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Polarized X-rays allow for imaging birefringent or dichroic properties of materials with nanometric
resolution. To disentangle these properties from the electronic density, either a polarization analyzer
or several measurements with different polarizations (typically two, or more) are needed. Here
we demonstrate that ptychography can disentangle these from a single-polarization measurement
by using a multimodal analysis. This new method provides an alternative to obtain polarization-
resolved images of a sample when manipulating the incident polarization is not possible nor sufficient.

INTRODUCTION 54

55

Since their discovery, X-rays have been recognized for s
their potential in microscopy [I]. Many imaging modes
have been developed, in full-field or in scanning mode, 58
with or without lenses, using various contrast mecha-
nisms such as absorption [I], fluorescence [2], phase con-
trast [3], diffraction [4, 5], etc. In particular, using polar- &
ized X-rays and combining measurements with different ¢
polarizations allows for evidencing the dichroism [6HS] ¢
and birefringence [9] [10] of materials, whether they are ¢
of structural |7, @, [10] or magnetic [6] [11] origin. Dichroic ¢
materials absorb the light in different amounts depend- ¢
ing on the light polarization, i.e. they present a difference e
between the absorption coefficients of two orthogonal po- es
larizations, while birefringent materials rotate the polar- e
ization plane differently depending on the polarization of 7
the incident light, showing a difference between the re- n
fractive indices of two orthogonal polarizations [12]. Lin- =
ear birefringence or dichroism is obtained by combining 73
measurements with two orthogonal linear polarizations, 7
while circular birefringence or dichroism is obtained by
combining measurements with two orthogonal circular 7
polarizations [I2]. In magnetism, linear birefringence or =
dichroism is usually used to evidence the magnetization 7
component that is perpendicular to the direction of prop- 7
agation of the incident light, while circular birefringence
or dichroism is used to evidence the magnetization com- &
ponent that is parallel to this direction [12]. 8

While controlling the polarization of the incident pho- s
tons is nowadays fairly easy, in particular with syn- e
chrotron radiation [I3], 14], analyzing the polarization of es
X-rays after their interaction with the sample remains a ss
difficult task. This is particularly true for most imag- e
ing methods, since they rely on the use of 2D detec- ss
tors (with the notable exception of scanning microscopies so
that can be performed with a point detector). The usual «
way to analyze the polarization of X-rays is to diffract
them at 90° from a crystal or an artificial grating with a o

period tuned for their wavelength, according to Bragg’s
law [I5] I6]: an azimuthal scan of the analyzer around
the propagation axis allows to fully determine the Stoke
polarization parameters [I7]. This procedure assumes a
well defined propagation axis, which is not always the
case when measuring with an area detector pointing at
a small sample. When the angular spread of X-rays ex-
ceed the angular acceptance of the analyzer, its efficiency
becomes inhomogeneous, altering the quality of recorded
images. It is nevertheless of great interest to perform
a polarization analysis of X-rays after the sample since
the change of polarization in the sample carry important
information [I8] [19].

Ptychography is a microscopy technique based on
the combination of direct-space scanning and reciprocal-
space intensity measurements with a coherent beam [20-
25]. It benefits from high spatial resolution and retrieves
the complex exit wave allowing for both amplitude and
phase contrast. Interestingly, thanks to the redundancy
of information measured in a ptychographic data set,
more information than a single image of the sample can
be recovered. This property is often also used to retrieve
an image of the probe illuminating the sample [26], or
the true positions of the beam with respect to the sam-
ple during the scan [27].

Going further, Thibault et al. pointed out that pty-
chography is able to disentangle several waves exiting
the sample without interfering, i.e. mutually incoherent,
which reduce the interference contrast in the scattering
patterns measured at each point of the scan [28]. This
incoherence can be either due to the partial coherence
of the incident beam, a very common case, but also to
a mixture of orthogonal states in the sample. The key
idea is that X-rays exiting the sample can be consid-
ered as a mixture of coherent but mutually incoherent
waves, regardless of the reason why they are not inter-
fering. It is for instance the case when the sample fluc-
tuates at timescales below the timescale of the measure-
ments [29, B0]. Another possible reason for two electro-
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magnetic waves not to interfere is if they have orthogo-us
nal polarizations. The latter can be linear, or circular,uz
or more generally, elliptical. Therefore, ptychographyus
should be able to disentangle exit waves with orthog-uoe
onal polarizations, overcoming the aforementioned usual
limitations in the X-ray polarization analysis. To demon-
strate this, here we show the case of magnetic materials in
which the magnetic texture can be disentangled from the
electronic structure, from a single ptychographic mea-"*°

surement with incident linear polarization. =
122

123

MULTIMODAL FORMULATION 124

125

In ptychography, for each positioning of the beam rel-’
ative to the sample, a diffraction pattern is measured
with the detector, as illustrated in Fig. [I The key ofl
this technique is the overlapping of the illuminated areas e
(see Fig. |1} right-lower corner). This results in redun—lz?
dancy of the data which allows a robust reconstruction
of a wide field of view of the sample. The resulting set of
diffraction intensities can be used to recover the complex133
transmitted or exit wave.

To derive the multimodal formulation in this context,
let us calculate the transmission of a polarized incident
wave Eo = Wyé defined by its complex amplitude ¥q,s,

135

Detector

Exit light
polarization

ey

Sample

Focusing

139
140
141
142

Incident light

€ ..
LH polarization

143

FIG. 1. Ptychography setup: Coherent X-rays illuminate an
area of the sample and a diffraction pattern is measured in the
far field by a detector. The sample is scanned following a mesh
that ensures overlapping illumination, as illustrated in the'
lower right inset, providing the data redundancy required for a'*
robust image reconstruction. Polarized light provides contrast46
for dichroic or birefringent samples. éry and érv representis
the eigenvectors for linearly horizontal and vertical polarizediss
light, respectively, while €; and €2 represent an alternative,,,

orthogonal base for the polarizations. 150

and its polarization é. When € is an eigenvector of the
polarization-dependent transmission function, i.e. the
polarization is not modified through the sample, the
transmitted complex amplitude can be written as:

U = Uyexp <? /ndz),

where A is the wavelength, the wave propagates along the
z axis, and n = n(z,y, ) is the optical index. When € is
not an eigenvector of the polarization-dependent trans-
mission function, the wave can always be decomposed
on a polarization basis of eigenvectors E= Uié1 + Wacy
such that Eq. [1| applies independently to both compo-
nents with different optical indices.

In ferromagnetic materials with isotropic local struc-
ture, circular polarizations are such eigenvectors. The
optical index can then be expressed as n = n. £ n,,,
where n. and n,, denote the contribution from the elec-
tronic and the magnetic structure, respectively, and the
change in sign depends on the helicity of the polarization.
Therefore, in this case, Eq. [1| leads to

o
U+ = ¥, exp (:I:%/nmdz'),

where ¥+ and U~ correspond to the exit waves for right
and left circular polarization, respectively, and

o
U, = Pgexp (% /ncdz).

We can isolate the magnetic part of the optical index
by calculating the ratio i’—t, which leads to:

+
arg (%) X O

vt
In = X Bim-

(1)

(2)

3)

(4)
()

where d,,, and 3, are the real and imaginary parts of n,,,
respectively. Eq. [4] corresponds to what is known as the
phase contrast and Eq. [f] corresponds to the amplitude
contrast. Similarly, we can access the electronic contri-
bution to the optical index by calculating the product
U~ which results in

arg (\I/+\Il_) x 6. + C1,
In |\IJ+\II_| x B+ Csy,

(6)
(7)

where . and (. are the real and imaginary parts of n.,
respectively, and C and C5 are constants.

Combining ptychography in the small angle scatter-
ing geometry with X-ray magnetic circular dichroism
(XMCD) allows for probing either d,, or S, which in
turn are proportional to the magnetic component that is
parallel to the beam direction, that is m, according to the
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reference frame defined in Fig. [l XMCD-ptychographyo
consists on performing one measurement for each helic-10
ity of the circular polarization [25, [BI] B2], and then, by
using Egs. ] or [f] an image of the magnetization can beis
obtained. 105

In general, we can decompose any polarization vector
onto an orthogonal basis of circular polarizations. In par-
ticular, in the case of linearly polarized light, this means
that we can write the exit wave as the sum of two circu-
larly polarized plane waves

o= [vr () e ()] o

where €717 and €ro are two orthogonal linear po-
larizations and the combination (é7; —iézs) /v/2 and
(ép1 +iér2) /V/2 gives us the eigenvectors for right and™
left circular polarizations, respectively. We can rewrite
the previous expression as

Fow, [(‘I’*;‘P) e+ (‘I’*;‘y) em} )

Since the linear polarizations €77 and €5 are orthogo-*?
nal, their amplitudes 203

200

201

204

27T 205
U, cos ()\/nmdz) and (10)206
2 207
U, sin <;/nmdz) (11) 208

209

\I/Ll

\I’L2

do not interfere. Therefore the intensity measured in an°
experiment with linear polarization can be expressed as?*

the sum of the intensities of these two independent modes??
213

I=|F{u )P+ |F{et?y?, (12)2e
215
where F denotes the Fourier transform operator. Herezs
we assume a far-field regime for the detection. However 2
other operators, like the Fresnel operator, could be con-as
sider to account for different propagation regimes. Thezso
result from Eq. [12| has previously been used in Ref. [33],220
for example, to isolate the magnetic term by subtractingz
two measured diffraction intensities: one with the samplez
magnetically saturated and another one with the samplezs
not saturated. However, the fact that the two contribu-2
tions to the intensity can be summed directly suggestszs
they could also be recovered with a multimodal analysiszs
of the ptychography data. 227
The multimodal approach has been previously shownass
to be useful for disentangling mixed states of the beama
for instance [28], as well as to reconstruct non-orthogonalso
states in a birefringent liquid crystal with the aid of priorz:
knowledge about the sample [30]. Here we use the mul-2
timodal analysis to exploit the orthogonality of the twooss
modes from linear polarization, given by Eqs. [10] and [[T}2s
to resolve both the magnetic and the electronic structuresss

from a single ptychographic measurement without any
extra constrain.

Calculating the ratio between the modes from Egs.
and [TI] and comparing this result to Eqs. [ and [f] we
find the relations

L2
2Re [tanl <$L1)] =
L2
2Im [tanl <ilm)]

while computing the squared sum of the modes leads to

+
arg (;) X O,y (13)
vt

\II_

(14)

In X P,

(W) 4 (U82)? = wto- = v, (15)
These equations allow to compare the modes obtained
from the single linear polarization with the usual XMCD
signal.

EXPERIMENTAL DETAILS

We test the method experimentally on two different
samples. We use an Fe/Gd multilayer with nominal
stacking of Ta(7)/[Fe(0.7)/Gd(0.7)]60/Ta(7) (thickness
in nm), and a much thinner sample consisting on a Co/Pt
multilayer with nominal stacking of [Co(0.6)/Pt(1)]10
(thickness in nm). Both the Fe/Gd and the Co/Pt mul-
tilayers were grown on a 300 nm-thick SigN4 membrane
suitable for transmission X-ray measurements, and were
measured at the peak of absorption at the Fe and Co
Ls-edge, respectively.

The ptychography data presented in this work was ac-
quired at HERMES beamline, at SOLEIL synchrotron.
Here polarized X-rays are delivered by an helicoidal un-
dulator, allowing to easily switch from horizontal polar-
ization to either of both circular polarizations, with a po-
larization rate close to 100%. The energy of the photons
was tuned by a grating monochromator. The coherence
of the beam was ensured by a set of apertures in front
of the endstation. The coherent beam was focused us-
ing a Fresnel zone plate with 50 nm outer zone width.
The sample was placed a few microns downstream the
focus in order to obtain a structured illumination that is
between 70 and 90 nm wide (see Sec. I of the Supplemen-
tary material for more details). The small angle coherent
diffraction patterns are acquired on an adapted Tucsen
Dhyana 95 sCMOS camera [34] with 2048 x 2048 pixels of
11 pm. Typical ptychographic datasets were obtained in
grid scans with step size of 25nm and acquisition times
of 50 ms per point. The geometrical settings were such
that the pixel size of the direct space images is 7 nm.

To analyze the ptychography data, we use PyNX, a
Python-based high performance toolkit for coherent X-
ray imaging data [35]. For the inversion, we model the
beam by a single probe, while the object was associated
to two sample modes, these three quantities being further
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retrieved from the intensity information. The first modeaso
is initialized with random positive real numbers and thessp
second one with random complex numbers to induce azn
better separation of the charge and magnetic parts intoz:
the first and second modes, respectively (see Sec. IIT ofas
the Supplementary material for more details). Then, wezs
run 100 iterations of the difference map algorithm, 5020
iteration of the alternating projections algorithm, and fi-2e6
nally 150 iterations of the maximum likelihood algorithm.ze
The reconstruction is achieved by iterating between thesos
real-space estimated object and the Fourier-space wherezoo
the amplitude is constrain to the measured diffractionse
intensity. 301

302

EXPERIMENTAL DEMONSTRATION

To demonstrate the method, we started measuring dif-
ferent areas of 1 x 1 pum? in the Co/Pt film where the elec-
tronic density is uniform. In Fig. |2} the pairs (a)-(b), (c)-
(d) and (e)-(f) show three of these different areas in the
sample. First, we performed an XMCD-ptychography
using both left and right circular polarization to use for
comparison and verification. For each polarization, we
reconstructed the corresponding object using the pty-
chography algorithm in PyNX and considering one mode
for the object and the probe each. We calculate the am-
plitude contrast following Eq. 5] to probe the out-of-plane
magnetization in the thin film. This can be observed
on the left side of Fig. |2 i.e. (a), (¢) and (e). There,
worm-like domains of approximately 110 nm wide can be
observed for three different areas of the film.

Then, we measured a single linear-polarization pty-
chography in the same areas. In this case, reconstructing
the object with only one mode results in a single and uni-
form object which represents the electronic density but
that is insensitive to the magnetic signal. However, if we
enable two modes for the reconstruction of the object,
after orthogonalization of the modes [2§], and removal
of the possible phase ramps and offsets, following Eq.
we obtain the magnetic contrast shown on the right panel
of Fig. |2 i.e. (b), (d) and (f). It can be seen that the
magnetic structure recovered by the multimodal analysis
matches the one measured by XMCD-ptychography, that
is we can recognize the same shapes and distribution of
the domains.

With the multimodal approach demonstrated on a
sample with uniform electronic structure, we consider
now a more complex sample with non-uniform electronic
structure. To that end, we took advantage of the struc-
ture produced by the carbon deposition on the Fe/Gd
sample. In Fig. |3} we show the results for the single linear
polarization, and we compare it with those from XMCD-
ptychography. Fig. [3[a) and (b) show the contrast for
the electronic structure. Two carbon blobs of 52 nm di-
ameter are located in the central area and a larger one

of 143nm in the lower-right corner of the image. These
three features can also be seen in the image obtained
from the multimodal analysis of the single linear polar-
ization measurement. On the other hand, the magnetic
contrast displayed in Fig. c) and (d), shows two oppo-
site domains that are larger than the worm-like domains
presented in the previous section. In this case, the single
polarization approach has successfully recovered the do-
main structure. This experiment demonstrates that the
multimodal approach can also disentangle more complex
electronic structure from the magnetic signal. See Secs.
IV and V of the Supplementary material for a discussion
on the sensitivity of the technique and the resolution,
respectively.

4 AY 4

XMCD Linear polarization +

multimodal analysis

=

0.2 0.0 0.2
In(|W*/¥7]) < B

-0.2 0.0 0.2
\2 Im[tan—(UE2 /Wil

J J

FIG. 2. Comparison between the magnetic contrast imaged
by XMCD-ptychography (left) and linear polarization with
multimodal analysis (right). Worm-like domains are success-
fully recovered with both methods in a Co/Pt thin film. The
pairs (a)-(b), (c)-(d) and (e)-(f) show three different areas in
the sample. The field of view is 1 x 1 pm?.
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FIG. 3. Comparison between XMCD-ptychography (left) and™”
linear polarization with multimodal analysis (right). (a) and®™®
(b) correspond to the electronic contrast. There three blobs
of carbon can be resolved on the Fe/Gd surface with both3s
methods. The magnetic contrast, shown in (¢) and (d), issss
also captured with both methods. The field of view is 700 X5,
700 nm?.
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DISCUSSION AND CONCLUSIONS

359
In this work, we demonstrated that, through a multi-ss
modal analysis of the reconstructed object, ptychographyse
is able to separate scattered waves with orthogonal polar-se
izations. Specifically, we applied a multimodal analysisses
to a single ptychographic measurement performed withse
linear polarization and retrieved two orthogonal objectses
modes. The two modes recovered from our experimentalsss
data reproduce the behavior of the charge scattering onse
the one hand and the magnetic scattering on the otherses
hand, without further data treatment nor constrains fromses
prior knowledge of the sample. 370
In principle, due to the ambiguity in ptychography us-3n
ing multiple object modes, an unitary transformation [30]s2
can be used to optimize the contrast and the separationss
of the electronic and magnetic signals (see Sec. II ofsn
the Supplementary material for more details on this ap-37
proach). In the case presented here, the ambiguity cor-37
responds to the arbitrary choice of two orthogonal linear
polarizations onto which exit waves are projected: the
ptychographic algorithm does not know what is the po-37
larization of the incident wave, and that charge scattering
should conserve this polarization. For instance, if the in-ss
cident polarization is linear horizontal, the set of linearsr
polarizations depicted as €; and é; in FIG. [1]is an equiv-3s
alently good basis from the algorithm point of view. Andss
so would be circular polarizations of opposite helicities,ss

as well as any orthogonal set of elliptical polarizations.
However, initializing one of the modes with positive real
numbers is sufficient to guide the decomposition into se-
lecting the polarization of charge scattering as one of the
vector basis (see Sec. III of the Supplementary material
for more details).

Altogether, the capability of ptychography to resolve
orthogonal polarizations with a single measurement and
without the need of a physical polarization analyzer is
of great interest for magnetic imaging. In small angle
scattering geometry, as presented here, circular dichroism
(or birefringence) remains the most efficient way to ex-
tract magnetic contrast, assuming that circular polariza-
tion is available. Nevertheless, extracting weak magnetic
contrast from circular dichroism relies on a good mu-
tual normalization of the two measurements, which can
be difficult in particular when using diffracting quarter-
wave plates and on accurate mutual positioning, while
the method presented here relies on a single ptychogra-
phy scan. The method presented here can be extended
to image domains in colinear antiferromagnets with mag-
netic moments aligned along two perpendicular axes in
the plane perpendicular to the propagation axis: the sin-
gle incident polarization has to be chosen circular or lin-
ear along the diagonal of the axes of the moments. More
importantly, this method could be of great interest for
magnetic imaging in a wide angle scattering geometry,
for instance in diffraction measurements. Indeed, there
is no choice of incident polarization allowing to easily ex-
tract the magnetic part of the resonant scattering factor
from the charge part [36]. Consequently, it could be an
efficient way to image antiferromagnetic textures, includ-
ing antiphase domains.

Beyond the cases of circular and linear dichroism and
birefringence, where the transmission properties of the
sample can be described with only two coefficients, there
could be a great interest in combining this method
with vectorial ptychography [37, B8] for the study of
anisotropic media in the most general case: four coef-
ficients are then needed to describe the transmission ob-
ject, and four measurements with a polarization analyzer
are needed; the polarization analyzer could be omitted
and only two measurements with different incident polar-
ization would be required. Finally, this method could be
applied to other polarized coherent probes than X-rays,
and could thus find an application in optical microscopy
and specifically in Kerr microscopy.
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