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High-brilliance synchrotron radiation sources have opened new avenues for x-ray polarization analysis that go far
beyond conventional polarimetry in the optical domain. With linear x-ray polarizers in a crossed setting, polariza-
tion extinction ratios down to 107'° can be achieved. This renders the method sensitive to probe the tiniest optical
anisotropies that would occur, for example, in strong-field quantum electrodynamics due to vacuum birefringence and
dichroism. Here we show that high-purity polarimetry can be employed to reveal electronic anisotropies in condensed
matter systems with utmost sensitivity and spectral resolution. Taking CuO and La, CuOy4 as benchmark systems, we
present a full characterization of the polarization changes across the Cu K-absorption edge and their separation into
dichroic and birefringent contributions. At diffraction-limited synchrotron radiation sources and x-ray lasers, where
polarization extinction ratios of 1072 can be achieved, our method has the potential to assess birefringence and dichro-
ism of the quantum vacuum in extreme electromagnetic fields. © 2021 Optical Society of America under the terms of the OSA
Open Access Publishing Agreement
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1. INTRODUCTION

which the polarization dependence of x-ray absorption in the
Symmetries in nature are closely related to the fundamental struc- vicinity ofatomic inner-shell transitions is monitored [3-7].

ture of atoms, molecules, and solids [1]. Symmetry-breaking Polarization changes of x rays in the interaction with matter

interactions in condensed matter, for example, form the funda- occur not only due to absorptive butalso through dispersive effects,

mental basis for macroscopic quantum effects such as magnetism, leading to dichroism and birefringence, respectively. In the case of

superconductivity, giant magnetoresistance, multiferroicity, and linearly polarized x rays, dichroism causes a rotation of the polari-
others, rendering the optical properties of such materials aniso-

tropic. Access to symmetries and anisotropies of matter has been

zation vector due to an anisotropic absorption cross-section of the
sample. X-ray birefringence results from different propagation

provided for centuries by optical effects such as dichroism and velocities of two orthogonal polarization components, which

birefringence [2], in particular by studying how the optical prop-
erties of matter depend on the polarization of light and how the

leads to a phase shift between those and induces an ellipticity of
the light. Both effects constitute sensitive probes for fundamental

polarization of light is affected by the interaction with matter. In
recent decades, the use of highly brilliant x rays from synchrotron
radiation sources has provided access to the microscopic origins of
magnetic and electronic anisotropies. This is facilitated, among
others, via a suite of dichroic x-ray absorption spectroscopies in

2334-2536/21/010056-06 Journal © 2021 Optical Society of America

aspects of light—matter interaction: in condensed matter physics,
the spectral dependencies of x-ray dichroism and birefringence
depict a very sensitive fingerprint of the electronic structure of the
material. For example, tiny optical anisotropies emerging in the
vicinity of phase transitions could reveal precursor mechanisms
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for structural transformations and electronic ordering in mate-
rials [8-10]. In quantum electrodynamics (QED) of extremely
strong electromagnetic fields, it is predicted that even the vacuum
becomes optically anisotropic [11-14]. The resulting birefrin-
gence and dichroism could be sensitively probed by polarization
analysis of hard x rays after interaction with ultraintense light fields
[15-17]. This would be a first test of nonlinear QED since the
first considerations on this subject by Euler and Heisenberg in
1936 [18]. It is thus obvious that the precise detection of dichroic
and birefringent polarization changes of scattered x-ray radia-
tion would provide fundamental insights into condensed matter
physics and QED effects alike. Motivated by these perspectives,
very efficient high-purity polarimeters for hard x rays have been
developed with extinction ratios of up to 1071° [19,20]. They are
based on two crossed linear Bragg polarizers between which the
x-ray optical activity takes place [21-31].

Here we employ high-purity polarimetry to reveal electronic
anisotropies in condensed matter with maximum orbital sensi-
tivity, thereby consolidating the research field of spectroscopic
polarimetry. We showcase the potential of this analysis tech-
nique by presenting a full characterization of the polarization
changes across an atomic absorption edge and their separation into
dichroic and birefringent contributions. As benchmark systems
for correlated materials and parent compounds for cuprate super-
conductors, two materials have been chosen, CuO and La, CuQOy.
We are probing the pronounced electronic anisotropies in these
cuprate compounds that result from the particular symmetry of the
Cuatom and its hybridizations with the surrounding orbitals in the
near-edge region of the Cu K-absorption edge.

2. EXPERIMENTAL PROCEDURES
A. High-Purity Spectropolarimetry

The experiments were performed at the synchrotron radiation
source PETRA III (DESY, Hamburg) with the setup shown in
Fig. 1(a). A Si(111) heat-load monochromator selected a 1 eV
wide energy band out of the incident radiation. The sample was
located under ambient conditions between two monolithic Si(440)
channel-cut crystals, acting as highly efficient linear polarizers due
to multiple reflections under the near-45° Bragg angle for the
x-ray energy of the Cu K-edge. In a 90° crossed setting, these two

crystals form a polarimeter consisting of polarizer and analyzer
[23], providing polarization extinction ratios of up to 107'° [19]
or better [32], which is way superior to what is possible in the
regime of optical wavelengths. Any x-ray optical activity occurring
between polarizer and analyzer converts a fraction of the highly
pure o -polarization incident on the sample into the orthogonal
7 -polarization that is then very efficiently transmitted by the ana-
lyzer and detected by an avalanche photodiode in single-photon
counting mode. For precision angular adjustment relative to the
incident beam, the sample was mounted on a Eulerian cradle,
providing angular degrees of freedom along ¢ and .

The energy resolution of the x-ray polarimeter is determined
by the Darwin width of the Si(440) polarizer and analyzer rocking
curves, which translates here into an energy bandpass of 62 meV,
thus allowing for the detection of very sharp spectral features.
For scanning the polarimeter over the energy range of the Cu
K-absorption edge with a constantly high polarization purity, the
Bragg angles of polarizer and analyzer crystals have to be varied
simultaneously with the Bragg angle of the Si(111) monochroma-
tor. To cover the energy range of the Cu-K-edge from 8970 eV to
9010 eV, the Bragg angle on the Si(440) plane has to be varied from
0p =45.78° to 05 = 46.06°. In this energy range, we achieved a
polarization purity better than 1.3 - 1078, which was measured at
8970 eV and lies within the range between 1- 1077 and 5 - 1077,
which is predicted by the dynamical theory of x-ray diffraction.

To accurately determine the intensity of the o0 — m scat-
tered photons for a given polarimeter energy and angular setting
(@, x) of the sample (Fig. 1), the maximum of the rocking curve
of the analyzer Bragg angle at each setting was taken. Figure 2
shows the measured spectra of the o — 7 scattered photons
for both crystals in the setting ¢ =0 as a function of the angle
X. By comparison with the conventional XANES spectra
[see Supplement 1 and the gray lines in Figs. 2(e) and 2(j)], one
observes that in the case of CuO, the 0 — 7 scattering is maximal
at the position of the pre-edge peak at 8984 eV, while in the case
of LayCuQy, this maximum occurs at the inflection point of the
absorption edge at 8994 eV. These energy dependencies can be
related to the Cu orbital configuration in the respective compound,
aswill be discussed later.
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(a) Sample was mounted on a Eulerian cradle with the & axis parallel to the linearly polarized beam (o -polarization in the horizontal plane). An

avalanche photodiode behind the x-ray analyzer in crossed position to the polarizer detected the 0 — 7 scattered photons. Simultaneously, ionization
chambers (IC) measured the transmitted intensity through the sample. (b) Enlarged view of the sample as seen from the direction of the incoming beam.
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B. Modeling the Complex Linear Absorption Coefficient

The dependence of x-ray dichroism and x-ray birefringence
on the photon polarization and the sample orientation is ruled by
the point group of the crystal [33]. This is explained in detail in
Supplement 1. According to these considerations, we chose the ori-
entation ¢ = 0 for both sample materials, which corresponds to the
electric field vector lying in the @-¢ plane. This allows to detect the
full anisotropy of the electric dipole absorption cross-section 2.
Accordingly, the single crystals were shaped into (010)-orientated
slabs controlled by the Laue method with an accuracy of <0.3°.
Subsequently, they were gently polished to 33 um (CuO) and
23.5 um (La;CuOy) thin disks. The thickness of the samples was
determined by transmission measurements and comparison to
Henke data [34]. Finally, the adjustment of the crystal axes within
the 2-¢ plane was confirmed again by the Laue method.

For a description of the optical activity of these samples, i.e., the
0 — 7 scattering, we use the complex linear absorption coefficient

[35,30]
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The real part u’ is responsible for dichroism, whereas the imagi-
nary part " is related to birefringence.

To determine p for the spectral region of the Cu K-edge of our
samples, ab initio calculations were performed with the FDMNES
code following the local density approximation [37]. The relativ-
istic full potential approach was used, including the spin—orbit
interaction and the core-hole potential effect. Self-consistent
electronic structures around the absorbing atom were calculated
in a cluster with a radius of up to 6A. The code includes all calcu-
lation steps of the polarization changes in a material up to the final
transmitted intensity after the analyzer.

For the calculation of polarization changes in the presence of
a complex linear absorption coefficient, the Jones matrix formal-
ism is used. The derivation is given in detail in Supplement 1.
Consequently, the m-polarized x-ray intensity after the sample
normalized to the impinging o-polarized x-ray intensity on the
sample, I, is given by

Simulation
Dichrois,

Simulation

Experiment

CuO
[

- @ |(h).|_
e

LazCuO4
[
=)

Loy = o~ H ot L3i0b D

X | (Uzx — Moo) SIN2X — 2{lor COS2X |2’ )

where ftor = ze for centrosymmetric crystals, and 7=

%\/(/L,m — Uoo)? + 4lhoxhxe [36,38]. [ is the thickness of
the sample.

3. RESULTS

Based on this theoretical description, we will now discuss the influ-
ence of the symmetry of the complex linear absorption coefficient
p on the measured o — 7 scattered intensity /,,. According to
Eq. (2), the following behavior is expected: if the non-diagonal
tensor elements (i, are zero, Iy, is maximal at x = £45° for
all energies, since 7, is then proportional to sin” 2. If the non-
diagonal tensor elements (L7, are nonzero, the maxima of 7, asa
function of x depend on the components of i and thus are energy
dependent.

Both symmetry cases of the complex linear absorption coef-
ficient p were experimentally verified by investigating the two
samples La,CuOy (Ure =0) and CuO (irs #0), as shown
in Fig. 2. In agreement with the theory, all spectral features of
La;CuOy4 have the same angular dependence for which 7, is
maximum at x = %45°, whereas for CuO, there is an energy-
dependentshiftin y for Z,, due to the nonzero (. Furthermore,
I,z has an x — periodicity of /2 for both crystals, which can
easily be explained by their centrosymmetry. The theoretical simu-
lation is in very good qualitative agreement with the experimental
data. This is further exemplified by line cuts at selected x angles,
shown in Figs. 2(e) and 2(j). While the agreement in the case of
CuO is excellent, the peak intensity for La, CuQOy is overestimated
by the simulation.

The theoretical description also allows to calculate the spectra
of the 0 — 7 transmission separately for x-ray birefringence and
x-ray dichroism. This can be achieved by neglecting the anisotropic
part of either the real part or the imaginary part of u, respectively,
which is illustrated in Figs. 2(c) and 2(d) for CuO and Figs. 2(h)
and 2(i) for La;CuQOy. It turns out that the total 0 — 7 scattered
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Fig. 2.

Energy [eV]
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Intensity of the 0 — 7 scattered photons of CuO (top) and La, CuO4 (bottom) normalized to the incident intensity ; on the sample for differ-

ent angles x between the crystal 2 axis and the electric field vector. X-ray birefringence and dichroism were simulated by neglecting the anisotropic part of
the real or imaginary part of the complex linear absorption coefficient u, respectively. The red line in (a)—(d) and (f)—(i) marks the x position of the lineout
shown in (e) and (j), respectively. The corresponding XANES spectra are indicated in gray in (e) and (j).
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intensity I, is the linear superposition of the 0 — 7 scattered
intensities due to x-ray dichroism and birefringence.

To verify this disentanglement of dichroism and birefrin-
gence experimentally, we have performed conventional x-ray
linear dichroism measurements by taking XANES spectra for
two orthogonal sample orientations. This is shown in Fig. 3(a).
For the calculation of the 0 — 7 scattered intensity due to
x-ray dichroism measured at the sample orientation yx,
12 (%) = (1/2) sin?[7 /4 — arctan(y/ T+ T)] - (T* + T,
the transmission through the sample, 7% = 7(x £ Z), mea-
sured at the sample orientations x & % is needed. This formula
can be derived very easily by vector superposition, as explained
in Supplement 1. The o0 — 7 scattered intensity due to x-ray
birefringence can now be separated by a simple subtraction
IZ (%) = Lz (x) — I2 (x), which is plotted for x=80° in
Fig. 3(b), being in excellent agreement with the simulated data
shown in Fig. 3(c).

The polarization changes due to dichroism and birefringence
can be attributed to specific projections of the density of states on
the absorbing atoms. In the case of investigating a (010) - oriented
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Fig. 3.  Experimentally disentangling dichroism and birefringence.
(a) The transmission (= 1—absorption) through the sample at two
orthogonal sample orientations x & 7 is used to calculate the scattered
intensity due to x-ray dichroism, lﬁr (x), which can be subtracted from
the total 7, (x) to obtain the 0 — 7 scattered intensity due to birefrin-
gence, 12 (x), shown in (b). (c) Simulation with FDMNES. The dashed
gray line marks the position of the Cu K-edge (8978.9 V) according to
Henke data [34].

sample with an x-ray beam parallel to the crystal 4 axis, the density
of states §(p), 8(p2), 8(dyy), and 8(dy,) of the orbitals p,, p,,
dyy, and dy, are involved, where z is chosen along the ¢ axis of the
crystal. I, is related to the difference between the density of states
8(px) — 8(p2) and 8(dyy) — 8(dy,). It turns out that IP is maxi-
mal when 8(p,) — 8(p.) is maximal, while 72 is maximal for
energies where §(p,) ~ 8(p,). This s illustrated in Supplement 1,
Fig. S3.

The x-ray absorption cross-section of CuO and La, CuOy at
the Cu K-edge is highly dominated by dipole transitions (E1E1).
Consequently, the simulation of the ¢ — 7 transmission spectra
for different multipole contributions with FDMNES showed
that they are due mainly to dipole (E1E1) transitions with a three
orders of magnitude weaker quadrupole (E2E2) contribution
caused by the 1s — 34 pre-peak of the absorption spectrum. This
is presented in Supplement 1, Fig. S4. Mixed dipole—quadrupole
(E1E2) and dipole electric-magnetic (E1M1) transitions did not
play arole at the Cu K-edge for CuO or La,CuOy.

The analysis of I, has considerable advantages over conven-
tional x-ray absorption measurements such as x-ray natural linear
dichroism (XNLD): It is essentially background free and allows
to monitor x-ray optical activity over a dynamic range of several
orders of magnitude. Figure 4 shows the 0 — 7 transmission of
the CuO sample for x =0° and x = 90°. This measurement not
only proves the 90° periodicity of the anisotropy in this sample, but
also highlights the excellent agreement with the theoretical simula-
tion over almost four orders of magnitude. An energy scan that was
performed without a sample in the beam illustrates the very low
background level of the polarimeter. Thus, a dynamical range of
six orders of magnitude and essentially background-free measure-
ments enable unprecedented sensitivity to detect optical activity in
the energy range of the Cu K-edge from 8970 ¢V to 9010 V. This
renders our technique particularly sensitive to higher-order tran-
sitions such as weak 1s — 34 quadrupolar excitations located in
the pre-edge region. These transitions often display a pronounced
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Fig. 4. Intensity behind the analyzer in crossed position for x=0°
between the # axis of the CuO crystal and the electric field vector of the
beam. To demonstrate the reproducibility of the measurement, the data
for x=90° are also shown, which are in good agreement for the simu-
lation over many orders of magnitude. The dashed gray line marks the

position of the Cu K-edge (8978.9 eV) according to Henke data [34].
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linear dichroism and birefringence due to the symmetry of the
orbitals in the excited state [39-41]. Since they are excited from a
spherically symmetric 1s ground state, they provide an attractive
spectroscopic signature to probe the 3d orbitals of the valence shell.
This could be particularly attractive for the study of cuprate super-
conductors, which owe their properties to the electronic structure
of their CuO, planes. Revealing the anisotropy and occupancy
of the corresponding Cu orbitals and their hybridizations, could
thus provide clues about the origin of superconductivity in the
cuprates. Moreover, addressing the K-edges in the regime of hard
x rays allows one to access samples in absorbing environments
such as high-pressure cells or buried layers in thin-film systems
and induces less radiation damage compared to soft x rays. In
conventional x-ray absorption spectroscopies, pre-edge features
in transition metal compounds are often overshadowed by the
strong 1s — 4p transition, which is the reason they are only rarely
studied. The suppression of any isotropic scattering by the crossed
polarizers that leads to the exceptional signal-to-noise ratio of this
method will alleviate the latter limitation, thus providing a new
approach to obtain clear views on charge and orbital anisotropies in
the valence shell.

4. DISCUSSION AND CONCLUSION

This work reports the first comprehensive experimental and theo-
retical investigation of x-ray birefringence and dichroism at the
Cu K-edge for two different crystal systems. By measuring the
x-ray dichroism conventionally, the real part of the complex linear
absorption coefficient can be determined. The imaginary part,
which corresponds to x-ray birefringence, can be determined by
subtracting the measured dichroism spectra from the 0 — 7
scattered photon spectra. This is especially interesting for the deter-
mination of optical constants of materials that cannot be treated via
ab initio calculations. Examples are materials that contain impu-
rities such as those that have been modified by ion implantation
or doping, and those very strongly correlated systems for which
no suitable theoretical approach is currently capable of simulating
their properties.

High purity polarimetry can address a large part of the
K-absorption edges (elements between Z=17 and Z=43)
and L-absorption edges (elements between Z =37 and Z =92)
by a suitable crystal reflection with a Bragg angle near 45°.
Corresponding polarimeters made of silicon, germanium, or
quartz can reach in most cases theoretically a polarization purity
of <1071 (Supplement 1, Tables 1-4). This opens a wide field
of application potential for the investigation of electronic anisot-
ropies via high purity polarimetry. One example for a highly
interesting research field could be the investigation of iron-based
superconductors at the Fe K-edge with a Si(133) polarimeter.

This method has several advantages over conventional methods
for the detection of dichroism, such as XNLD, and can answer
questions of fundamental importance. It can avoid the problem of
integrating via a finitely measured absorption cross-section using
the Kramers—Kronig relation to obtain the real part of the refractive
index, which is the conventional approach. High polarization
sensitivity is particularly suitable for observing small anisotropies
as early indicators of phase transitions during or even long before
reaching critical parameters. This new approach is especially inter-
esting for investigating very weak anisotropies of quadrupolar or
octupolar transitions in the pre-edge region as they were recently

detected in Gd3Gas O, at the Gd L; -absorption edge [42]. In con-
trast to XNLD, this method does not require spectra of orthogonal
orientations to be subtracted from each other. Instead, the mea-
surement of anisotropies with a high angular resolution is directly
and quickly accessible. This enables single-shot measurements for
time-resolved investigations of certain spectral features in a pump—
probe setting, for example. Furthermore, in analogy to an optical
polarization microscope, in combination with micro-focused
x-ray beams, it is also possible to map and image x-ray polarization
anisotropies with very high spatial resolution.

Disentangling dichroism and birefringence with high sensitiv-
ity will also play a pivotal role in future experiments on probing
QED in extreme electromagnetic fields with polarized x rays. The
experiments proposed so far [12—17] aim at detection of the bire-
fringence of the vacuum. A realistic scenario of such an experiment,
originally proposed in [12], has been quantitatively worked out
in [14]: a pulse of linearly polarized hard x rays (12914 eV) from
an x-ray laser traverses a 1 m wide focal waist of a laser beam
(A =800 nm) with 30 ] pulse energy and 30 fs pulse duration. In
this interaction, assuming N= 10'? photons in the x-ray pulse,
QED calculations predict a small single-digit number of x-ray
photons to flip their polarization from o to . These photons can
be detected by a high-purity polarimeter of the kind described
here with an extinction ratio in the range of 10~'2, which is reach-
able today [32]. A dichroic contribution to the signal would
imply a correction to QED. It would, therefore, be a direct hint
for the existence of particles beyond the standard model such as
millicharged or axion-like particles [43,44].
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