48] in this issue).
We ﬁnally consider the thermal-motion-induced contribution to forbidden reﬂections. Germanium crystal [13,23, 49] has the diamond structure and the atomic site
symmetry is 4̄3m. For this symmetry the d-d scattering factor is isotropic, therefore the forbidden reﬂections cannot be allowed in dipole approximation. Therefore
the observed forbidden reﬂections should originate in other reasons. Figure 8 shows
the temperature dependence of the forbidden 006 reﬂection intensity at the resonant
energy near the Ge K edge. As shown in this ﬁgure the intensity strongly increases
with temperature. From this result and the azimuth dependence we conclude that
about 1/4 intensities at room temperature are pure d-q scattering but the other 3/4
intensities are caused by thermal-motion-induced (TMI) resonant scattering. By only
the azimuth dependence we cannot know weather the scattering is caused by pure d-q
or TMI scattering because the both azimuth dependences are completely the same.
It is remarkable in the TMI scattering that the great enhancement of the intensity is
observed in high temperature region. Furthermore information of the thermal motion
correlation was derived from the TMI scattering in germanium [49]. The TMI scattering at a forbidden reﬂection has been also observed in other crystals, ZnO [50] and
GaN [51]. Theoretical simulations show that the TMI scattering is mainly caused by
the optical phonon mode [52]. Therefore the TMI scattering can give a new method
for studying the phonon property in crystal.
We cannot review in this short paper other interesting and sometimes controversial phenomena studied via beautiful shine of forbidden reﬂections: a possible
orbital ordering vs. the Jahn-Teller distortions in LaMnO3 [34, 35, 53, 54], charge ordering vs. atomic displacements during the Verwey transition in magnetite [55–57],
recent observation of orbital currents in CuO crystals [58] and extremely small atomic
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displacements in multiferroics [59] (see also numerous references therein). The forbidden reﬂections are also used very successfully in soft X-ray region near L- or
M -edges [60].

5 Conclusion
Above we have presented only a small part of works dealing with forbidden reﬂections
in resonant regions near X-ray absorption edges. Using forbidden reﬂections we have
exclusively detected the information about local anisotropy of X-ray susceptibility of
resonant atoms. This experimental technique is a very sensitive and useful method to
study the local electronic states. In pyrite crystal, we have obtained separately the real
and imaginary energy spectra of the anisotropic scattering factor by phase determination method and compared this result with diﬀerent type of theoretical simulations.
We have studied not only the dipole resonant scattering but also the quadrupole
eﬀects in many crystals because the quadrupole eﬀects can be clearly seen this way
compared with other experimental methods. The dipole-quadrupole and quadrupolequadrupole scattering amplitudes are more sensitive to the speciﬁc details of local
electronic states (for instance, to hybridization of orbitals with diﬀerent parity). We
can observe even the local chirality at the atomic scale. The method of forbidden
reﬂection is also useful for studying the magnetic properties of crystals including tiny
eﬀects related with the Dzyaloshinskii-Moriya interaction. Furthermore, TMI resonant scattering can give a new opportunity to study the phonon displacements and
the thermal motion correlations of atoms.
We are grateful to M. Blume and K. Ishida for their permanent passion for forbidden reﬂections encouraging us in our common work.
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