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The creation of a circular polarization has been witnessed in resonant x-ray Bragg diffraction at the Cr K
pre-edge �5.994 keV� of potassium chromate �K2CrO4�. Interference between channels of diffraction and,
specifically, the E1-E1, E2-E2, and E1-E2 channels provides an account of the observation. We report a
theoretical analysis of polarization in the secondary beam for K2CrO4, with a variation of the primary linear
polarization that successfully accounts for all aspects of the observations. An angular anisotropy of the local
environment at Cr sites in this material is revealed in time-even quadrupoles, octupoles, and hexadecapoles that
appear in scattering amplitudes for parity-even �E1-E1 and E2-E2� and parity-odd polar �E1-E2� channels. Our
estimates of the multipoles derived from a fitting to the data for the secondary polarization are exploited in
simulations of the diffracted intensity as a function of the azimuthal angle. There is a satisfactory agreement
between simulations and the total intensity measured at space-group-forbidden �140� and �340� reflections.
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I. INTRODUCTION

The charge, orbital, and spin degrees of freedom of the
few electrons in the valence states of a material are central to
its electronic properties. Dominant today among the experi-
mental techniques that measure these microscopic variables
is resonant x-ray scattering �RXS�, which is enhanced by the
brightness, tunability, and high degree of polarization en-
joyed at x-ray synchrotron sources. In this technique, by
studying intensities at space-group-forbidden reflections, dif-
ferent multipolar order parameters can be studied: magnetic
dipoles, quadrupoles, octupoles, anapoles, etc. Only recently
has it become possible to access such ordering phenomena
by means of resonant x-ray diffraction.2–7

One paradigmatic complex material that has attracted at-
tention during the past decade is potassium chromate8,9

�K2CrO4�. RXS experiments at resonances 13 eV below the
Cr K-edge show large changes in intensity with the rotation
of the crystal about the Bragg wave vector �an azimuthal
angle scan� for weak forbidden Bragg reflections.8 Recently,
in a crucial experiment in K2CrO4 by Mazzoli et al.10 carried
out at beamline ID20 �Ref. 11� of the ESRF, after a very
considerable detailed technical and engineering effort in-
vested by this research group, they illustrated quite well how
to address well-known problems in RXS �such as the exis-
tence of twinning or mosaicity in the samples, the absorption
corrections for nonspecular reflections, and the most difficult
one, which is the need to be sure that one illuminates the
same single crystal when the sample is rotated about the
scattering vector during an azimuthal scan� by extending the
well-known techniques of optical polarimetry to the x rays.
The experiment of Mazzoli et al. clearly shows that measur-
ing the Stokes parameters of the secondary beam as a func-
tion of the primary one could be quite useful in explaining
the effects of interference between dipole and quadrupole �or
other types, in general� transitions, leading to phase shifts
between the respective scattering amplitudes. In this way, the

x-ray polarization analysis can also be used to separate the
contributions of two resonances, which are quite close in
energy �about 1 or 2 eV� and thus appear as a single pseudo-
peak in an energy scan.

In their experiment Mazzoli et al.10 performed RXS mea-
surements on the space-group-forbidden reflection �130� of
K2CrO4. Additionally, they used a diamond phase plate crys-
tal, which allows continuous change in the polarization of
the primary x-ray beam. By using this setup, Stokes param-
eters were determined by fitting the dependence of the sec-
ondary intensity with the angle of rotation of the polarization
analyzer. Perhaps most interestingly, Mazzoli et al. reported
the creation of circular polarization in a resonant Bragg dif-
fraction, which they attributed to coherent interference.

We report a complete theoretical analysis of RXS at the
Cr K-edge that demonstrates circular x-ray polarization cre-
ated at the Cr pre-edge �5.994 keV� through the interference
of amplitudes from resonant events. The interference leads to
a phase shift between the respective scattering amplitudes in
different polarization channels. Our work is based on exact
expressions for parity-even and parity-odd resonant ampli-
tudes of scattering.1 These amplitudes are evaluated with an
atomic model of valence electron states that complies with
the established crystal structure of potassium chromate. In
our report, we include predictions for an azimuthal angle
scan and a fit to the available data.

K2CrO4 is nonmagnetic, and it crystallizes in the ortho-
rhombic space group Pnma �number 62�, which is cen-
trosymmetric �crystal class D2h�. Cr ions are located in the
Wyckoff positions 4c on the mirror plane, which is at the
center of a nearly regular oxygen tetrahedron. Reflections
�hk0� with integer Miller indices and odd h are blocked by a
glide plane in �x ,y ,1 /4�.

II. CALCULATION OF THE RESONANT AMPLITUDES

The scattering amplitude, in units of the classical radius of
the electron, is represented in terms of four components G��,
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where � and � denote states of polarization that are labeled �
or �. Expressions in terms of G�� for the intensity I0 and
secondary Stokes parameters P1�, P2�, and P3� are given in
Appendix A.

The absorption spectrum as a function of x-ray energy
E=�cq, which was reported by Mazzoli et al.,10 contains a
sharp feature without any appreciable structure at 5.994 keV,
which is well below the principal contribution to absorption.
It is reasonable to represent such an energy feature by a
single oscillator. Thus, we express a component of the scat-
tering amplitude as G=d�E�Z, where d�E� is an energy de-
nominator,

d�E� =
�

E − � + i�/2
, �1�

where � is the energy and � is the width of the resonance.
Here, the polarization dependence of � is solely in the am-
plitude factors Z. These are written in terms of dimensionless
unit-cell structure factors F 1

Z�E1-E1� = � �R�sp

a0
�2�m�a0

2

�2 �F�E1-E1� , �2�

Z�E2-E2� = �q�R2�sd

a0
�2�m�a0

2

�2 �F�E2-E2� , �3�

Z�E1-E2� = �q�R2�sd�R�sp

a0
2 ��m�a0

2

�2 �F�E1-E2� , �4�

where a0 is the Bohr radius and �R�sp is a radial integral for
the s-p absorption event. The generic form of a unit-cell
structure factor is

F = �
K

JK · DK · �K. �5�

The three spherical tensors of rank K are as follows: JK

describes properties of the x-ray beam, DK is a rotation that
establishes the setting of the crystal with respect to axes that
define the plane of scattering and states of polarization, and
�K is a structure factor for electron states in a unit cell of the
crystal that accept electrons photoejected from a 1s core
state. The values of JK that are appropriate for E1-E1, E2-E2,
and E1-E2 events are denoted here by XK, HK, and NK, and
the components are listed in Ref. 1.

We use Cartesian coordinates �xyz� for the geometry of
the scattering experiment.1 The plane of scattering is spanned
by the x-y axes, with the Bragg wave vector ��hkl� in the
opposite direction to the x axis, and � polarization parallel to
the z axis. In the experiment performed on K2CrO4,10 the c
axis is initially parallel to the z axis. With this setting of the
crystal, the operation DK makes � parallel to −x by a rotation
through an angle 	 about the z axis. For an �hk0� reflection,
	 is given by tan 	=−��b /�a�=−�ak /bh�, where �a and �b
are components of the Bragg wave vector ��hkl�, the cell
lengths are a=7.662 Å, b=5.919 Å, and c=10.391 Å,8 and
	=104.4° at the �130� reflection.

In an atomic model, �K is expressed in terms of atomic
multipoles that are expectation values, or time averages, of

spherical tensor operators. We denote the expectation value
by angular brackets around the operator. An expectation
value is calculated with a valence state that accepts the pho-
toejected electron in a specified absorption event. Thus, a
multipole is an equilibrium property of the ground state of
the compound. Multipoles that describe parity-even events
are not changed by the inversion operation. On the other
hand, in a parity-odd event, the multipoles change sign when
acted on by the inversion operator.1 With parity-even multi-
poles, there is a one to one correspondence between the mul-
tipole’s rank K and the behavior of the multipole with respect
to the reversal of time, namely, even �odd� rank multipoles
are time even �odd�. Since K2CrO4 does not support a spon-
taneous magnetic order and no magnetic field is applied to
the sample, we only need to consider time-even multipoles
here. The time-even multipoles in a parity-odd event are usu-
ally called polar multipoles.

Let us construct the structure factors �K. K2CrO4 crystal-
lizes in a structure where the four resonant Cr ions at sites 4c
have positions in crystallographic coordinates given by
d1= �x ,1 /4,z�, d2= �1 /2−x ,3 /4,1 /2+z�, d3= �−x ,3 /4,−z�,
and d4= �1 /2+x ,1 /4,1 /2−z�. The environments of ions 1
and 3 and ions 2 and 4 are related by a spatial inversion I,
while the environments at sites 1 and 4 are related by a
mirror plane normal to the z axis and represented by
mz= IC2z, where C2z is the rotation by � about the z axis. The
site symmetry is my, and with this element of symmetry, the
operator C2z relates to environments 1 and 2.

For an arbitrary spherical tensor of rank K and projection
Q�−K
Q
K�, the operation C2z is equivalent to a phase
factor �−1�Q. The quantity �Q

K for parity-even events and
reflections of the kind �hk0� is found to be

�Q
K = �

d
exp�id · ���TQ

K	

= 2 cos�� + �k/2��TQ
K	
1 + �− 1�h+Q� , �6�

where �=2�hx, with x=0.2291, and �TQ
K	 is a multipole for

parity-even events �E1-E1 and E2-E2�. In Eq. �6�, there is a
selection rule constraining h+Q to be an even integer. Space-
group-allowed reflections are such that the diagonal element
�0

K is different from zero. Reflections �hk0� with odd h are
space group forbidden since �0

K=0.
Parity-odd and time-even tensors are denoted by �UQ

K	.
The corresponding structure factor is

�Q
K,u = 2i sin�� + �k/2��UQ

K	
1 − �− 1�h+Q� , �7�

and diffraction can occur for odd h+Q. As expected for a
centrosymmetric crystal structure, expression �7� vanishes in
the forward direction of scattering �zero deflection�, for
which the Miller indices h=k= l=0. As a consequence, po-
tassium chromate does not display a natural circular
dichroism.1

All of our atomic multipoles, �TQ
K	 and �UQ

K	, satisfy the
relation �TQ

K	�= �−1�Q�T−Q
K 	, where � denotes a complex

conjugation. The point symmetry my requires �TQ
K	

= �−1�KI�TQ
K	�, which follows from the use of the identity

C2y�TQ
K	= �−1�K+Q�T−Q

K 	. Thus, for even K �odd K�, multi-
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poles are purely real �imaginary� for parity-even �odd�
events. With even K, one has �U0

K	=−�U0
K	 and, thus,

�U0
K	=0.
Henceforth, we take the Miller index h to be an odd inte-

ger and establish the properties of the corresponding struc-
ture factors 
Eqs. �6� and �7��. Parity-even events have even
K because the material has no magnetic structure, while Eq.
�6� can be different from zero when the projection Q is an
odd integer. For this case, �Q

K is purely real, and
�−Q

K =−�Q
K; i.e., �Q

K is an odd function of Q. The E1-E1
amplitude contains quadrupoles �K=2�, and the E2-E2 am-
plitude is a linear combination of quadrupoles and hexade-
capoles �K=4�.

The parity-odd E1-E2 amplitude is a sum of multipoles
with ranks K=1, 2, and 3, and K=3 is an octupole. In a
parity-odd amplitude, quadrupoles are pseudotensors, while
dipoles and octupoles are true tensors. Since h is odd, the
projection Q is an even integer. In this case, we find
�−Q

K,u=−�Q
K,u for even K and for odd K �−Q

K,u=�Q
K,u.

Expressions for the unit-cell structure factors F���E1-E1�,
F���E2-E2�, and F���E1-E2� are given in Appendix B.
These expressions are valid for a rotation by 
 about the
Bragg wave vector � away from the setting 
=0, at which
the crystal c axis is normal to the plane of scattering.

III. CALCULATION OF SECONDARY STOKES
PARAMETERS

The intensity of a diffracted peak for states of primary
polarization described by Stokes parameters P= �P1 , P2 , P3�
and expressed in terms of G�� is found in Appendix A. �Note
that the notation for the Stokes parameters used in this work
is that of Refs. 12 and 13, and our parameters P1, P2, and P3
correspond to P2, P3, and P1, respectively, in the work of
Mazzoli et al.10� When the primary polarization is linear, the
mean helicity in the primary beam is zero and P2=0. The
primary linear polarization subtends an angle � with the z
axis, which is parallel to the � component of polarization.
The Stokes parameters are then P1=sin�2��, P2=0, and
P3=cos�2��, relating �=0 to � polarization. In the
work by Mazzoli et al.,10 an estimation of the square of the
secondary beam circular polarization is obtained from
�P2��

2=1− �P1��
2− �P3��

2, which is only valid in the case of a
completely polarized beam.

By way of an orientation to our full analysis of the data
for secondary polarization, which was reported by Mazzoli
et al.,10 we begin with a calculation of P2� when the crystal c
axis is normal to the plane of scattering. This setting of the
crystal corresponds to 
=0, and an inspection of results in
Appendix B shows that all structure factors for unrotated
channels of polarization are zero. This result can be traced to
the selection rules on Q noted above, the properties of XK,
HK, and NK,1 and the fact that for 
=0 in Eq. �5�, the rota-
tion matrix DQ

K =exp�iQ	� for all K.
With F���=F���=0 for all resonance channels, we find

from Eq. �A3� that P2� is proportional to P1, namely,
P2��−P1 Im�G���

� G����. Using a single resonance model,
with the resonance energy in d�E� set at �=5.994 keV,
means that G���d�E�F��, and for this model,

Im�G���
� G����=0 because all the unit-cell structure factors

F�� are purely real.
A value of P2� other than zero is possible when G�� is

taken to be a coherent sum of resonant contributions at dif-
ferent energies, i.e., �1 and �2. By denoting the correspond-
ing resonant energy denominators by d1�E� and d2�E�, we
may take G���=Z1�����d1�E�+Z2�����d2�E�, where
Z1����� and Z2����� are purely real. For this model,

Im�G���
� G���� = 
Z2�����Z1�����

− Z2�����Z1������Im�d2�E��d1�E�� .

After inserting unit-cell structure factors, the quantities to be
determined from the experimental data are the various
atomic multipoles.

The result for P2� at 
=0 discussed in the previous para-
graph has a shortcoming, and so do the corresponding results
for other Stokes parameters of the secondary beam. This pre-
vents a successful analysis of the experimental data if we use

=0. The shortcoming is seen in the variation of calculated
secondary Stokes parameters as a function of the angle �.
Calculated Stokes parameters are symmetric �P3�� or antisym-
metric �P1� and P2�� about �=0. These symmetries are not
found in the data provided in Fig. 5 of Mazzoli et al.10 A
fitting of the Stokes parameter data to a model with 
=0
cannot account for the experimental variations. We have con-
cluded that it is important to take into account the fact that in
their experiment, Mazzoli et al. did not have the crystal
aligned with the c axis normal to the plane of scattering, and
the azimuthal angle 
 is actually different from zero. We
therefore turn to an analysis of the data by using expressions
from Appendix B with 
�0, for which all unit-cell structure
factors F�� can be different from zero.

In our analysis of the experimental data, we are led to
consider a model with single oscillator amplitudes for the
E1-E1, E2-E2, and E1-E2 event resonances centered at dif-
ferent energies �i with different widths �i. The total ampli-
tude G is now taken to be

G = G�E1-E1� + G�E2-E2� + G�E1-E2�

= �E1-E1F�E1-E1� + �E2-E2F�E2-E2� + �E1-E2F�E1-E2� .

�8�

Here, E is the energy of the incident x-rays �5.994 keV�. �i
are complex numbers given by the resonant denominators in
Eq. �1�. In the fitting, the modulus of Eq. �1� and the factors
in Eqs. �2�–�4� are considered included in the fitting values
of the atomic tensors �TQ

K	 and �UQ
K	 in Eqs. �B1�–�B9� as

they only represent multiplicative constants.

IV. FITTING OF THE MODEL TO THE EXPERIMENTAL
DATA

We fit the dependence of the Stokes parameters of the
secondary beam with the angle � of the linear primary po-
larization together with the secondary Stokes parameters de-
termined for the primary circular polarization P3�=−0.383
and P1�=−0.522 �Ref. 10� for the �130� reflection. The calcu-
lations have used the nonzero azimuthal angle 
=−0.783°
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reported by Mazzoli et al.10 We consider a general model
with contributions from the parity-even E1-E1 and E2-E2
channels and the parity-breaking E1-E2 channel. We account
for the positioning in energy of the resonances by the phases
of the factors �i in Eq. �8�. It is important to note that it is not
possible to infer the exact position in energy � of each reso-
nance because two undetermined quantities, i.e., � and �,
appear in the Lorentzian denominator. In order to reduce the

fitting parameters and eliminate the dependence on a global
phase and a global amplitude, we have used �E1-E1= i and
Re�T1

2,E1-E1	=1.
The first attempt to fit data has been made considering the

fact that multipoles derived from the E2-E2 resonant event
are expected to be zero in an atomic localized approximation
because the chromium ion is Cr6+ �3d0� in K2CrO4 and the
empty 3d shell is spherically symmetric. On account of this,
we attempt a fitting in which the F�E2-E2� is assumed to be
zero, and only E1-E1 and E1-E2 resonances are present. The
result is shown in Fig. 1, and the fitting parameters are
shown below:

Re �E1-E2 = 45.3 � 0.7,

Im �E1-E2 = 7.5 � 0.7,

Re�U0
1	 = 15.073 � 0.004

Re�U0
3	 = 3.553 � 0.005,

Im�U2
2	 = − 2.513 � 0.003,

Re�U2
3	 = 5.966 � 0.003. �9�

Although the fitted curves follow the tendency of the data,
the agreement with experimental data in Fig. 1 is not totally
satisfactory. The azimuthal dependence of the intensity cal-
culated from the parameters in Eq. �9� for the �130� reflection
is plotted in Fig. 2. The intensities derived from E1-E1 and
E1-E2 resonances are shown. The result that we obtain
shows that when considering the azimuthal dependence, the
intensity is mainly produced by the parity-breaking E1-E2
event, and only the parity-even E1-E1 event has a strong
influence in the weak signal that would appear in the ���
channel.

We also plot the results that would be obtained for the
azimuthal dependence of the �140� and �340� reflections with
the set of parameters we have fitted in Fig. 3. In the plots, we
have assumed that at 
=0, the c axis is initially parallel to
the z axis in the x-ray coordinates.1 The angles 	 calculated
for these reflections are 	�140�=100.9° and 	�340�=120.1°.
The primary linear polarization used is �, and it is assumed
that no polarizer is used for measuring the intensity of the
secondary beam. Thus, the total intensity displayed in Fig. 3
is I0 in Eq. �A1� evaluated with P1= P2=0 and P3= +1. It
can be noted that in the plot, for the �140� and �340� reflec-
tions, the E1-E2 event intensity is strongly enhanced with
respect to the E2-E2 parity-even amplitude due to the value
of � for the �140� reflection, i.e., �=2�hx=1.44, which is
close to � /2, and in the case of �340� �=4.32, which is close
to 3� /2. According to Eq. �6�, these values of � will lead to
a negligible E2-E2 contribution, which is almost zero for
these two Bragg reflections. Azimuthal angle measurements
for �140� and �340� reflections have been published in Ref. 8
�note that they use a different convention for the origin of the
azimuthal angle�. In these plots, the �140� and �340� reflec-
tions would be more intense than the �130� one with an en-
hancement of the maximum intensities by about 2 orders of
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FIG. 1. Fit of the dependence of the Stokes parameters of the
secondary beam with the angle � of the linear primary polarization
in the case of contributions from the E1-E1 and E1-E2 channels for
the �130� reflection. It is assumed that there is no E2-E2 contribu-
tion. The azimuthal angle used is 
=−0.783°, as reported in Ref. 10
The fitted parameters are shown in Eq. �9�. Together with the data
plotted in the figure, for primary circularly polarized light with
P2= +1, the fitting gives secondary Stokes parameters P3�=−0.338
and P1�=−0.865 �in agreement with the experimental values �Ref.
10� P3�=−0.383 and P1�=−0.852�.

FIG. 2. �Color online� Azimuthal dependence of the intensity of
the �130� reflection derived from the model with contributions only
from E1-E1 and E1-E2 channels �the total intensity and derived
intensities from each of the resonant events are shown�. To obtain
these curves, the fitted parameters in Eq. �9� were used.
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magnitude. The shape of the azimuthal curves does not agree
with the curves published in Ref. 8.

The second attempt for fitting the experimental variations
includes E2-E2 resonant events. The best fit to the experi-
mental data �Fig. 4� leads to the following parameters:

Re �E2-E2 = − 3.31 � 0.07,

Im �E2-E2 = − 8.12 � 0.03,

Re �E1-E2 = 23.3 � 0.2

Im �E1-E2 = 19.37 � 0.10,

Re�T1
2,E2-E2	 = − 24.08 � 0.06,

Re�T1
4,E2-E2	 = 103.7 � 0.2,

Re�T3
4,E2-E2	 = 6.44 � 0.16,

Re�U0
1	 = 13.7 � 0.4,

Re�U0
3	 = − 28.2 � 0.5,

Im�U2
2	 = − 52.2 � 0.2,

Re�U2
3	 = − 51.9 � 0.3. �10�

In Fig. 4, the fitted curves describe the experimental data
with excellent agreement. The predicted shape of the azi-
muthal dependence of the �130� reflection for this set of pa-
rameters is shown in Fig. 5, and those of the �140� and �340�
reflections are shown in Fig. 6, showing the total contribu-
tion of the different resonances to the intensity. The E2-E2
event is the dominant contribution to the intensity over the
amplitudes produced by the other resonances for the �130�
reflection, but in the case of �140� and �340� reflections the
E2-E2 contribution is almost zero because of the particular
value of ��+�k /2� for those reflections. The order of mag-
nitude for the maximum intensities in the azimuthal depen-
dence of �130�, �140�, and �340� reflections is approximately
the same. The shape of the azimuthal dependence of �140�
and �340� reflections presents a better qualitative agreement
with the data in Ref. 8 compared to that in the model without
E2-E2, as previously discussed. However, the presence of the
E2-E2 contribution seems to clash with the prediction of a
small value for E2-E2 atomic tensors due to the spherical
symmetry of the Cr6+ 3d0 shell for the isolated Cr ion. This
result seems to indicate that the Cr6+ ions have an electron
density that is not spherically distributed around the nucleus
owing to strong covalency with the neighboring oxygen
ions.9 This prediction deserves additional checking of experi-
mental work.

Also, a fit of the dependence of the Stokes parameters by
using a model with intensities coming only from parity-even
events �E1-E1 and E2-E2� has been made in an attempt to

use a model similar to that of Mazzoli et al.10 Although the
number of fitting parameters is reduced we continue to
choose �E1-E1= i and Re�T1

2,E1-E1	=1. The parameters ob-
tained in the fit are

FIG. 3. �Color online� Azimuthal dependence of the intensity of
the �140� and �340� reflections derived from the fitted parameters in
Eq. �9�. The total intensity I0 in Eq. �A1� and the derived intensities
from the E1-E2 event are shown. The contribution from the E1-E1
channel is negligible. The primary linear polarization used is �, and
it is assumed that no polarizer is used for measuring the intensity of
the secondary beam. We assume that at 
=0, the c axis is initially
parallel to the z axis in the x-ray coordinates �Ref. 1�.
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FIG. 4. Fit of the dependence of the Stokes parameters of the
secondary beam with the angle � of the linear primary polarization
in the case of contributions from a Lorentzian for each of the reso-
nant events E1-E1, E2-E2, and E1-E2 when considering the azi-
muthal angle 
=−0.783° reported in Ref. 10 for the �130� reflec-
tion. Fitted parameters are shown in Eq. �10�. Together with the
data plotted in the figure, for primary circularly polarized light with
P2= +1, the fitting gives secondary Stokes parameters P3�=−0.381
and P1�=−0.854 �in agreement with the experimental values
P3�=−0.383 and P1�=−0.852�.
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Re �E2-E2 = − 0.082 � 0.001,

Im �E2-E2 = 0.542 � 0.001,

Re�T1
2,E2-E2	 = − 1.530 � 0.004,

Re�T1
4,E2-E2	 = 9.83 � 0.01,

Re�T3
4,E2-E2	 = − 1.52 � 0.01. �11�

Figure 7 shows an agreement with the experimental data that
is not completely satisfactory. In Figs. 8 and 9, we plot the
azimuthal variations of �130�, �140�, and �340� reflections.
The shapes of �140� and �340� do not agree with the data
published in Ref. 8, and the intensity in those reflections
would be much weaker than �130� as the factor
cos��+�k /2� in Eq. �6� is reduced for �140� and �340� re-
flections. All this leads us to discard this model.

It appears from the present work that it is highly neces-
sary in resonant x-ray diffraction experiments to combine
information obtained from both azimuthal angle scans and
polarization analysis at some selected azimuthal angles. Due
to the number of characteristic features to be described, fit-
ting the results of only one of those two types of experiments
does not lead to a unique set of physical meaningful param-
eters. On the other hand, cross-checks between these two
types of measurements are necessary in determining a com-
mon solution.

FIG. 5. �Color online� Azimuthal dependence of the intensity of
the �130� reflection derived from the model contributions from all
parity-even and parity-odd channels �the total intensity and derived
intensities from each of the resonant events are shown�. E1-E1 and
E1-E2 intensities are not shown because they are negligible. To
obtain these curves, the fitted parameters in Eq. �10� were used.
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FIG. 6. �Color online� Azimuthal dependence of the intensity of
the �140� and �340� reflections derived from the fitted parameters of
the model with contributions from the E2-E2 and E1-E2 channels.
E1-E1 and E2-E2 intensities are not shown because they are negli-
gible. To obtain these curves, the fitted parameters in Eq. �10� were
used. The primary linear polarization used is �, and it is assumed
that no polarizer is used for measuring the intensity of the second-
ary beam. We assume that at 
=0, the c axis is initially parallel to
the z axis in the x-ray coordinates �Ref. 1�.
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FIG. 7. Fit of the dependence of the Stokes parameters of the
secondary beam with the angle � of the linear primary polarization
in the case of contributions from the E1-E1 and E2-E2 channels. It
is assumed that there is no E1-E2 contribution. The azimuthal angle
used is 
=−0.783°, as reported in Ref. 10. Fitted parameters are
shown in Eq. �11�. Together with the data plotted in the figure, the
secondary Stokes parameters P3�=−0.368 and P1�=−0.840 obtained
for primary circularly polarized light with P2= +1 �agreeing with
the experimental values P3�=−0.383 and P1�=−0.852� have been
considered in the fitting.
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V. CONCLUSIONS

We have performed a theoretical analysis of experimental
data, which were gathered by Mazzoli et al.,10 on the varia-

tion of secondary Stokes parameters with the primary polar-
ization measured in Bragg diffraction at the Cr K pre-edge of
potassium chromate �K2CrO4�. By exploiting previously es-
tablished knowledge of the crystal structure of the compound
and formally exact expressions for scattering amplitudes, we
fit the available data. An important point is that the small
deviation of −0.783° from the origin of the azimuthal angle
reported in Ref. 10 should be taken into account in order to
justify the lack of symmetry of the curves at the point �=0.
The model without an E2-E2 contribution gives an azimuthal
dependence that is mainly due to the E1-E2 event intensity,
with a small E1-E1 contribution, and that would most plau-
sibly consider the pre-edge feature in the energy profile as
being of the E1-E2 origin with a good degree of approxima-
tion. We have also explored the possibility of the existence of
an E2-E2 contribution. If we allow the E2-E2 contribution,
the fitting will show that the E2-E2 contribution will be
dominant. If we use the parameters obtained in this fit to
simulate the azimuthal dependence of the �140� and �340�
reflections, we will obtain a good agreement with experimen-
tal data.8 However, this finding seems to clash with the fact
that an E2-E2 contribution should be absent or small, pro-
vided that the Cr6+ isolated ion has an empty 3d shell, for-
bidding tensors involved in the E2-E2 event, and their ap-
pearance would only be justified for covalency with the
neighboring oxygens. We provide estimates for the atomic
multipoles allowed by symmetry. These include polar multi-
poles that are not accessible in a dichroic signal since natural
circular dichroism is forbidden. A prediction is made for the
two models used �forbidding and allowing the E2-E2 contri-
bution� for the azimuthal dependence of intensity at the
space-group-forbidden �130� reflection. Testing the predic-
tion in future experiments will shed light on the angular an-
isotropy in the Cr environment and will severely challenge
our model calculation.
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APPENDIX A: EXPRESSIONS FOR THE INTENSITY AND
SECONDARY STOKES PARAMETERS

Here, we present expressions of the intensity I0 and
Stokes parameters of the secondary polarization �P1� , P2� , P3��

FIG. 8. �Color online� Azimuthal dependence of the intensity of
the �130� reflection derived from the model contributions from all
parity-even and parity-odd channels �the total intensity and derived
intensities from each of the resonant events are shown�. To obtain
these curves, the fitted parameters in Eq. �11� were used.

FIG. 9. �Color online� Azimuthal dependence of the intensity of
the �140� and �340� reflections derived from the fitted parameters of
the model with contributions from parity-even E2-E2 and E1-E1
channels. To obtain these curves, the fitted parameters in Eq. �11�
were used. The primary linear polarization used is �, and it is as-
sumed that no polarizer is used for measuring the intensity of the
secondary beam. We assume that at 
=0, the c axis is initially
parallel to the z axis in the x-ray coordinates �Ref. 1�.
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as functions of the primary beam Stokes parameters
�P1 , P2 , P3�,. G�� are the total cross sections for the different
polarization states,1,12

I0 =
1

2
�1 + P3���G����2 + �G����2�

+
1

2
�1 − P3���G����2 + �G����2�

+ P2 Im�G���
� G��� + G���

� G����

+ P1 Re�G���
� G��� + G���

� G���� , �A1�

I0P1� = �1 + P3�Re�G���
� G���� + �1 − P3�Re�G���

� G����

+ P2 Im�G���
� G��� + G���

� G����

+ P1 Re�G���
� G��� + G���

� G���� , �A2�

I0P2� = �1 + P3�Im�G���
� G���� − �1 − P3�Im�G���

� G����

+ P2 Re�G���
� G��� − G���

� G����

+ P1 Im�G���
� G��� − G���

� G���� , �A3�

I0P3� =
1

2
�1 + P3���G����2 − �G����2�

+
1

2
�1 − P3���G����2 − �G����2�

+ P2 Im�G���
� G��� − G���

� G����

+ P1 Re�G���
� G��� − G���

� G���� . �A4�

APPENDIX B: AMPLITUDES PRODUCED BY THE E1-E1,
E2-E2, AND E1-E2 RESONANT EVENTS

For �hk0� reflections, the calculated unit-cell structure
factors for the different resonant events in the different po-
larization channels are obtained by substituting the depen-
dence of �Q

K given by Eqs. �6� and �7� into Eq. �5�. Analyti-
cal expressions are given by

F����E1-E1� = �1
2,E1-E1 sin 2
 sin 	 , �B1�

F����E1-E1� = �1
2,E1-E1 sin 2
 sin 	 sin2 � , �B2�

F����E1-E1� = �1
2,E1-E1�cos 2
 sin 	 sin �

− cos 
 cos 	 cos �� , �B3�

F����E2-E2� = sin 2

 1

2
�3

7
�1

2,E2-E2 sin 	 sin2 � +
1

2�14
�1

4,E2-E2 sin 	
2 sin2 ��7 cos2 
 − 3� − 7 cos 2
�

+
1

2�2
�3

4,E2-E2 sin 3	�2 cos2 � sin2 
 − 1�� , �B4�

F����E2-E2� = sin 2

 1

2
�3

7
�1

2,E2-E2 sin 	 cos 4� +
1

4�14
�1

4,E2-E2 sin 	
2 + sin2 2��3 − 7 cos2 
��

+
1

4�2
�3

4,E2-E2 sin 3	�sin2 2� sin2 
 − 2�� , �B5�

F����E2-E2� =
1

2
�3

7
�1

2,E2-E2�− cos 2
 sin 	 sin 3� + cos 
 cos 	 cos 3�� +
1

2�14
�1

4,E2-E2�cos 
 cos 	�cos 3�

− 7 sin2 
 cos3 �� + sin 	
− sin 3� + sin2 
 sin ��27 − 29 sin2 � − 28 sin2 
 cos2 ����

+
1

2�2
�3

4,E2-E2�cos 
 cos 3	 cos ��1 − 3 sin2 
 cos2 �� − sin 3	 sin �
1 − sin2 
�5 − 3 sin2 �

− 4 sin2 
 cos2 ���� , �B6�

F����E1-E2� =
1

�30
sin 2
 sin 2	 sin ��− i2�2�2

3,u + �2
2,u� , �B7�

F����E1-E2� = −
1

�30
sin 2
 sin 2	�i2�2�2

3,u sin3 � + �2
2,u sin 3�� , �B8�
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F����E1-E2� = i
�3

10
�0

1,u cos 
 sin 2� − i
1

5�2
�0

3,u cos 
 sin 2� + i
�2

3,u

�15
�cos 
 cos 2	 sin 2� − 2 cos 2
 sin 2	 sin2 ��

+
1

�30
�2

2,u�sin 2	
sin 
2�3 − 5 sin2 �� − 1 − 2 cos 2�� − 2 cos 
 cos 2	 sin 2�� , �B9�

where �=32.8° is the Bragg angle of the �130� reflection. The structure factors in the ��� channel are readily obtained from
structure factors in the ��� channel by using the relationships F������=F����−�� for parity-even events and F������=
−F����−�� for parity-odd events. It is important to note that all calculated unit-cell structure factors F�� are purely real
quantities.
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