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X-ray magnetic circular dichroism (XMCD) is a technique commonly used to

probe magnetic properties of materials with element and orbital selectivity,

which requires the use of circularly polarized (CP) X-rays. It is possible to

accomplish XMCD experiments with fixed CP and alternating the magnetic

field orientation, but most reliable data are obtained when alternating the

magnetization orientation and the polarization between right and left helicities.

A versatile strategy has been developed to perform XMCD experiments using a

hard X-ray quarter-wave plate, at both polychromatic dispersive and conven-

tional monochromatic optics, in combination with synchronous data acquisition.

The switching frequency waveform is fed into a lock-in amplifier to detect

and amplify the XMCD signal. The results on a reference sample demonstrate

an improvement in data quality and acquisition time. The instrumentation

successfully generated 98% of CP X-rays switching the beam helicity at 13 Hz,

with the possibility of faster helicity switching once it is installed at the new

Brazilian fourth-generation source, SIRIUS.

1. Introduction

X-ray magnetic circular dichroism (XMCD) is an element-

selective technique used to study magnetic compounds

(Schütz et al., 1987; Chen et al., 1995; Stöhr, 1999), with the

dichroic signal occurring near the Fermi level due to a

difference in spin-up and spin-down unoccupied states probed

in the X-ray absorption process. An XMCD signal is generally

obtained as the difference between two absorption spectra

(XAS) of circularly polarized X-rays with opposite helicities,

with an applied magnetic field along the X-ray beam propa-

gation axis to either induce an alignment of sample magnetic

moments in the case of ferro/ferrimagnetic and paramagnetic

systems, or induce an imbalance between spin up and down

density of states near the Fermi level in the diamagnetic

systems.

In the hard X-ray range, XMCD signals have amplitudes

of only a small fraction of the absorption jump, with signals

spanning the 10�1 to 10�4 range (Odin et al., 1998; Mathon

et al., 2004; Lamirand et al., 2013). To perform XMCD

measurements one can either switch the beam helicity

(between left and right circularly polarized) or the magnetic

field orientation (parallel or anti-parallel to the beam direc-

tion). A fast switching of the polarization or field can be used

to achieve good signal-to-noise ratio. However, while fast

field switching can impose difficulties particularly for hard

magnetic materials where large magnetic fields are required,
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fast polarization switching has been efficiently implemented in

the past with phase plates (Hirano et al., 1992), which also

allows field-dependent (hysteresis) XMCD measurements.

One can obtain circularly polarized X-rays directly from the

synchrotron radiation source, for example with an elliptically

polarizing undulator or using out-of-orbit elliptical polariza-

tion from dipole radiation (Tolentino et al., 2005). Another

way of producing circularly polarized X-rays is by a quarter-

wave plate (QWP). A perfectly single-crystalline QWP

(Belyakov & Dmitrienko, 1989), in our case diamond single

crystals, exhibits X-ray birefringence in the vicinity of the

Bragg peak giving rise to phase shifts between the �- and �-

beam polarization components propagating through the

crystal (Hirano et al., 1991, 1993; Lang & Srajer, 1995). In

order to attain better beam stability, microfocusing and fast

collection of XMCD spectra, previous implementations

combined diamond QWP with dispersive optics (Giles et al.,

1994), due to its static (non-scanning) dispersive mono-

chromator and area detector (CCD) (Cezar et al., 2010).

The beam footprint at the location of the QWP depends on

the size of the magnet used to perform the experiment which

defines the distance between the focal point of the poly-

chromator (magnet center) and the QWP. While a large-

enough single-crystalline diamond QWP (compatible with

conventional dispersive geometry) may come at a high cost, it

may also be very difficult to find in nature or produce artifi-

cially. In our case, the horizontal beam footprint at 1 m before

the sample is about 90 mm at 7 keV, as shown later in Fig. 2.

Additionally, the conventional dispersive optics acquisition

based on area detectors (Tolentino et al., 2005) is not

compatible with the fast helicity switching (Hirano et al., 1992)

linked with a lock-in amplification (Suzuki et al., 1999) due to

the inability to acquire the incident and transmitted beams

concomitantly. To overcome these limitations, here we

combine an energy scanning strategy with dispersive optics

(Pascarelli et al., 1999), together with a regular-size diamond

QWP switching at tens of Hertz and lock-in data acquisition,

for high stability and high signal-to-noise ratio XMCD

measurements. This combination enables use of large magnets

at the beamline, with no need for big and expensive single-

crystalline diamond phase plates.

2. Experimental setup

This instrumentation was developed to be used at the

dispersive geometry dipole-based D06A-DXAS beamline

(Dispersive X-ray Absorption Spectroscopy) (Cezar et al.,

2010) as well as at the monochromatic non-dispersive wiggler-

based W09A-XDS beamline (X-ray Diffraction and Spectro-

scopy) (Lima et al., 2016) of the 1.34 GeV UVX second-

generation source of the Brazilian Synchrotron Light Source

(LNLS). In addition, it was planned to be compatible without

modifications with the monochromatic-based EMA beamline

(extreme condition) of SIRIUS, the 3 GeV fourth-generation

synchrotron source of LNLS under commissioning. To be

compatible with all three beamlines, we based the setup and

vacuum chamber on the previous report of Suzuki et al. (2014),

with modifications to allow the energy scanning, fast helicity

switching, lock-in noise-filtering and capable of holding

several QWPs. This setup is represented in Fig. 1.
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Figure 1
QWP experimental setup representation, with a vacuum chamber. This chamber is required at the EMA beamline at SIRIUS because the setup is
directly connected to the beamline vacuum. The inset details the motors assembly, which can be used for alignment corrections during an XMCD
experiment, and the support for up to ten diamond QWPs with different thicknesses to access different energy ranges. This schematic describes how a slit
scans the dispersive beam for energy selection to allow integrating transmission detectors (photodiodes, in this case) to be used for lock-in detection, not
possible with conventional dispersive optics.



In a monochromatic geometry, a lock-in noise-filtering can

be achieved using a piezo actuator (PZT) to quickly offset the

QWP’s angular position from the Bragg angle, therefore flip-

ping the beam polarization between circular left and circular

right. To oscillate between the QWP angular positions for

maximum degree of circular polarization (PC), we connected

the PZT to a square-wave generator and used this waveform

as the reference signal for a lock-in amplifier. The latter acts as

a Fourier transform frequency filter, removing all noise with

frequencies other than the reference. The input signal to the

lock-in amplifier is the logarithm of the ratio between the

initial (I0) and transmitted (I1) beam intensities computed with

a log-divider module designed at Argonne (B. Deriy et al.,

unpublished; Suzuki et al., 1998). The lock-in outputs a signal

with amplitude proportional to the difference in X-ray

absorption for opposite helicities; i.e. the XMCD signal. Here

we implemented this noise-filtering XMCD measurement not

only for the monochromatic beamlines (XDS and EMA),

as commonly used, but also made it compatible with the

dispersive geometry of the DXAS beamline.

In order to combine the dispersive geometry and the lock-in

noise-filtering, we introduce a slit after the polychromator to

scan the incident polychromatic horizontally dispersive beam,

similarly to the turbo-XAS method described by Pascarelli et

al. (1999). After this slit, we insert the QWP chamber to switch

the beam helicity (Fig. 1). The slit defines and selects an

energy bandwidth (�E) small enough for the beam to be

considered monochromatic at each slit position, given the

dispersive geometry contributions to the energy resolution

�Eopt (Cezar et al., 2010). Then, �E = [(�Eopt)
2 + (�Es)

2]1/2,

where �Es is the slit aperture contribution to the total energy

resolution. One can estimate the latter term using the relation

�Es=�E = �Ls =�L, where �E is the total energy bandwidth

passing through a large region with length �L, at the slit

position, which has a small aperture �Ls. Additionally, this

monochromatic beam emerging from the slit must fit

completely and be centered in the QWP along the entire

translation range. Nevertheless, there is a limitation associated

with the distance from the QWP to the slit, since this limitation

occurs due to a misalignment (�X) between these two

elements as the beam angle changes with the slit scan (as

schematized in Fig. 2). Therefore, a relative slit translation

(correction) is required to maintain the QWP centered at the

beam through an entire energy scan. Fig. 2 also presents

calculations for the bandwidth as a function of both QWP

width and distance from the QWP to the slit, according to

BQWP = fðBbqÞ=½FbðS� dÞ�gwQWP sin �B, where BQWP is the

energy bandwidth accepted by the QWP, Bb is the beamline

bandwidth (total energy range covered by the polychromator),

q is the distance from the polychromator to the focus, Fb is the

beam footprint, (S � d) is the QWP-to-slit distance, wQWP is

the QWP horizontal size, and �B is the QWP Bragg angle.

Thus, we can better visualize in Fig. 2 the relationship between

these elements. In our case, using a QWP size of 5 mm� 5 mm

(wQWP = 5 mm) a total energy bandwidth of �400 eV was

obtained with a QWP-to-slit distance (S � d) ’ 7 cm (red

line). With an increase in (S � d), the total energy bandwidth
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Figure 2
Top: instrumentation shown in Fig. 1 (top view, without the vacuum
chamber) in situations that dispersive optics could make the beam pass or
not through the QWP. In the case of this instrumentation, S� d. So as the
slit scans across the dispersive beam, there is a condition when the beam
does not hit the QWP. This alignment limitation causes the short spectral
energy bandwidth, requiring a relative slit translation to maintain the
QWP centered at the beam through an entire energy scan. Middle:
representation of the elements used to elaborate the correction for the
QWP positioning. An X-ray beam with energy E selected by the slit at a
distance S from focus, positioned at an XS with respect to the translation
axis X. The QWP ideal position is then Xd, at a distance d from the focal
point. Then, equation (1) is obtained using the relation for energy
resolution in space: �E=E = �L=L, and substituting L = SX=M (because
the energy bandwidth �L is selected at S), where X and M are variables
in directions X and M. Bottom: DXAS beamline energy bandwidth (black
line) at a fixed energy of 7243 eV, p = 9.75 m and q = 1.5 m; and
theoretical calculation for the bandwidth available for the XMCD
experiment (red line), as a function of the distance from the QWP
(�5 mm� 5 mm) to the slit. The blue line is the bandwidth calculation as
a function of the QWP size, for the same energy of 7243 eV, at a fixed
distance of 100 cm between the QWP and the slit.



drops. We can also calculate the required wQWP needed to

maintain the sample total energy bandwidth for a given

(S � d) (blue line). For example, at (S � d) = 100 cm, the

QWP size is wQWP ’ 90 mm.

These monochromatic beam conditions allow conventional

intensity monitors to be used (ionization chambers or photo-

diodes) to acquire the fast response of I0 and I1 simulta-

neously, which is fundamental for the lock-in noise-filtering.

The QWP setup is placed between the slit and the first ioni-

zation chamber, as shown in Fig. 1. Considering both elements

for a complete XMCD experimental setup, a large super-

conducting magnet (radius usually larger than 250 mm) and

QWP vacuum chamber (in this case with radius of �200 mm),

and a distance from the polychromator to the focus of 1.5 m,

this setup would have a very small spectral energy range

(about 20 eV). Thus, to maximize this range it would be

necessary to move the phase retarder closer to the slit or to

move the QWP closer to the sample. However, due to the

superconducting magnet size, the QWP chamber needs to be

as close as possible to the slit; and, for better energy resolu-

tion, the distance between the slit and polychromator needs

to be as small as possible. Then, to increase the experiment

energy range an algorithm was implemented: it concomitantly

translates both slit and QWP according to the beam trajec-

tories using triangles similarity. Looking at Fig. 2, the energy

can be defined by the position of the slit aperture relative to

the translation table, thus guaranteed the beam to always pass

through the phase plate center. This implies that the energy of

an X-ray beam at the position X with distance to the focus M is

given by

EðM;XÞ ¼
�E

�L

S

M
X; ð1Þ

where �E and �L are taken at the slit position S. Therefore,

the misalignment (�X) for a specific energy would be due to

the difference between the beam position as if the QWP was

placed exactly at the slit position (S) instead of its real position

(d), or simply

�XðE; S; dÞ ¼ XS � Xd ¼
�L

�E
E�

�L

�E

S

d
E ¼

�L

�E

E

S
ðS� dÞ;

ð2Þ

and the corrected energy would be

Eð�X; S; dÞ ¼
�E

�L

S

ðS� dÞ
�X: ð3Þ

This relative slit translation allowed us to enlarge the energy

range of the XAS and XMCD spectra, from about 20 eV to

the total beamline bandwidth as described above (�400 eV at

7 keV for this case). Here we note that although spectra with a

range of 400 eV can be achieved, we chose to scan only with

50 eV for better contrast with that previously obtained with

20 eV. Fig. 3 compares XANES spectra before and after the

correction was implemented. To perform an XMCD spectrum,

we have to scan the energy by moving the slit and concomi-

tantly track the Bragg angle and the QWP relative position for

each point of energy according to equation (2). Consequently,

the implementation and automation of the slit correction

allows us to use small diamond plates, which are easier to find

and cheaper, even in the case of very large distances between

the QWP and the focal plane, and use a large superconducting

magnet such as the one we have available to reach fields of up

to 6 T. Moreover, as a result of this implementation, we are

also able to obtain an XAS spectrum in fluorescence mode at

our dispersive XAS beamline at LNLS. This is demonstrated

in Fig. 3, where we show a comparison between transmission

and fluorescence absorption spectroscopy at the Fe K-edge of

a Fe2O3 sample. The differences in the white line between the

two spectra are related to the self-absorption process, inherent

of the fluorescence detection. We note that this new instru-

mentation opens up an opportunity for us to obtain the

XMCD spectrum using fluorescence mode, for samples that

require such type of detection.

3. Polarization characterization of a Bragg transmission
phase plate at monochromatic condition

An X-ray QWP, or phase plate, is a crystal that presents

sizable birefringence near absorption edges or near Bragg
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Figure 3
Top: comparison between the spectra obtained with and without
implementing the energy/position correction as derived in the main text.
Differences in the shape of the absorption edge and white line are due to
different apertures of the slit and normalization conditions between these
experiments. Bottom: fluorescence-mode XAS of the Fe K-edge on a
Fe2O3 sample obtained at the dispersive beamline compared with its
transmission-mode counterpart. The distortions in the fluorescence data
are probably due to self-absorption.



reflections. In this work we used diamond single-crystalline

QWPs. This means that the index of refraction depends on

the relative orientation of the electric field (polarization) and

diffracting Bragg planes. Near the Bragg condition, the �- and

�-polarized X-rays propagate with different phase velocities

inside the crystal, inducing a phase retardation between them.

Its properties cannot be described by the kinematical theory

of X-ray diffraction, requiring the dynamical approach

(Belyakov & Dmitrienko, 1989). For Bragg geometry, the

phase difference (�) between �- and �-components, due to an

offset of �� from the Bragg angle (�B), is

� ¼ �
�

2

�
re

�V

�2
�3t<½FhF �hh�

��

sin 2�B

sin �
; ð4Þ

where t is the plate thickness, � is the incident photon wave-

length, re is the classical electron radius, V is the unitary cell

volume and Fhkl is the structure factor associated with the

(h,k, l) Miller indices. Considering a perfectly monochromatic

and parallel beam, for a phase retardation of �/2, we have

�� = �ðre=�VÞ2�3t<½FhF �hh�ðsin 2�B=sin �Þ, and then

PC ¼
2 IH IVð Þ

1=2

IH þ IV

; ð5Þ

where IH and IV are the transmitted beam intensities with

electric field polarization components in the horizontal and

vertical directions, respectively. The initial goal was to

measure IH and IV of X-rays generated after the propagation

through the QWP. Then, using equation (5), we experimen-

tally determined PC and the angular offset for maximum PC.

These intensities were measured via Thomson scattering by

air, as Fig. 4 shows, placing a detector above the X-ray beam

path to monitor the intensity in the vertical plane, which

corresponds to IH; and a detector on the side of the X-ray

beam to capture the intensity scattered in the horizontal plane,

which corresponds to IV. To perform these experiments, the

beamline optics had to be configured to provide beam diver-

gence of 30 mrad = 0.00172	, similar to the FWHM (full

width at half-maximum) intrinsic width of the diamond

Bragg reflection. The QWP commissioning was performed

at the conventional double-crystal monochromator geometry

wiggler-based W09A-XDS beamline (Lima et al., 2016),

similarly to previous applications of QWPs at non-dispersive

beamlines (Hirano et al., 1992; Boada et al., 2010). We have

chosen for the commissioning a 400 mm-thick diamond plate,

oriented in the (111) direction, which has easily achievable

values for its Bragg angle and offset for maximum PC at 9 keV,

for which the beamline flux is optimum (about 1011 photons

s�1). The transmitted intensity through the QWP as it is

rocked through the Bragg peak is shown in Fig. 4 (black dots).

The FWHM is 0.0131	, given by a Lorentzian fit of the

experimental data. This width is larger than that expected due

to a large photon source size (�100 mm) at the W09A port of

the UVX second-generation source which affects the vertical

beam divergence and, therefore, the beamline energy resolu-

tion beyond the intrinsic. Even under these conditions, this

Bragg peak was sharp enough to successfully produce a

circular polarized beam. Fig. 4 shows X-ray intensities IV (red

dots) and IH (blue dots), as a function of the QWP angular

offset, demonstrating the X-ray polarization state varying

with changes in the offset from the Bragg angle. The vertical

polarization component, IV, has low intensity at angles far

from the Bragg peak, gradually increasing until a maximum as

the QWP angle nears the Bragg condition, symmetrically with

respect to Bragg angle. It peaks at a certain angle and the

distance between these angles is 0.0134	. For the maximum

degree of vertical polarization we need a phase difference of

180	; while, for PC, the phase difference must be 90	, so the

offset for PC is twice the offset for vertical polarization [phase

is linear with ��, see equation (4)]. Therefore, the angular

distance between the red curve peaks corresponds to the

angular offset for maximum PC. Thus, we are able to deter-

mine the circular polarization, from equation (5) and shown

in Fig. 4 (bottom), greater than 98% with an angle offset

of 0.0134	.
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Figure 4
Top: schematic of IV and IH measurements via elastic scattering by air,
using detectors (photodiodes) positioned above and beside the X-ray
beam. Bottom: 400 mm-thick diamond plate Bragg peak and intensities
associated with the polarization components for an incoming X-ray beam
with 9 keV energy. The distance between peaks of vertical polarization
(red curve) shows that the offset from the Bragg angle to reach maximum
PC is approximately 0.0134	; and experimental curve for circular
polarization degree. The data show that �98% of circular polarization
was achieved using the 400 mm-thick C(111) plate.



4. XMCD experimental results

For the final characterization and commissioning of the setup

we selected the GdCo2 compound (Gignoux et al., 1975),

which is ferrimagnetic with ordering temperature around

400 K, as a reference sample for XMCD measurements for

both a rare-earth L-edge (Gd L3-edge) and a transition metal

K-edge (Co K-edge). Experiments were performed at ambient

temperature and 
1 T applied magnetic field in transmission

geometry at both D06A-DXAS dispersive and W09A-XDS

non-dispersive beamlines, obtaining equivalent results.

A summary of the XMCD measurements on the GdCo2

sample, using the methods and instrumentation described

above, is shown in Fig. 5, obtained at the W09A-XDS beam-

line. We measured dichroic signals on the same GdCo2 sample,

at both the Gd L3- and Co K-edges, with and without lock-in

detection, as compared in Fig. 5. Measurements without lock-

in were performed in the static mode: for each energy point,

an XAS signal ln(I0 /I1) is obtained for the two different beam

polarization, and the XMCD is obtained for the signal

difference between these two signals. The advantage in signal-

to-noise ratio by using the lock-in noise-filtering method is

evident from the results, even with the limited photon flux of

about 1011 photons s�1 of these beamlines imposing a limita-

tion on the efficiency of this method. While it is difficult to see

a sizable difference in signal-to-noise ratio at the Gd L3-edge,

this becomes clear at the Co K-edge. For low-amplitude

XMCD signal, as is the case for the �15 times less intense

signal at the Co K-edge with no spin–orbit coupling at the core

level (l = 0), the signal-to-noise ratio was evidently improved

with the lock-in noise-filtering.

With the ability to perform the XMCD experiment by

changing the polarization with the QWP, we were also able to

measure the element-selective field dependence of the Gd L3-

edge XMCD amplitude, as shown in Fig. 5, which oftentimes

pinpoints crucial magnetic behaviors of the sample depending

on the material property of interest. This measurement was

obtained for a fixed energy, at the XMCD peak, as a function

of the applied magnetic field.

5. Concluding remarks

These results demonstrate that the developed instrumentation

successfully allows XMCD measurements to be performed

at both dispersive and non-dispersive beamlines with the

advantage of using the lock-in noise-filtering. These

measurements also show that the implemented geometrical

correction, described in Section 3 above, allows a wide energy

range only limited by the dispersive polychromator energy

bandwidth. For both types of beamline geometries (dispersive-

based or intrinsic monochromatic) it is now possible to use

large experimental setups such as high-field superconducting

magnets using the presented method. This also facilitates

XMCD experiments to be performed under high-pressure

conditions (Torchio et al., 2014; Haskel et al., 2008; Ishimatsu et

al., 2003), since the attenuation by the diamond anvils in this

case makes it essential to use the lock-in noise-filtering even

for large signals observed under ambient pressure conditions.

From our measurements we can estimate an improvement of

at least a factor of two on signal-to-noise ratio for experiments

with the same measurement time using lock-in detection. Here

it is important to note that this improvement was limited for

the inherent limitation of a UVX source, second-generation

facility, such as soil vibration and low photon flux. Therefore,

we believe that this instrumentation will have significantly

better results once it is installed at SIRIUS.

The instrumentation was successfully commissioned and

made available for external users of XDS or DXAS beamlines.

Moreover, this experimental setup is prepared for the undu-

lator-based EMA beamline of the new Brazilian synchrotron

source SIRIUS, where more optimized X-ray beam char-

acteristics (e.g. beam sizes as small as 100 nm, divergence as

small as 20 mrad, photon flux as high as 1013 photons s�1)
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Figure 5
Top: XANES and XMCD signals for GdCo2 at the Gd L3-edge and Co K-
edge. Measurement time for each data set was 40 min. Lock-in frequency
was 13 Hz, and the time constant in the lock-in amplifier 100 ms. Bottom:
XMCD amplitude as a function of magnetic field for GdCo2, with fixed
energy at the XMCD peak of the Gd L3-edge.



combined with this instrumentation will allow XMCD

experiments to be performed at very extreme conditions of

applied pressure (Mathon et al., 2004; Haskel et al., 2008;

Souza-Neto et al., 2009; Baudelet et al., 2009, 2010; Ishimatsu

et al., 2003, 2011; Ishimatsu et al., 2016) as well as low

temperatures (<1 K) and high magnetic fields (>10 T)

(Uemoto et al., 2001; Strohm et al., 2019). This will allow a

plethora of opportunities to study magnetic materials based

not only on rare-earth and 3d transition metals but also on 4f

metals (Souza-Neto et al., 2009), 5d metals (Laguna-Marco et

al., 2010; Veiga et al., 2015), as well as on actinide-based

materials (Okane et al., 2008; dos Reis et al., 2017).
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