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We report on the characterization of a novel extreme-ultraviolet polarimeter

based on conical mirrors to simultaneously detect all the components of the

electric field vector for extreme-ultraviolet radiation in the 45–90 eV energy

range. The device has been characterized using a variable polarization source at

the Elettra synchrotron, showing good performance in the ability to determine

the radiation polarization. Furthermore, as a possible application of the device,

Faraday spectroscopy and time-resolved experiments have been performed

at the Fe M2,3-edge on an FeGd ferrimagnetic thin film using the FERMI free-

electron laser source. The instrument is shown to be able to detect the small

angular variation induced by an optical external stimulus on the polarization

state of the light after interaction with magnetic thin film, making the device an

appealing tool for magnetization dynamics research.

1. Introduction

With the recent progress in generation and control of arbitrary

polarization states of radiation in the extreme ultraviolet

(XUV) and soft X-ray spectral ranges, both at laser-based high

harmonic generation sources (Fleischer et al., 2014; Kfir et al.,

2015; Ayuso et al., 2019) and at free-electron laser (FEL)

facilities (Allaria et al., 2014; Lutman et al., 2016; von Korff

Schmizing et al., 2017; Tschentscher et al., 2017), increasing

attention has been devoted to the investigation of chiral and

circular dichroic properties of matter. In particular, in solid-

state research of magnetic materials, access to the element-

specific response via magnetic circular dichroism has been

shown to be essential in order to gain a fundamental under-

standing of the intrinsic microscopic processes (Kirilyuk et al.,

2010). Prominent and important examples include all-optical

switching in transition metal (TM) and rare earth (RE) alloys,

such as, for example, FeGd (Stanciu, Hansteen et al., 2007;

Radu et al., 2011), CoTb (Bergeard et al., 2014), FeTb

(Khorsand et al., 2013), and very recently the first experi-

mental evidence for optical-induced spin transfer between two

distinct sites in a multi-component magnetic system (Hofherr

et al., 2020; Willems et al., 2020). Another application of

polarimeters in the soft X-ray range is the investigation of

natural birefringence in chemistry (Palmer et al., 2011)

or solid-state physics (Mertins et al., 2004). The latter was
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demonstrated for graphite yielding extraordinarily large

polarization rotations of up to 90� at the carbon K-edge. As a

consequence, several XUV/soft X-ray polarimeters have

been developed based on Rabinovitch reflection geometry

(Rabinovitch et al., 1965; Schäfers et al., 1999; Yamamoto &

Matsuda, 2017), on electron time-of-flight (e-TOF) detection

of the angular distribution of emitted photoelectrons by rare-

gas atoms (Viefhaus et al., 2013; von Korff Schmizing et al.,

2017), and, more recently, on beam splitting and polarization-

sensitive balanced photodetection of orthogonal electric field

components similar to the Wollaston scheme in visible light

(Caretta et al., 2021). All of these devices present several

advantages and some drawbacks. For example, polarimeters

based on Rabinovitch reflection geometry have a large energy

range of applications, spanning from XUV to soft X-ray

thanks to the single reflection scheme and the use of high-

reflectivity multilayer mirrors. However, to fully characterize

the beam polarization, a 360� rotation of the analyser mirror

and detector photodiode is necessary, in order to map the

polar dependence of the beam reflectivity. As a consequence,

the measurements are quite time consuming. On the other

hand, polarimeters based on the polar distribution of photo-

electrons in the gas phase allow for single-shot measurements

of the beam polarization state at FEL facilities (Allaria et al.,

2014; von Korff Schmizing et al., 2017; Ferrari et al., 2015;

Lutman et al., 2016), but they require expensive instrumental

hardware due to the acquisition of several signals in coin-

cidence, and they are limited in energy range by the photo-

ionization cross-section of the detection gas. Finally,

differently from Rabinovitch-based polarimeters, a recently

developed device based on mirror beam-splitting and

balanced detection (Caretta et al., 2021) combines the

advantage of single-shot detection with fixed mechanical

components, but the beam pointing stability is still a limiting

factor, since it uses two microchannel plates (and not a CCD

detector) to record the intensity of the two orthogonal electric

field components.

In this paper, we present a novel approach using a compact

polarimeter based on two conical mirrors for XUV light

(COMIX) capable of detecting all the components of the

electric field vector in a single measurement, so allowing for

polarization analysis in the XUV region of the electro-

magnetic spectrum. The COMIX combines the main advan-

tages of the above-described polarimeters, i.e. (i) the

possibility to determine the polarization state of XUV light

thanks to the polar dependence of mirror reflectivity, (ii) the

possibility to work in single-shot mode for time-resolved

applications at FEL sources, and (iii) the use of a relatively

inexpensive experimental hardware with respect to more

sophisticated schemes based on gas ionization.

The paper is organized as follows. In the first part, we

describe the working principle of the COMIX polarimeter

and its optical characterization performed at a synchrotron

radiation source. We demonstrate the core capability of the

device, i.e. the ability to simultaneously detect all the

components of the electric field vector in a range of photon

energies from 45 to 90 eV. We also report that the main

limiting factor of the current device prototype is the optical

quality of the mirrors used for building the polarimeter. In the

second part of the paper, we present a possible application

of the COMIX device using FEL radiation for studying the

ultrafast magneto-optical properties of an FeGd ferrimagnetic

thin film. Even if still limited by the mirror surface roughness,

we show that the COMIX polarimeter is able to perform

precise magneto-optical measurements in polar Faraday

geometry, allowing for a spectroscopic analysis across the Fe

M2,3 absorption edge (�52.8 eV). Finally, we show that the

device is able to successfully detect small variations (of the

order of 0.17�) in the light polarization state induced by an

external optical stimulus, making the COMIX polarimeter

an appealing device to probe the polarization state of XUV

radiation during light–matter interaction in time-resolved

measurements.

2. Device characterization at the synchrotron

Despite the similarity with a Schwarzschild objective (Lan &

Twa, 2019), the COMIX polarimeter is composed of two flat-

type conical mirrors (provided by Thorlabs Inc.) with a

common axis of cylindrical symmetry, as schematically shown

in Fig. 1(a). After entering the device through a 2 mm-

diameter aperture opened in the retro-reflecting concave

element, the incoming XUV light is first reflected around 360�

by the inner conical tip, then by the outer concave mirror,

which forms a collimated ring-like beam propagating in the

forward direction towards the 2D CCD detector. The polar

dependence of the collected intensity pattern from the input

polarization state is determined both by the cones’ surface

coating and by the cones’ aperture angle. The COMIX

polarimeter prototype is designed with an aperture angle of

42�, corresponding to Brewster’s angle for a reflection off a

gold-coated surface at a beam energy resonating with the Fe

M2,3-edge. At this energy, the reflectance of s-polarized light

after two reflections is R 2
ss = 1.0 � 10�2, whereas for p-polar-

ized light it is R 2
pp = 1.6 � 10�4, corresponding to a device

extinction ratio of 65 between the two polarization states

(Henke et al., 1993). The polar modulation of the transmitted

intensity ring can be estimated within the Jones matrices

formalism (Fowles, 1989). As a function of the polar angle #
around the centre of the pattern, the transmitted intensity It is

defined by

It / rpp 0

0 rss

� �
rpp 0

0 rss

� �
cos# sin#
� sin# cos#

� �
A

B

� �����
����

2

; ð1Þ

where A and B are complex numbers representing an arbitrary

polarization state, and rii is the reflectivity for i-polarized light

(i = s, p). Neglecting rpp , it turns out that

It / R2
ss

"
Bj j2þ Aj j2

2
þ Bj j2� Aj j2

2

� �
cos 2#

� < AB�ð Þ sin 2#

#
; ð2Þ
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where <ðAB�Þ is the real part of the AB* product and Rss = r 2
ss.

Hence, the polar modulation of the transmitted intensity ring

shows a 180� periodicity. The same principle can be applied

to an energy range around the optimal design energy (as

described in the following sections), making the gold-coated

COMIX polarimeter an interesting device for performing

magneto-optical Faraday measurements at Fe, Co and Ni M2,3-

edges (Valencia et al., 2006).

With respect to other XUV polarimeters (von Korff

Schmizing et al., 2017), one of the advantages of the COMIX

device is its compactness. As shown by the mechanical

drawing in Fig. 1(b), the outermost diameter of the aluminium

housing holding the conical mirrors in place is only 50.8 mm,

which allows the use of standard two-inch [OK?] opto-

mechanical mounts. Moreover, due to its limited weight, it is

very easy to assemble a vacuum-compatible motorized stage

based on piezo-driven motors with all the degrees of freedom

needed for a proper device alignment. As shown in Fig. 1(c),

we used two stepper motor linear translation stages to control,

with micrometre precision, the placement of the COMIX

polarimeter in the XY-plane perpendicular to the beam axis,

while two piezoelectric stages allow the tuning of the � and �
angles. It is worth noticing that, in the present version of

the polarimeter, the internal alignment of the two optical

elements forming the instrument is performed mechanically

during the assembly, and the motorized stages of the four-axis

goniometer are used for aligning the tip apex of the inner

conical mirror with respect to the input beam wavefront.

To thoroughly test the COMIX

capabilities, measurements in the

45–90 eV energy range have been

performed at the Circular Polarization

(CiPo) beamline of the Elettra

synchrotron (Derossi et al., 1995), by

making use of the IRMA experimental

chamber (Sacchi et al., 2003). Through

an electromagnetic elliptical wiggler

(EEW), the CiPo beamline delivers

XUV light with variable polarization

(linear and circular). Moreover, the

horizontal and vertical magnetic fields

of the EEW can be set independently, in

order to finely control the variation of

polarization state. The desired wave-

length is selected by using a spherical-

grating monochromator (SGM) and a

pair of slits placed before and after it.

An Andor iKon-L CCD camera (with

a 13.5 mm pixel size) placed approxi-

mately 200 mm downstream of the

COMIX polarimeter was used for

recording the transmitted intensity

pattern.

In order to align the COMIX polari-

meter, we turned off the EEW emission

to obtain unpolarized bending-magnet

radiation, which was then transmitted

by the SGM grating at zero order and filtered by an optical

window. A proper alignment of the COMIX produces the

nearly uniform, well defined ring shape shown in Fig. 2(a). The

three 120�-spaced dark regions inside the bright ring are the

shadows of the mounting frame for the inner conical mirror.

By construction design, the radius of the ring is only deter-

mined by the distance between the conical mirrors, which is

fixed. Hence, in our proof-of-concept experiment, we expected

to obtain annular patterns of roughly the same radius, irre-

spective of the photon energy. Fig. 2(b) shows the pattern

obtained by selecting an energy of 45 eV when the radiation is

linearly polarized in the horizontal plane (LH polarization). In

this measurement, higher orders from both the EEW and the

SGM were removed by an Al filter inserted in the photon

transport line, and a 20 mm pinhole was placed 400 mm

upstream of the COMIX polarimeter to generate a secondary

source providing an illumination spot size of about 400 mm

(full width at half-maximum, FWHM) for the inner conical

mirror at 60 eV. Since the polarization is linear horizontal, the

polarimeter produces the expected intensity modulation, i.e.

two bright lobes along the vertical direction (s-polarization

scattering) separated by two darker regions placed at 90� with

respect to the intensity maxima (p-polarization scattering).

One can also notice that, differently from the visible-light

image of Fig. 2(a), the ring-like shape is smeared out by diffuse

intensity, mainly due to the surface roughness of the COMIX

prototype, which tends to concentrate photons in the centre of

the pattern. This effect becomes more evident when increasing
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Figure 1
(a) Schematic view of the COMIX polarimeter. Due to the cylindrical symmetry, the transmitted
intensity distribution depends on the polarization state of the incident beam. (b) Mechanical
drawing of the COMIX polarimeter prototype, which can be mounted in standard optomechanical
stages. (c) Four-axis motorized goniometer to precisely align the conical tip apex with respect to the
XUV beam. The light blue dashed arrow shows the axis of the XUV beam, directed towards the
CCD camera (not shown).
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the photon energy, as shown in Figs. 2(c)–2( f). As a general

trend, for all the energies a clear two-lobed structure can be

identified in the output intensity pattern, demonstrating that

the polarimeter is able to detect the linear polarization state

of the incoming radiation in the considered energy range.

However, the ring-like feature becomes fainter when

increasing the photon energy, and the intensity tends to

become more concentrated in the central part of the pattern

resulting in a ‘bow-tie’ shape with a bright spot in the middle,

as shown in Fig. 2( f). Despite this, the ring-like structure has

the same average radius of the ring shown in Fig. 2(a), as can

be seen from the normalized radial profiles of Fig. 2(g), which

are extracted from the region contained between the two

white dashed lines in Fig. 2(c). Fig. 2(g) also shows that the

width of the ring-like structure increases as a function of the

photon energy, and the relative intensity of the diffuse back-

ground light increases as well, suggesting that, with the current

optical elements, the surface quality is the limiting factor

and the parameter to be improved in order to extend the

capabilities of the COMIX polarimeter beyond 90 eV. These

measurements also allow obtaining an estimate of the gold-

coated conical mirrors roughness. Indeed, by summing the

counts over all the pixels of the collected images, the total

transmitted intensity by the COMIX can be evaluated as a

function of the photon energy, as shown in Fig. 2(h). For each

energy, the integrated intensity has been normalized to the

incident photon flux, the image exposure time, the CCD

quantum efficiency and the number of generated electrons

in Si, considering an electron–hole pair creation energy of

3.65 eV (Desjardins et al., 2020). The total normalized inten-

sity values [black dots in Fig. 2(h)] can then be compared

with the expected total intensity calculated by integrating

equation (2) over the polar angle #. The result, which turns out

to be proportional to R 2
ss, is evaluated by taking into account

the mirror roughness (Henke et al., 1993), as shown by solid

lines in Fig. 2(h). From this analysis, we estimate that the

COMIX polarimeter is characterized by an average total

mirror roughness of the order of 2–3 nm (r.m.s.). As reported

in Fig. S1 of the supporting information, an atomic force

microscopy image performed on the surface of the conical

substrate before the gold coating deposition shows an average

roughness of approximately 2 nm (r.m.s.). This roughness is

the main reason determining the poor optical quality of the

device at XUV wavelengths.

For testing the sensitivity of the COMIX polarimeter to

polarization changes, we fixed the photon energy to 75 eV

while varying the beam polarization. To do so, we started with

nominally LH polarized light, by turning on the vertical

magnetic field of the EEW. The intensity pattern is reported in

Fig. 3(a). Then, only the horizontal magnetic field was turned

on, and light linearly polarized in the vertical plane (LV

polarization) was obtained, as shown in Fig. 3(b). Once the

two linear polarizations were established and recorded, the

relative amount of the two components was changed by

progressively reducing the amplitude of the horizontal

magnetic field and increasing accordingly the vertical

magnetic field, in order to maximize the incident beam

intensity. In general, an elliptically polarized beam is obtained,

as shown in the video in the supporting information. Fig. 3(c)

shows an intermediate case, which corresponds to a nominally

circularly polarized light according to the beamline design

parameters. To better quantify the quality of the polarization-

dependent intensity patterns, we extracted polar profiles in the

region of interest shown in Fig. 3(a), which corresponds to the

region in which the ideal ring produced by the COMIX should

be. Those profiles are shown in Fig. 3(d). To retrieve the

relative shift, the curves can be fitted with an f(#) function

describing a 180�-period modulation (von Korff Schmizing et

al., 2020), as also obtained from equation (2),

f #ð Þ ¼ a0 cos 2 #� a1ð Þ þ a2; ð3Þ
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Figure 2
(a) Recorded intensity pattern obtained with unpolarized visible light. A
circular ring-like structure is clearly visible. (b)–( f ) Recorded intensity
pattern obtained with LH polarized light of increasing photon energy, as
stated in the labels. The colour bar limits are different for each panel,
and they have been chosen to better highlight the features of interest.
(g) Radial profiles extracted from the region contained between the two
white dashed lines in (c). All the profiles are normalized to the intensity at
the centre of the image (r = 0). The vertical black dashed line highlights
the average radius of the circular structure in (a). For increasing energy,
the amplitude of the peak corresponding to the ring-like feature
decreases, while its width is enhanced. (h) Normalized integrated
intensity as a function of the photon energy. The black dots represent
the experimental data, while the continuous colour lines show the
predicted energy dependence of the COMIX transmittance for mirror
roughnesses in the 0–4 nm (r.m.s.) range.
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where the parameter a1 is the phase shift we would like to

assess (corresponding to the rotation of the intensity pattern).

Actually, for each curve only the two minima were indepen-

dently fitted in a range of �30� around each minimum, as

shown by black solid lines in Fig. 3(d) for LV polarization.

Then, the final shift value was defined by averaging the results

obtained for the two minima. According to this procedure, the

relative rotation between the intensity patterns in Figs. 3(a)

and 3(b) results to be (92.2 � 0.3)�, i.e. very close to the 90�

value expected for two perpendicular linear polarizations. The

slight difference is associated with the beamline performance,

when using the nominal parameters of the EEW source for

setting LH and LV polarization emission.

Furthermore, the orange curve in Fig. 3(d) has been

extracted from Fig. 3(c), corresponding to nominally circular

polarization for the beamline. To better understand the

general behaviour, let us focus on an ideal case. As shown in

Fig. 3(e), the intensity pattern produced by linear polarization

should show a regular 180� periodicity, with a 90� phase shift

between perpendicular polarizations. The blue and red curves

in Fig. 3(e) have been obtained from equation (2) by consid-

ering A = 1, B = 0 (LH polarization) and A = 0, B = 1 (LV

polarization), respectively. In the case of circular polarization,

the intensity is equally distributed around the pattern centre,

as can be verified by evaluating equation (2) with A = 1=
ffiffiffi
2

p
and B = i=

ffiffiffi
2

p
. However, the plots in Fig. 3(d) show two main

deviations from the predicted theoretical trends. First of all, in

the case of LV polarization, the maximum at around 170� has

a slightly lower amplitude than the maximum at around 350�.

This small discrepancy can be ascribed

to a COMIX misalignment with respect

to the input beam intensity maximum.

Indeed, the positioning of the tip apex

of the inner conical mirror is critical

in determining how the incoming beam

intensity is split between the two bright

lobes. Experimentally we observe that,

for focused beams of a few hundreds

of micrometres in FWHM, variation

as small as 10 mm in positioning the

COMIX tip apex are able to slightly

unbalance the intensity between the

bright lobes. This issue currently

prevents a full quantitative analysis of

the polarization state, since the polar-

ization ellipticity cannot be readily

evaluated (for further details about the

analysis of the polarization ellipticity

see Fig. S2 of the supporting informa-

tion). It is worth noticing that this

position-sensitive effect can be miti-

gated, at the expense of the total

incoming fluence, by reducing the size

of the input pinhole (currently 20 mm)

used as secondary source, in order

to generate a wider Airy diffraction

pattern for illuminating the inner cone

of the COMIX polarimeter. As a reference, for the experi-

mental geometry described above, a 4 mm pinhole generates

an Airy diffraction disc of 2 mm in diameter (FWHM) for a

photon energy of 60 eV at a distance of 400 mm, matching the

input aperture of the COMIX. Secondly, the circularly polar-

ized case still possesses a polar modulation around the centre,

which is shifted by approximately 45� and with reduced

amplitude (approximately 20%) with respect to the linearly

polarized cases. This modulation is not related to the COMIX

performance, but it is due to a slight misalignment between the

undulator and beamline axes, combined with a contamination

from the bending magnet emission (Frassetto et al., 2019).

Even if the problem has been identified, we could not correct

it during the time of the experiment.

However, already in the present form, the COMIX polari-

meter allows for precisely determining the degree of polar-

ization rotation, as confirmed in the next section.

3. Free-electron laser characterization using a
magnetic sample

The characterization performed at the CiPo beamline allowed

us to test the core capabilities of the COMIX polarimeter

itself, showing its functionality and working energy range. In

this section, we concentrate on a possible application of the

device for studying the static and dynamical properties of

magnetic thin films using FEL radiation. In this particular

application, the COMIX polarimeter has been exploited to

detect the Faraday rotation of a linearly polarized XUV beam
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Figure 3
Intensity pattern recorded at 75 eV photon energy with nominally (a) LH, (b) LV and (c) circular
polarization. The three images share the same colour bar and have been normalized to the incident
beam intensity and to the exposure time. (d) Polar profiles obtained for images (a)–(c) within the
region of interest depicted in panel (a). The glitch discontinuities at 30, 150 and 270� are due to the
shadow of the mounting frame for the inner conical mirror. (e) Calculated polar profiles for ideal
polarization states obtained from equation (2), to be compared with panel (d).

Files: s/ve5156/ve5156.3d s/ve5156/ve5156.sgml VE5156 FA IU-2210/0(29)4 229/31(29)4 () VE5156 PROOFS S:FA:2022:29:4:0:0–0

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570



induced by a ferrimagnetic thin film. The experiment was

carried out at the DiProI endstation (Capotondi et al., 2013),

one of the instruments available at the FERMI FEL user

facility (Allaria et al., 2012). A sketch of the experimental

setup is shown in Fig. 4(a). Linearly polarized XUV light in

the 50–60 eV energy range is transmitted at normal incidence

through a ferrimagnetic thin film deposited on top of a 50 nm-

thick Si3N4 membrane, and the direct beam is intercepted

by the COMIX polarimeter. The resulting intensity pattern is

finally recorded by an in-vacuum Princeton MTE2048 CCD

camera placed approximately 200 mm after the COMIX. The

sample consists of a Ta(3) /Fe76Gd24 (40) /Pt(3) stack (thick-

ness in nm) featuring perpendicular magnetic anisotropy. This

material has been chosen since it has a relatively large Verdet

constant in the XUV range (Yamamoto et al., 2015) and, being

a common material in the all-optical switching field (Stanciu,

Hansteen et al., 2007; Radu et al., 2011), it is very well char-

acterized in the literature. To control the magnetic state of

the sample, an electromagnet was integrated into the setup,

providing a variable external magnetic field up to 250 mT

perpendicular to the sample surface.

In order to perform time-resolved experiments, the FEL

probing pulses (with duration of 70 fs and repetition rate of

50 Hz) were focused down to a spot size of approximately

250 mm � 250 mm by the active optics of the endstation

(Raimondi et al., 2013, 2019). To excite the sample, a near-

infrared 800 nm laser beam (with 60 fs

pulse duration) synchronized with the

FEL radiation (Danailov et al., 2014)

is focused down to a spot size of

approximately 450 mm � 450 mm and

directed on top of the probed sample

region. In order to avoid saturation

of the detector by the pumping near-

infrared laser radiation, the CCD

sensor was protected by a 200 nm-thick

Al filter.

Fig. 4(b) shows the intensity pattern

obtained as an average of ten images

(400 FEL shots per image) after the

sample interaction with LH polarized

light tuned to 52.8 eV, corresponding to

the Fe M2,3-edge (Valencia et al., 2006).

The sample was kept saturated with a

fixed magnetic field, in order to maxi-

mize the polarization rotation. Even

if, due to the sample transmittance of

about 3%, we collected data in multi-

exposure mode, we would like to stress

that, as shown in Fig. S3 of the

supporting information, the COMIX

polarimeter is able to collect polariza-

tion-dependent intensity patterns in

single-shot fashion, which can be helpful

for precisely optimizing the FEL emis-

sion and characterizing its polarization

stability. Comparing a sequence of 20

successive single FEL shots, we estimate a shot-to-shot

polarization instability of 0.8� (FWHM) with respect to the

nominal linear horizontal polarization direction, as described

in Fig. S3(e). As obtained for the synchrotron measurements

in Fig. 2, a diffused ring-like structure can be identified in

Fig. 4(b), and most of the intensity is confined in the central

bright spot, but the two-lobed structure consistent with the

polarization state of the incoming beam is clearly visible.

Despite the background diffuse scattering, Fig. 4(c) shows a

clear twofold pattern in the differential signal between two

images acquired saturating the sample magnetization in the

two opposite out-of-plane directions. This pattern cannot

be ascribed to the single-shot FEL polarization instability

reported above, but it is a clear signature of a rigid rotation of

the 180�-period intensity modulation induced by the Faraday

effect (Alves et al., 2019). It is worth noticing that Fig. 4(c)

highlights the fact that the Faraday rotation can be measured

even very close to the centre of the recorded intensity

patterns, where the central bright spot is formed due to the

mirror roughness. In order to be more quantitative, Fig. 4(d)

shows the polar profile (blue line) extracted from the region of

interest marked in Fig. 4(b) by white dashed lines around the

intensity minimum labelled by ‘A’. After fitting it with equa-

tion (3), a relative Faraday rotation of (4.6 � 0.4)� can be

evaluated with respect to the opposite magnetic saturation

states [red line in Fig. 4 (d)].
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Figure 4
(a) Sketch of the experimental setup for time-resolved pump–probe measurements. (b) Intensity
pattern recorded with LH polarized light tuned to 52.8 eV when the FeGd thin film was saturated
along the z axis (positive saturation). (c) Difference signal between panel (b) and the corresponding
image obtained saturating the sample in the opposite direction (negative saturation). By doing so,
the common background can be removed, and the relative changes are highlighted. (d) Polar
profiles obtained in a �15� range around the intensity minimum labelled by A for panel (b) and for
the corresponding image obtained at negative saturation. After fitting, a relative Faraday rotation of
(4.6 � 0.4)� has been evaluated.
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Having proved the sensitivity of the COMIX polarimeter

to small angular variations of the light polarization state, a

natural step forward consists of using the device for spectro-

scopic purposes, i.e. varying the beam photon energy to

perform a complete scan around the Fe M2,3-edge. In Fig. 5(a)

we report the measured Faraday rotation angle as a function

of photon energy (blue dots) compared with similar data

extracted from magnetic circular dichroism measurements via

a Kramers-Kronig calculation (red continuous line) (von Korff

Schmizing et al., 2020). The overall good agreement shown in

Fig. 5(a) is a strong indication of the reliability of the COMIX

polarimeter as a detection device for XUV Faraday spectro-

scopy. The small discrepancy at energies above 55 eV can be

due to the different Fe and Gd concentrations in the sample

measured by von Korff Schmizing et al. (2020). The error bars

in Fig. 5(a) have been calculated as the square root of the

diagonal elements of the covariance matrix returned by the

nonlinear fitting procedure of the polar profiles. The average

error bar length corresponds to �0.17�, which, together with

the �0.3� uncertainty estimated from the synchrotron data

analysis, sets a limit to the sensitivity of the COMIX device for

detecting Faraday rotation.

One important feature of ferrimagnetic TM/RE alloys is the

ability to reverse their magnetization after an optical excita-

tion. This process, called ‘all optical switching’, can occur

either on ultra-short time scales, where the rotation of the TM

sublattice anti-ferromagnetically coupled with the RE species

is switched due to a faster demagnetization time constant

(Radu et al., 2011), or on longer time scales (hundreds of ps or

ns) where the process is driven by heat diffusion (Stanciu

et al., 2006; Stanciu, Tsukamoto et al., 2007). A simple way to

induce this latter magnetic switching in a multiple exposure

measurement is to increase the fluence of the FEL beam at the

sample plane, so that the first FEL pulse triggers the rotation

process, while the other pulses will probe slower dynamics.

Fig. 5(b) shows two hysteresis loops measured at different

FEL fluences for a beam photon energy of 53.9 eV. Each one

of the experimental points has been obtained by fitting the

polar profiles according to equation (3). Two different beha-

viours can be identified: for low probing fluences, the hyster-

esis loop has a square-like shape, with a coercive field of

35 mT. When the probing fluence is increased from

3.7 mJ cm�2 to 35.0 mJ cm�2, the hysteresis loop shows a

peculiar structure with the same coercive field, which is in

agreement with that reported by Stanciu, Tsukamoto et al.

(2007). In that article, changes in the shape of the hysteresis

loop were attributed to an increase in the near-infrared pump

fluence, and the hysteresis loop was [OK?] measured at

negative probing delays, where the magnetization state is

probed long after the excitation. The same is true for the

measurement performed by varying the probe fluence without

pump, since the effect of the probe on the sample (several ps,

typical for a heat-transfer process) is much slower than the

interaction between the probe pulse and the sample, on the

order of the probe duration (tens of fs). Despite the similarity,

in this work we were exciting the sample with a very different

photon energy (53.9 eV) with respect to Stanciu, Tsukamoto et

al. (2007) (1.55 eV), so some differences in the behaviour and

in the fluence thresholds can be expected.

As a last test, the COMIX polarimeter was used for

performing near-infrared pump–XUV probe measurements,

where the probe was tuned to 52.8 eV. The delay scans

obtained at increasing pump fluences are shown in Fig. 5(c).

Due to the need for a reference state for measuring polar-

ization rotation variations, each one of the traces combines

two delay scans measured while saturating the sample along

opposite out-of-plane directions. Only the first 6 ps of the

magnetization dynamics are shown, since the main interest

is to evaluate to what extent the COMIX polarimeter can

capture fine variations of the polarization state. Considering

the time range shown in Fig. 5(c), the experimental acquisition

time was approximately 1 h per trace. The signature of ultra-

fast demagnetization is clearly visible in the 0–1 ps range, and

the amplitude of the drop increases with increasing pump

fluences. At the highest probed fluence, corresponding to

37.5 mJ cm�2, the normalized magnetization signal changes
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Figure 5
(a) Energy scan performed on the FeGd thin film around the Fe M2,3-edge. The Faraday angle is measured between opposite saturation states, to be
directly compared with the hysteresis loop amplitude. The red line shows data taken from von Korff Schmizing et al. (2020) and extracted from magnetic
circular dichroism measurements via a Kramers-Kronig calculation. (b) Hysteresis loops measured at 53.9 eV for two different probing fluences. The
experimental points have been obtained by fitting the polar profiles according to equation (3) and by removing from each loop its average value.
(c) Delay scans measured at 52.8 eV for increasing pump fluences. The curve corresponding to the highest fluence shows magnetization inversion. The
solid lines are fits performed according to equation (4).

Files: s/ve5156/ve5156.3d s/ve5156/ve5156.sgml VE5156 FA IU-2210/0(29)4 229/31(29)4 () VE5156 PROOFS S:FA:2022:29:4:0:0–0

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798



sign, which means the ultrafast switching of the magnetization

has been achieved in the Fe sub-lattice (Stanciu, Tsukamoto et

al., 2007). In order to extract the Fe demagnetization time �M ,

we fitted the delay scans in Fig. 5(c) with the following func-

tion (La-O-Vorakiat et al., 2012; Caretta et al., 2021),

gðtÞ ¼ 1 ��A 1 � exp � t � t0
�M

� �� �
exp � t � t0

�R

� �
� t � t0ð Þ;

ð4Þ

where �A is the demagnetization amplitude, �R is the

magnetization recovery time and �(t � t0) is the Heaviside

step function centred at t0 . Without including the probe

temporal resolution of 70 fs in the fitting function, the

obtained values for �M lie in the range 130–220 fs. A detailed

discussion on the meaning of these values for FeGd thin films

is beyond the scope of this paper, but we notice that the

measurements returned values in agreement with literature

data (Radu et al., 2011; von Korff Schmizing et al., 2020).

4. Conclusions and outlook

We have presented the characterization of a novel XUV

polarimeter based on the simultaneous detection of the whole

polarization-dependent reflectivity pattern for XUV radia-

tion. Combining measurements performed at synchrotron

radiation and FEL facilities, we have determined a quite wide

working energy range in the XUV spectrum, up to 90 eV,

i.e. covering the energy range containing the M2,3-edges of Fe,

Co and Ni. We have shown that the most important limiting

factor that prevents the extension of the working range to

higher energies is the surface quality of the mirrors. Using

FEL radiation, we have demonstrated a potential application

of the COMIX polarimeter for polarization rotation analysis

after light–matter interaction with a ferrimagnetic thin film. In

particular, we have shown that the COMIX polarimeter can

perform spectroscopic studies across the absorption edge of

a dichroic magnetic element, and that the device has good

sensitivity and stability to detect polarization changes during

time-resolved experiments. This prototype version of the

COMIX polarimeter can be improved by optimizing the

performance of the commercially available aluminium

substrate (see Fig. S1 of the supporting information), currently

limited to a surface roughness of about 2–3 nm (r.m.s.). For

example, we expect that, with a reduction of the roughness

to standard optical mirror quality for synchrotron or FEL

beamlines (<0.5 nm), the working range can be extended to

above 90 eV without changing the Au mirror coating. The

required roughness is routinely achieved in high-end XUV

optics, even for concave and convex geometries (Trost et al.,

2011). On the other hand, to reach the N4,5-edges of the more

common RE materials (such as Gd, Tb and Dy), XUV

multilayer mirrors will be needed for optimizing the trans-

mission of the COMIX polarimeter in an energy range of 140–

180 eV. We envisage that, by extending the COMIX working

range around the RE absorption edges, the device will become

a versatile tool for research in femtomagnetism and for the

development of ultrafast spintronics.

5. Related literature

The following references, not cited in the main body of the

paper, have been cited in the supporting information: Willems

et al. (2015); Yao et al. (2020).
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