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Abstract Sections

X-ray magnetic circular dichroism (XMCD) is the difference in X-ray Introduction
absorption between left and right circularly polarized light in magnetic | gxperimentation
materials. Itis the X-ray counterpart of the magneto-optic effect
forvisible light but shows a magnetic contrast up to three orders
of magnitude higher. The exploration of XMCD using high-flux,
monochromatic and polarization-variable synchrotron sources has Sggg‘;‘:ﬁggza”d
advanced the understanding of magnetism and magnetic materials,

in particular, when combined with spectral analysis based on powerful
sum rules that enable the quantification of spin and orbital moments Outlook
with elemental, even chemical, selectivity and high sensitivity. Asan
essential cornerstone of techniques to probe magnetic nanostructures
and spin textures as well as their dynamics, XMCD has become an
indispensable tool for the study of magnetism at the nanoscale and
atomicscale. This Primer provides an overview of the principles

and physics underlying XMCD, the experimental techniques used
tomeasureitanditsapplication to the study and understanding of
fundamental and technologically relevant magnetic phenomena.
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Limitations and optimizations
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Primer

Introduction

X-ray magnetic circular dichroism (XMCD) is a magneto-optical effect
that describes the difference in absorption between left and right cir-
cularly polarized X-rays by a magnetized material. It is an effect that
is particularly strong at atomic X-ray absorption edges and is used
as an element-specific probe of magnetism in materials — for exam-
ple, to determine the presence of a magnetic moment and quantify
its spin and orbital components. It has been applied to the study of a
wide range of systems, including ferromagnetic, ferrimagnetic and
paramagnetic materials (in the last of these, the magnetic moment is
induced by an external magnetic field or through proximity to a mag-
netized interface). XMCD shares the advantages of near-edge X-ray
absorption spectroscopy (XAS): it is local (at the atomic scale) and
offers elemental and chemical selectivity, sensitivity to specific orbitals
and moderate-to-large penetration depths (1nmto10 pm, depending
onphotonenergy and detection method) with the flexibility to adjust
the probing depth. Compared with magneto-optical effectsin the vis-
ible region, the X-ray magnetic cross-section can be three orders of
magnitude higher, amounting toalarge fraction of the XAS absorption
edge, especially at the L, ; edges of transition metals (3d" > 2p°3d"*")
and at the M, ;edges of the rare earths (4f" > 3d°4f""") — the main con-
stituents of technologically important magnetic materials. The local
nature of the excitation permits an analytical treatment with sumrules
used to relate the integrated intensities of the XMCD signals over the
absorption peaks to the element-specific spin and orbital magnetic
momentsinthe ground state — the latter afundamental quantity that
cannot be straightforwardly measured otherwise'. Other methods,
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Fig.1|X-ray magnetic circular dichroism. For a magnetic metal (Co), the
spectrum of X-ray absorption shows two peaks known as the L, and L, edges,
which correspond to atomic transitions from core 2p,, and 2p;, states to
empty 3d states. Absorption is different for left circularly polarized X-rays
(negative helicity -, blue line) compared with right circularly polarized X-rays
(positive helicity 0", red line): asillustrated in the inset, spin-up electrons
fromthe 2p;, level are preferentially excited by X-rays of positive helicity (o")
rather than negative helicity (o7); spin-down electrons from the 2p,, level are
preferentially excited by X-rays of negative helicity (¢7); when thereis also an
imbalance of empty spin states in the valence band (above £, the Fermi energy),
absorption is different for each of the X-ray polarizations. This is X-ray magnetic
circular dichroism (XMCD), and, as indicated on the horizontal axis, the sign of
the difference changes between the L;and L, edgesif the spin moment is larger
than the orbital moment. The dotted line shows the contribution arising from
transitions to the continuum.

such as ferromagnetic resonance (FMR) and polarized neutron diffrac-
tion, lack element specificity and sensitivity down to sub-monolayer
atomic clusters®?,

The advent in the 1980s of dedicated synchrotron-radiation
sources that provided energy-tunable polarized X-rays marked the
beginning of the exploration of magnetic dichroism in this spectral
region*”. XMCD has since become an indispensable tool for the char-
acterization of magnetic systems, for example for studying multicom-
ponent, weak or diluted magnetic moments, as well as interfacial and
2D materials; as a contrast mechanism for high spatial resolution mag-
neticimaging techniques used to investigate magnetic heterogeneity,
domain structures, magnetic solitons, chiral magnets, in addition to
interfacial cross-coupling between magnetic and electrical properties
in multiferroic nanostructures; in determining the element-specific
fast time response of a spin system to external excitations; and in
reciprocal-space techniques to determine underlying periodicities
and spin chirality of topological materials.

The XAS process is governed by selection rules that conserve the
total angular momentum in the transition between the initial state
(atom and photon) and the excited state. An intuitive way of under-
standing XMCD is given by the two-step model for the L, ; edge of
transition metals (Fig.1). Inthe first step, a circularly polarized photon
excitesaspin-polarized electron from the spin-orbit-split 2p core level
(the Fanoeffect)®. Using the electric-dipole selection rules (Am, = +1and
Am, =0, for orbital angular momentum m,and spin angular momentum
my, in units of #), it can be shown that, from the 2p;, level (L; edge),
X-rays with positive helicity (right circularly polarized) excite 62.5%
spin-up electrons, and those with negative helicity (left circularly
polarized) excite 37.5% spin-up electrons; from the 2p, , level (L, edge),
a positive helicity excites 25% spin-up and negative helicity excites
75% spin-up electrons®*™°. In the second step, the dependence of the
transition probability on the spin-up and spin-down density of empty
states in the valence band comes into play: in a non-magnetic mate-
rial, in which the unoccupied density of states for both spin-up and
spin-down states is equal, the absorption of left and right circularly
polarizedlightis the same; however, when animbalance exists between
the number of empty spin-up and spin-down states, the absorption s
different for the two opposite photon polarizations and, when the spin
moment s larger than the orbital moment, the absorption difference
changessignbetweentheL,and L, edges. Thisis the XMCD effect and
itsenergy dependenceis the XMCD spectrum (Fig.1). More generally,
the absorption process is sensitive to both spinand orbital polarization
of the final states above the Fermi level. In many cases, well-defined
sumrules canbe used to obtain the effective spin and orbital moments
directly fromthe XMCD spectra. Nevertheless, extracting quantitative
information for the magnetic characteristics can be challenging and
may require expertise in physical models and computational methods.

The extension of X-ray microscopy techniques to measure XMCD
permits the magneticimaging of nanostructures with nanometre-scale
spatial resolution and element specificity. Hence, XMCD has been
appliedtoimage aplethoraof magnetic solitons (such as vortices, skyr-
mions, hopfions and nano-oscillators)" ™ and other technologically
relevant nanomagnetic structures of interest for spintronics. Another
strength of XMCD —because it relies onaphotoninstead of anelectron
or magnetic-dipole probe (such asin magnetic force microscopy) —is
that it does not disturb the magnetic state of the sample. Coherent
imaging methods for XMCD, including vector ptycho-tomography
and laminography, now provide near-wavelength-limited resolution
of afew nanometres to probe magnetic textures down to fundamental
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length scalesin magnetism, whichis critical for obtaining insights into
the complex behaviour of magnetization distributions in all spatial
dimensions.

In addition, the inherent time structure of synchrotron light —
typically, a regular train of pulses 10-100 ps in length — enables the
study of fast magnetization dynamics in the gigahertz frequency
range'®. More sophisticated sources, including femtosecond slicing
insynchrotronradiation facilities and X-ray free electronlasers (XFELs),
reach the femtosecond range. Time-resolved X-ray microscopy pro-
vides aunique combination of 15-nmspatial resolution and 10-ps time
resolution”, giving access to the dynamical and switching behaviours
of spin-based logic and magnonic devices.

Examples of the application of XMCD include the study of molecu-
lar magnetic systems'®°, multilayers and magnetic van der Waals
materials” >, magnetic domain-wall logic****, magnetic monopoles
in meta-lattices®®?, magnetic proximity effects at interfaces?*°
and the dynamics of ultrafast demagnetization processes'* —
demonstrating the high potential of XMCD to address magnetic
phenomena across a wide range of materials systems. Access to
the orbital polarization provides a unique approach to the study of
spin-orbit Dzyaloshinskii-Moriyainteractions, quantum phenomena
instrong spin-orbit-coupling materials with dominant Kitaev exchange
interactions®>*and future pure orbital-related fundamental physical
phenomena and their technological impact (for example, modern
spin-orbit-torque-based devices**).

The capability of XMCD to probe a wide variety of systems and a
very diverse set of quantum mechanical effects has made it afundamen-
tal tool for the study of novel magnetic phenomena and new materials
systems. In this Primer, we provide an entry point to the XMCD effect
and highlight its strengths and limitations, through discussion of its
microscopic underpinnings and exposition of different methods and
techniques. A flavour of capabilities of XMCD is given through a number
of representative case studies thatillustrate the potential of XMCD to
investigate a vast range of magnetic phenomena.

Experimentation

Instrumentation

Any XMCD experiment needs a source of circularly polarized X-rays,
and these arereadily available at synchrotron-radiation facilities, most
of which nowadays have XMCD beamlines®. Synchrotron radiation is
produced when electrons, travelling at relativistic energies in a con-
fined orbit, are accelerated by magnetic devices such as dipole bending
magnets, wigglers or undulators®*®, Circular polarization is induced
invarious ways: when passing through dipole magnets, the electrons
generate radiation thatislinearly polarized inthe plane of the electron
orbit, but with a circular component of opposite helicity above and
below the orbit plane; inundulators, a spatially varying magnetic field
pattern forces the electrons into helical orbits, producing radiation
with variable circular and linear polarization*® (Fig. 2a).

Atpresent, afourth generation of diffraction-limited synchrotron
light sources is coming online, with the benefits of ultrahigh bright-
ness and high lateral coherence for imaging and scattering-based
techniques. The ultimate X-ray source is an XFEL, in which coherent
bunching of electrons, as they travel through a long undulator, is
induced through feedback of the X-ray radiation produced by the
electrons; the X-ray beam has full lateral coherence down to the diffrac-
tion limitand has afemtosecond-scale time structure*. Laser-excited
plasmas are becoming increasingly important in the production of
X-rays — now reaching the kiloelectronvolt X-ray regime** and, with

suitable polarizers, make XMCD experiments feasible. By design,
these sources can provide ultrashort X-ray pulses and are suitable for
dynamical studies*.

X-rays are monochromatized by energy-dispersive elements,
such as diffraction crystals*, gratings*®* or reflection zone plates*.
For soft X-rays (the low-energy region of the spectrum, 0.1-2.0 keV),
beamlines are windowless from the X-ray source to the sample and use
anoptical layout consisting of aglancing incidence mirror (to remove
unwanted harmonicradiation and heatload), agrating monochroma-
tor, entrance and exit slits (defining flux and energy resolution) and a
refocusing mirror to focus the beam onto the sample. For measure-
ments of the magnetic saturated state, XMCD is then obtained as the
difference of absorption scans taken with opposite light polarization or
magnetic field directions. The mostreliable data are usually obtained
when alternating both the magnetic field and X-ray helicity (that is,
changing between right and left circular polarization)*. To minimize
theimpact of residual instabilities, X-ray absorption scans can be taken
‘on the fly’, with the monochromator and undulator gap changing
synchronously while data are taken continuously — this reduces the
acquisition time but has similar statistics and energy resolution to a
step-by-step measurement. Some soft X-ray beamlines use line gratings
toreach 4 keV, covering the range of tender X-rays (2-4 keV), but at the
expense of alarge intensity loss.

Standard hard X-ray beamlines are based on a double-crystalmon-
ochromator, a mirror and a focusing section (to reject higher-order
harmonics andto focus thebeamto afew micrometres). Circular polari-
zation canbe produced either directly by helical undulators***’ orbya
diamond orsilicon quarter wave plate®*~ (limited to energies greater
than 2.8 keV owing to absorption losses). By combining fast switching
ofthe polarization at every energy value with a phase-sensitive (lock-in)
detection scheme®, high-quality XMCD data canbe obtained. For com-
pleteness, we mention the existence of hard X-ray beamlines (5-20 keV)
based on energy-dispersive optics®**: although restricted to trans-
mission experiments, the absence of mechanical movement of the
energy-dispersive spectrometer and the shorter acquisition time
for a full spectrum make energy-dispersive beamlines attractive for
high-pressure XMCD studies using diamond anvil cells (up to 300 GPa)
and for pulsed magnetic field measurements®. Which energy range
of X-rays to utilize is determined by the material to be studied and the
absorption edges on which XMCD needs to be measured.

A key component in any XMCD experiment is a tunable mag-
netic field capable of manipulating the magnetic state of the sample.
For analysing soft magnetic materials, magnetic fields up to a few
millitesla can be produced by magnetization coils. Iron yokes can be
added to increase the field up to 1 T; higher fields up to 17 T can be
provided by superconducting solenoids for the study of paramag-
nets, hard magnetic systems and quantum materials with complex
and frustrated magnetic structures. Several experimental stations
at synchrotron-radiation facilities are equipped with 3D vector mag-
nets, usually with a large field of 7-9 T along the beam direction and
1-2 T in the perpendicular directions. For still larger magnetic fields,
pulsed magnets can provide peak fields of up to 40 T for ~20 ms
(refs. 57,58), suitable for studying hard-axis behaviour of hard mag-
netic materials, superconductors across the critical field and quantum
phase transitions®. Further possibilities for the sample environment
include high pressure cells®*~®?, electric fields to manipulate magnet-
ism in magnetoelectric materials®, visible light to induce magnetic
switching in molecular complexes®, variable temperatures down to
200 mK (refs. 65-67) and various characterization tools®. A recent
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Fig.2|Experimental set-up and various detection modes. a, The instrumental
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detection modes: transmission, total electron yield (TEY), total fluorescence
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(XEOL). b, Spectra for transmission (top panels) and TEY (bottom panels)
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are compared at the L, ; edges of Mn, Fe, Co and Niin the multilayer structure
indicated on the right. Transmission intensity /, for material thickness t and

the TEY /,arerelated to the incident intensity /, through the X-ray absorption
coefficient u (left). The absence of a TEY signal at the Mn and Co edges reflects the
short escape depth of electrons from the sample, despite the longer penetration
length of the X-rays. a.u., arbitrary units. Part bimage courtesy of Elke Arenholz.

developmentis the probing of the XMCD response simultaneously with
the macroscopic magnetization, volume changes or caloric properties
of magnetic materials. This has proven beneficial in oxides, hydrides
and nitridesto provide insightsinto magneto-structural phase transi-
tions, inaddition to fundamental Kondo physics and the exotic behav-
iours shown by rare-earth systems® 7. Similar studies have also been
performed on technologically relevant magnetocaloric materials™.

Experimental set-up

X-ray absorption, and hence XMCD, can be measured either in trans-
mission or by detecting the electron or fluorescence yield from the
sample surface.

X-ray transmission is measured by the attenuation of the X-ray
beam propagating through a sample of thickness ¢ according to the
Lambert-Beer law:/(t) = I, exp(-ut). Here, I(t) is the transmitted beam
intensity, /, is the incident X-ray beam intensity and u = u(E) is the
energy-dependent X-ray absorption coefficient. Direct transmission
measurements require a sample thickness that is of the order of the
attenuationlength (1/u) at the energy of interest, typically in the micro-
metre range for hard X-rays’ and down to ~-20 nm for soft X-rays. In the
latter case, ultrathin samples can be supported on freestanding SiN
membranes’’. Some samples can be grown as crystalline films on thick

transparent substrates that show X-ray excited optical luminescence,
andthis effect can be used as ameasure of the X-ray intensity transmitted
through the film’®. The advantage of transmission measurementsis the
straightforward determination of the total absorption cross-section. The
method is bulk-sensitive: it probes the full sample volume exposed to
the X-rays. Itisalso the method of choice for most time-resolved studies.

The X-ray absorption process creates photoelectrons, including
primary photoemitted electrons, Auger electrons and a cascade of
secondary electrons that act as again multiplier, resulting in a photo-
current of afew picoamperes to nanoamperes. Electrons with energies
lower than100 eV have anescape depthinsolids (<10 nm) thatis much
smaller than the X-ray attenuation length, and the photocurrent is
proportional to u (ref. 79). The most common way to detect this photo-
currentis using a picoammeter to measure the drain current between
sample and ground, knownas total electronyield (TEY) detection. Sam-
plesmust be sufficiently conducting for TEY detection, but it provides
very high surface sensitivity, owing to the short escape depth of the
emitted electrons. Thisis advantageous for thin films, nanostructures
and nanoparticles, butless so for studying bulk materials. Furthermore,
the method requires clean surfaces and ultrahigh-vacuum conditions.
TEY canalsobe recorded using an external electron detector, which, in
combination with abandpass or high-energy filter, can be tuned tobe
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particularly surface-sensitive (by measuring partial electron yield)®’;
this detection mode is, however, restricted to small magnetic fields.
The differences between XAS measured in transmission and TEY in a
multilayered sample are shownin Fig. 2b.

Following X-ray absorption, the resonantly excited core hole states
in the sample can also decay through the emission of resonant and
non-resonant fluorescence photons, which can be readily detected
by a photodiode to obtain the total fluorescence yield (TFY). This
method is more bulk-sensitive than TEY and can be applied to any
material, independent of sample conductivity. However, the method
suffers from some drawbacks: for soft X-rays, the TFY signalis typically
much weaker than that for TEY® and requires a large detector placed
near the sample. More critically, TFY is not exactly proportional to
the absorption coefficient, because the resonant decay processes
that contribute to TFY depend on the excited multiplet states, which
are also polarization-dependent®>®, In addition, many of the fluores-
cence photons resonate with sample excitations and self-absorption
can be substantial, leading to saturation effects and to distortions of
the measured absorption spectra®. This effect is very strong for the
M, s transitions of the rare earths, particularly in high-concentration
bulk materials. Self-absorption effects are weaker in the case of dilute
systems, thin films and nanostructures, and in the hard X-ray regime,
where the X-ray cross-sectionis smaller.

A way to circumvent this problem and, generally, to increase the
signal-to-noiseratiois touse an energy-selective detector to measure
partial fluorescenceyield (PFY)®; arelated method s called inverse PFY.
Here, the energy bandpass of the fluorescence detectionis tunedtoa
non-resonant X-ray emission (such as a resonance of a different core
electron or of a different element in the material). The fluorescence
fromthis corelevelisnow reduced when sweeping across the resonant
core-level excitation, providing a measure of the absorptionasina
transmission experiment®,

Spectromicroscopy. Anumber of microscopy techniques have been
developed for acquiring XMCD data with high spatial resolution,
whether at a specific spectroscopic feature (spectromicroscopy),
or as a sequence of images taken as a function of photon energy or
other parameters (microspectroscopy)®-*, XMCD magnetic imag-
ing techniques can be used to study spatial variations of magnetic
phenomena, especially in microsized and nanosized elements®; to
correlate magnetic domain configurations with compositionininho-
mogeneous samples’®; to investigate magnetic phase transitions®"?
and order-parameter coupling between different ferroic systems®;
toidentify local changes in spin and orbital moments’** and to study
dynamic processes, on timescales from geological® to the propaga-
tion of spin waves’**® or ultrafast magnetization dynamics triggered
by optical stimuli®’. The most common techniques for magnetic X-ray
imaging available at synchrotron facilities are X-ray photoemission
electron microscopy (XPEEM), transmission X-ray microscopy, scan-
ning transmission X-ray microscopy (STXM) and X-ray ptychogra-
phy, whichis anadvanced form of coherent diffraction imaging (CDI)
(TablelandFig.3). Theangle ofincidence of the X-ray beam determines
the direction of magnetic contrast. By recording image series for dif-
ferentrotationor tilt angles, 2D and 3D vector maps of the magnetiza-
tion or, inthe case of transmission experiments, even tomograms can
be obtained"'°°. Additionally, we mention X-ray Fourier-transform
holography (Table1), inwhich aninterference pattern of the scattered
beam is recorded on a charge-coupled-device camera and then com-
putationally reconstructed. This bulk-sensitive technique has been

used successfully for imaging of magnetic vortex dynamics'*' and
3D tomographicimaging of the magnetization vector field'°%. Scatter-
ingtechniquesinvolve boththereal part of the index of refraction and
theimaginary part (absorption) and require ahigher-order treatment
of the light interaction cross-section; techniques such as holography
and ptychography can extract both components —the so-called phase
problem (Fig. 3e).

Techniques based on photoelectron detection, such as XPEEM,
require essentially a surface thatis conductive and smooth. The short
inelastic mean free path of electrons makes these techniques more
sensitive to surfaces and interfaces, with probing depths of 1-10 nm.
Becausetheimagingrelies on electron optics, application of magnetic
fields duringimagingis very limited. Nowadays, the spatial resolution
of XPEEMisin the range of 25-50 nm; PEEM instruments equipped with
aberration correctors have a potential resolutionin the 2 nmrange'®,
butthisresolution has not been achieved yet with X-rays. One powerful
advantage of XPEEM is that it is capable of complementary measure-
ments, including X-ray photoelectron spectroscopy and Fermisurface
mapping'®’. An example of results obtained using XMCD-XPEEM is
showninFig.3b.

Techniques based on photon detection in transmission, such as
STXM, holography or CDI, require X-ray-translucent samples. STXM
uses a very fast integrating detector and is well suited to dynamic
measurements'®. X-ray ptychography, the most common form of
CDI, acquires diffraction images by illuminating multiple overlap-
ping regions on the sample. Owing to redundant information in the
diffraction images, image reconstruction from ptychographic data
is particularly robust. In STXM, the spatial resolution, defined by the
microfocus of the X-ray beam, is in the range of 10-30 nm (ref. 106),
but in ptychography the theoretical resolution is diffraction-limited:
recent results show aresolution of 5 nm (ref. 107).

X-ray-detected ferromagnetic resonance. Traditional FMR hasbeen
widely used to determine key magnetic parametersin thin films by ana-
lysing resonance frequencies (linked to internal and applied fields) and
relaxation (assessed through the damping of the resonance). The novel
technique of X-ray-detected FMR (XFMR) enables the examination of
element-specific magnetization dynamics through XMCD'*%, XFMR
measures both the amplitude and the phase of the spin precession
in chemically distinct layers. One experimental challenge is that the
spin precession frequency is in the gigahertz range, and the preces-
sion cone angle is less than 1°. The solution involves stroboscopic
measurements that leverage the time structure of the synchrotron
(-500 MHz). By synchronizing the radio-frequency field driving the
spin precession withthe X-ray pulses using the clock of the synchrotron,
each X-ray pulse captures the magnetization cone at the same phase

Table 1| Main characteristics of microscopy techniques

XPEEM TXM STXM XRH XRPty
Resolution (nm) 25-50 25-50 10-30 20 5
Depth 1-10nm Bulk Bulk Bulk  Bulk
Sample requirements Conductive, flat ~ Thin Thin Thin  Thin
Tomography Limited v v v v
Magnetic field <10 mT v v v v

STXM, scanning transmission X-ray microscopy; TXM, transmission X-ray microscopy; XPEEM,
X-ray photoemission electron microscopy; XRH, X-ray holography; XRPty, X-ray ptychography.
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Fig.3|Imaging and dynamical techniques related to X-ray magnetic circular
dichroism. a, Schematics of four X-ray magnetic circular dichroism (XMCD)-
related techniques: X-ray photoemission electron microscopy (XPEEM),
transmission X-ray microscopy (TXM), scanning transmission X-ray microscopy
(STXM) and coherent diffraction imaging (CDI). Blue represents the path of

the X-rays and red hue that of imaging electrons in XPEEM. b, XPEEM images
ofthe XMCD contrast (greyscale) at the Fe L, edge show the magnetic domain
structure of Fe;GeTe, films as a function of layer thickness (shown schematically
in the colourimage)®. ¢, TXM magnetic image of an NigyFe,,/NdCos/Nig,Fe,o

trilayer structure, each layer 80 nm thick, grown on a 50-nm Si;N, membrane
(scalebar,1pm)?°.d, STXM magnetic image showing skyrmion textures in
Ir-Co-Ptasymmetric multilayers" (image size is 1.5 x 1.5 um?). e, Reconstructed
XMCD signals — absorption (top) and phase (bottom) — from ptychography
(aform of CDI) from a single magnetosome chain of amagnetotactic bacteria”®.
FZP, Fresnel zone plate; PM, photomultiplier. Part b adapted fromref. 23,

CCBY 4.0.Partcreprinted fromref. 210, Springer Nature Limited. Partd
reprinted fromref. 11, Springer Nature Limited. Part e adapted with permission
fromref. 278, National Academy of Sciences.

of the precession cycle. In short, XFMR integrates FMR and XMCD as
pump and probe techniques, respectively. More recently, XFMR has
also been conducted using diffraction and reflection geometries,
providing additional research opportunities'*’.

Sample requirements

TEY measurements are sensitive to the topmost surface layers, which
can have differences in stoichiometry, chemical potential, valence
state, hybridization and magnetic anisotropy compared with the bulk.
Therefore, insitusurface preparation, including cleavage of bulk sam-
plesor sputter cleaning, isanimportant capability in many experimen-
tal set-ups. Otherwise, air-sensitive samples need to be capped by a
suitable material (such as C, Au, Pt, Al, Ru or Ta); these capping layers
must be ultrathin (<3 nm), continuous and conductive. Importantly,
they should not modify the magnetic properties of the underlying
material through proximity effects, hybridization or displacement
reactions (for example, magnetic oxides might be reduced by an Al
capping layer"® and formation enthalpies must be carefully consid-
ered). High-atomic-number materials with large spin-obit coupling
(such as Pt) can also modify the magnetic properties™.

Poor surface conductivity leads to charging effects, which modify
theintensity of the TEY signal collected. The extent of charging is often
evident in one of the three ways: periodic noise in the spectra owing
to regular charge-discharge processes; a time-dependent response
in the TEY to a sudden change in the incident photon intensity (such
as shutter opening); and reduced intensity ratios between L, and L,,

owing to the larger absorption and charging effect at L, compared
withthe L, edge. Charging canbe partially compensated by biasing the
sample withalarge negative voltage (approximately —50 V). However,
measurement of magneticinsulators (such as yttriumiron garnet) can
still be performed using TEY if the insulator is capped with a conduc-
tive material">'" or the measurement is performed in an inert-gas
atmosphere such as helium™,

For measurements of transmission and TFY, the concerns noted
earlier for TEY are relaxed because the sample does not need to be
conductive and the surface region is small compared with the total
sample thickness. Transmission and TFY are also better suited for
the study of buried layers and buried interfaces. For high-resolution
spectroscopy, the sample should be uniform (in thickness and com-
position) over anarea exceeding the X-ray footprint. Thisisimportant
for angle-dependent measurements, in which the footprint varies
as 1/sin 6, in which @ is the angle between the incident beam and
surface plane.

Inthe soft X-ray region, XMCD is usually measured under high or
ultrahigh vacuum conditions and the samples must be vacuum-
compatible; for low-temperature measurements, the presence of
residual gas molecules such as water, CO or CO, can lead to con-
densation on the sample surface that reduces the TEY signal. Radia-
tion damage is also a concern. Although inorganic materials are
mostly radiation-resistant, the intense X-ray beams available at
third-generation and fourth-generation sources combined with the
lack of heat dissipation and vacuum environment can lead to sample
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damage, such as reduction of transition-metal oxides™. For organic
samples, the situationis worse. The X-ray beam often modifies the sam-
ple directly or indirectly, owing to photoelectronirradiation that can
break chemicalbonds™. Insuch cases, the photon flux canbe reduced
orthebeamcanbe repositioned to different areas of the sample before
the damage becomes measurable.

Results

Background theory and model fitting

Because, inthe XAS or XMCD process, the core hole involves alocal exci-
tation, anatomic approachisanappropriate starting point. A suitable
atomic Hamiltonianis

Hatom = He| + HLS + HLF + HZeeman' (1)

in which H, gives the electrostatic (Coulomb and exchange) interac-
tions, H,sthe spin-orbit interaction, H,; the ligand-field or crystal-field
interaction and H,..ma, the interaction with an applied magnetic
field. In localized many-electron systems, transitions are of the type
ptd" > p>d“**for L,;edges of d-metals or d"°f" > d°f** for M, s edges of
f-metals. The wavefunctions ¢;and ¢;of the initial-state and final-state
configurationswithenergies F;and E;are calculated inintermediate cou-
plingusing anatomic Hartree-Fock code with relativistic correction'”,
in which the spin-orbit and electrostatic interactions appear on an
equal footing. In such multiplet codes, the Hartree-Fock values of
the Slater parameters are generally reduced to 70-80% to account
for configuration interaction and screening effects. The spin-orbit
parameters, however, usually agree with their atomic values within afew
percent. Crystal-field and ligand-field interactions canbe incorporated
into the multiplet code using symmetry considerations, which are most
effective in high-symmetry ionic systems"®, For example, in a cubic
environment, thereis only one empirical parameter —the octahedral or
tetrahedral crystal-field parameter 10Dg — whereas all other parameters
are determined by the atomic theory. Additionally, charge-transfer
interactions can be included similar to the Anderson impurity
model, using the intra-atomic Coulomb interaction (Hubbard U)
for a 2p®3d” ground state, in which U= EQ2p®3d"™?") + EQp®3d"") -
2E(2p°3d"); the core-valence Coulomb interaction is included by a
parameter Qand theligand-to-metal charge transferby A = E(2p®3d™*'L) -
EQ2p®3d"), in which L represents a hole on the ligands.

Thetransition probability T from ¢, to ¢;is given by Fermi’s golden
ruleas:

Tieo< K |A - plY) P8 (E; — Ei— hw), )

inwhich the first factor gives the modulus square over the matrix ele-
ment (| and the second factor is the delta distribution for energy
conservation in the excitation process. The operator A= ge*" is the
vector potential of the incident photon and p is the momentum of
the electron; € and k are the unit polarization vector and wave vector,
respectively, of the incident photon with energy 7w, and r is the posi-
tion vector. Fork - r « 1, the exponential factor can be expanded as
e®*=1+ik-r+ - whichyields the E1 electric-dipole and E2 electric-
quadrupole terms, respectively. The E1 approximation holds well in
the soft X-ray region, giving a transition operator € - r, so that absorp-
tion of left and right circularly polarized photons results in Am,=-1
and +1transitions. Hence, circular dichroism occurs when the magnetic
sublevels in the ground state are unequally populated, owing to the
presence of magnetism or a magnetic field. For the E2 term, which
becomes observableinthe hard X-ray region, transitions up to Am,=+2

are allowed. A detailed theoretical foundation can be found in
refs. 3,118,119.

Various computer codes based on multiplet theory are available to
calculate XMCD — for example, Cowan"?°, CTM4XAS'* and Quanty'*,
among others. These codes differ mainly in their graphical interface
but all give essentially the same calculated spectra; they, as well as
band-structure codes, are described inmore detail inrefs. 3,123. Once
the multiplet structure has been calculated, it can be compared with
the experimental XMCD spectra (either by visual inspection or using
a least-squares fit procedure) to extract quantitative information
about the magnetic properties of the material, such as spinand orbital
moments or magnetic ordering (Fig. 4a).

This theoretical approach has been very successful — the first
calculations correctly predicted the expected spectra'*'* — butimpor-
tant quantitativeinformation can also be obtained directly from experi-
mental data by using the powerful spin and orbital sum rules, which
are essentially theory-independent. The sum rules give the relation
betweenintegrated intensities and the ground-state expectation values
of the spin and orbital moments, ¢S,) and (L,); for the case of the
L, edge of transition metals, they have the form"*'*";

S -n)dE

<Lz> = 2/(”_ +U, +ﬂ0)dE

(ny, (3)

= )E=2 [ (u-p)dE
S+ +ng)dE

Sprimy=3 ny, @)

inwhichT=Y;s; - 3r(s; - r.)/r*is the magnetic dipole term whose diag-
onal elements describe the difference in charge asymmetry between
the spin-up and spin-down electrons’; n, is the number of holes in the
dband; and p_, i, and p, are the X-ray absorption coefficients for cir-
cular left, circular right and linearly polarized light with electric field
parallel to the magnetization, respectively. The first sum rule states
that the integral of the XMCD signal is proportional to the orbital
moment averaged over the thermally occupied levels of the ground
state and a related sum rule applies for the K edge'*. The second sum
rule states thatafixed linear combination of the XMCD spin-orbit split
signals yields the spin moment (S,) plus a contribution from the
magnetic dipole term (T,), often together denoted as the effective
spin moment.

Alternatively, single-particle calculations canbe conducted using
density functional theory either in real space through methods such
as multiple scattering and wavefunction approaches, or in reciprocal
space using band-structure methods. Electrons can be analysed inboth
spaces, but thereal-space basisis particularly well suited for core-level
absorption calculations. Additionally, these techniques are applicable
tomoleculesor liquids, which do not have periodic structures. Notable
real-space single-electron codes for calculating XAS include FEFF*® and

FDMNES'’, as well as various quantum-chemistry codes'>.

Measurement goals

Different kinds of XMCD results can be distinguished. The first type
concernstheKandL edges of transition elements, for which, using sum
rules'”*'?, the spin and orbital moments of the magnetic ground state
can be extracted. A second type (which includes the deeper absorp-
tion edges of 4flanthanides and 5factinides, and anions and ligands)
refers to cases for which a quantitative analysis is not always possible
because of the simultaneous presence of E1and E2 transitions. For such
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Fig. 4 |Examples of spectra from X-ray absorption spectroscopy and X-ray
magnetic dichroism. a, The X-ray absorption spectroscopy (XAS) spectrum of a
magnetite film, Fe;0,/MgO0(001), is different for right () and left (u") circularly
polarized X-rays. The corresponding X-ray magnetic circular dichroism (XMCD)
spectrum, indicated by the solid black line, has a complex structure owing to the
contributions from different cation species. The spectrum can be decomposed
(lower panel) using ligand-field multiplet (LFM) theory, which highlights the
antiferromagnetic coupling between spins on the octahedral and tetrahedral Fe
sites, manifest in the opposite sign of the XMCD?”. b,¢, XAS and XMCD spectra are
shown for perpendicularly magnetized Co/Pt multilayers at the Co (partb) and Pt
(partc) L, ; edges, demonstrating induced magnetism in paramagnetic Pt owing
to proximity effects®. b, In the upper panel, the isotropic XAS signal (solid black
line) of Co is shown for normally incident X-rays (H, applied field; T, temperature).
The XAS background signal (grey line) is removed before calculating the
integrated XAS signal; the integrated signal (dashed line) goes into the spin and

orbital moment determination, performed using the XMCD sum rules. The lower
panel shows the dependence of the XMCD signal on the angle of incidence of the
X-rays (solid black line, normal incidence; dashed black line, 60° from the normal)
used to estimate the in-plane and out-of-plane orbital moment components.

Red and blue dashed lines show the respective integrated signal. The integrated
signal demonstrates a larger orbital moment along the out-of-plane direction.

¢, For Pt, the normalized XAS spectra have less pronounced peaks than for Co
(3d4s%) owing to the lower density of empty states in Pt, with a configuration
5d°6s'; the spectrum of Au, with a full 5d band, is shown to further illustrate this
point. The XMCD signal (data points, lower panel) is shown with the integrated
signal (red line) used for the moment calculation with the XMCD sum rules; p and
qaretheintegrated areas under the L, peak and the total XMCD area, respectively,
and are used to calculate the spin and orbital moments. a.u., arbitrary units.

Part aadapted with permission from ref. 279, American Physical Society. Partsb
and c adapted with permission from ref. 29, American Physical Society.

experiments, the approach is to determine a magnetic signature and
to record its variation as a function of an external parameter such as
temperature, external magnetic field or pressure.

L,; edge of transition metals. XMCD has been measured for all
3d elements from scandium to copper°™"¥; for 4d elements includ-
ingY, Mo, Ru, Rh, Pd and Ag"*"'**; and for 5d elements including W, Re,
Ir, Pt and Au™*"*. In the E1 approximation, the L, edges probe the
valence d'states.

K and L, edges. XMCD at the K edges has also been measured,
mainly for 3d metals. In the E1 approximation, they give access to
the empty p levels and to the antibonding part of the chemical bond
or the conduction electrons in a metallic bond. For K and L, edges,
the orbital angular momentum of the core hole is zero, spin-orbit
coupling does not split the core level and no information can be
gained about the spin moment. In addition to the main component
of the K edges (1s - p), El transitions towards p-d hybridized states
and E2 transitions towards d states are generally observed in the
pre-edge region. The application of sum rules for E2 transitions
to extract quantitative magnetic moments is difficult, usually
requiring ligand-field multiplet calculations™°. When inversion

symmetry breaking allows p—d hybridizations — for example, in the
tetrahedral point group (S,, D,qand Ty, among others) — El1transitions
areenhanced in XMCD and afinite E1signalis superimposed onthe E2
signal. These XMCD signals can be used for magnetometry under the
assumption that the XMCD signal follows the total magnetic moment
ofthe absorbing ions.

4f lanthanides and 5f actinides. Another kind of elements to which
XMCDis applied includes the 4flanthanides™ and 5factinides™. In the
Elapproximation, the 4for 5forbitals are probed at the M, s edges, cre-
atinga3d corehole. The 4fand 5flevels can also be probed through E2
transitions by recording the L, ; edges. For lanthanides (or actinides),
informationis then collected on the 5d (6d) levels via El transitions, on
which is superimposed information on the 4f (5f) levels via E2 transi-
tions. Although a quantitative analysis is generally not possible in this
case, the different temperature and angular dependences of the E1and
E2 XMCD cross-sections for the 5d and 4flevels, and for the 6d and 5f
levels, can aid in separating E1 from E2 transitions">%*,

Anions and ligands. Another category for XMCD includes anions or
ligands. Insimple solid-state models, anions are not considered to carry
amagnetic moment. For instance, in magnetite, Fe,0,, the electronic
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structureis usually interpreted as [Fe*'], [Fe*'Fe**]; 0>, with magnetic
moments originating from the antiferromagnetic coupling of the Fe*'
ions on the A sites (T; symmetry) and Fe*" and Fe* ions on the B sites
(D;4symmetry)'>.Indeed, the outer orbital of 0> is 2p® and no magnetic
polarization is expected. However, because of O 2p-Fe 3d hybridiza-
tion, the O 2p level is partially unoccupied giving a finite O magnetic
moment, resulting in XMCD at the O K-edge"*"’. XMCD has also been
detected onions such as Ge, P, S, Cl, I, Ga and Te, which contain no
apparent open shell with either d or fsymmetry®®1587163,

Data analysis

The first two XMCD sum rules, equations (3) and (4), were developed
in the E1 approximation'?*'#, The sum rules are most accurate when
the orbital absorbing the excited core electronislocalized. Inthe pres-
ence of extended orbitals, the closure relation needed for sum-rule
derivation is no longer strictly valid and sum rules cannot be rigor-
ously applied'®*'*, The cases in which both E1 and E2 transitions are
present are more challenging; sum rules for E2 transitions exist, but
their applicationis cumbersome because they involve the calculation
of higher-order moments'**'**, Hence, it follows that the sumrules are
mostappropriate for the L, ;edges of transition metals and M, sedges
of lanthanides or actinides (but see also the section ‘Limitations and
optimizations’).

Data treatment often aims to prepare raw XMCD data for appli-
cation of the sum rules. The first consideration is the nature of the
detection mode. Has the XMCD been recorded in transmission, TEY
or TFY? PFY measured at resonanceis not agood measure of the X-ray
absorption because the assumption that the fluorescence probability
ofthelevel of interestisindependent of incident photon energy breaks
downfor resonant X-ray emission; non-resonantinverse PFY does not
suffer from this limitation®®. Depending on the type of measurement,
corrective measures must be taken.

Intransmission, the cross-sectionis given by In(/,//) and the sample
should be homogeneous (of constant thickness without pinholes) to
avoid deformation of the XAS spectra (for which there are no reliable
corrective measures'>'%%). Today, most examples of XMCD recorded
in transmission have been measured on beamlines working in the
dispersive modein the hard X-ray range. In this case, thereis generally
no/,signal, although the signal recorded in the absence of the sample
canbeusedinits place.

Exceptatverylow grazingangles®,in TEY there is no reabsorption
because the penetrationdepth of the X-raysis usually much larger than
the escape depth of the electrons (<10 nm)”°", The derivation of the
sumrules is in fact made for u/(4mafiw), where a is the fine structure
constant, and the experimental X-ray absorption coefficient g should
be divided by the photon energy fiw before applying the sum rules.
However, few researchers consider this correction necessary, mainly
because the TEY is not exactly proportional to u (ref. 173) or because
the edges are very close together.

In TFY, there are well-known reabsorption effects, which need to
be corrected. Although reabsorption effects are small when the absorb-
ing atom is diluted, they must always be corrected for a quantitative
application of the sum rules'. In the case of hard X-rays, the fluores-
cence (reabsorption) corrections are straightforward to compute*'”,
In the soft X-ray range, the energy®” and angular dependence'® of the
fluorescence decay introduce changes to the XAS spectrathat prevent
aquantitative use of the sumrules.

Toapply thesumrules, the isotropic spectrum (z,,,) must be deter-
mined. The integrated isotropic cross-section is proportional to the

number of holes"®. In the case of a magnetically polarized crystal,
theisotropic X-ray absorption in the E1 approximationis obtained by
averagingthe spectraforleft (u_), right (1,) and linear (u,, with electric
field parallel to M) polarized light, used in the denominators of equa-
tions (3) and (4). Often, (u_+ p,)/2 measured with k along Mis taken as
afirst approximation for the isotropic X-ray absorption. When X-ray
natural or magnetic linear dichroism is absent, (u_+pu,)/2 =y, but
thisis generally not correct and such anapproximation canintroduce
severe flaws in the application of the sum rules™”"”’.

Afinal correction of the XAS spectrainvolves removing the back-
ground contribution corresponding to transitions to the continuum.
ForL,;edges, thisis often handled by removing two arctangent curves
ina2:1ratio for which the inflection points are at the maxima of the L,
andL,edgeswithwidthequaltothe convolutionoftheinstrumentaland
lifetime broadening (Fig. 4b,c). It should be noted that this procedure
is only approximate and usually not suitable for ionic compounds',
The true position of the continuum onsets, however, can be obtained
from a comparison of XAS with core-level photoemission'”’.

For El transitions, reversing either the magnetization or the cir-
cular polarization is equivalent; however, in the general case in which
E2 transitionsare also present, the equivalence does not hold because
cross-terms between matrix elements involving E1 and E2 might be
non-zero (Supplementary Information). When the sample is apowder
andwhenthe orientation point group of the space group of the crystal
is not compatible with the observation of optical activity, the equiva-
lence between reversing the magnetic field and reversing the helicity is
preserved. Inthe cases inwhich opticalactivity is present'*”, reversing
the X-ray helicity is different from reversing the external magnetic field
because the E1-E2 cross terms are not zero. These E1-E2 terms are at
the origin of X-ray natural circular dichroism and X-ray magneto-chiral
dichroism"81¢9150,

Statistical analysis and error calculations

Asdiscussed earlier, quantitative determination of the spin and orbital
moments relies on several theoretical assumptions and experimen-
tal approximations that introduce systematic errors in the general
application of the sum rules. Those errors are difficult to quantify
but comparative measurements have shown that the sum rules can
provide total moments within ~10% of the value measured using bulk
techniques'*®'®"1%? (see also the section ‘Limitations and optimizations’).
In addition, because the XMCD sum rules require the integration of a
difference signal, good statisticsisimportant; oftenagood strategy is
toacquire several spectraatamoderate accumulation time or toswitch
helicity at each energy point to minimize signal drift.

Applications

The XMCD effect has been applied to study a multitude of magnetic
systems and magnetic phenomena: detailed accounts canbe foundin
refs.3,7,10,44,183-189. Although we have emphasized the quantitative
aspects of XMCD earlier, the effectis also widely used as a sensitive and
element-specificintrinsic probe of magnetic order. In the following, we
illustrate the use of XMCD in a few topical areas in magnetism.

Magnetism of thin films and nanostructures

Thefirstapplications of XMCD concerned the study of 2D magnetism
in ultrathin films, including the link between magnetic anisotropy
and orbital moment”%'"!, For example, XMCD measurements at the
spin-reorientation transition of ferromagnetic materials asa function
of thickness'”?, orinduced by an adjacent magnetic layer of adifferent
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element”, demonstrated the theoretically predicted relationship'*'*?
between the orbital moment anisotropy and the magnetocrystalline
anisotropy energy. Applied to single Co adatoms and nanoparticles,
XMCD revealed the magnetic anisotropy at the atomic scale”. The ele-
ment selectivity and high sensitivity of XMCD are often exploited to
detectinduced magnetic momentsinnominally nonmagnetic materials
that are in contact with a magnetized ferromagnetic material, either
at aninterface or as an alloy (for example, in Cuin Co/Cu and Fe/Cu
multilayers®®"*'%, Co,,Cu,, alloys® or in artificial FeCu alloys™®), or
to detect a net magnetization induced at the interface of an antifer-
romagnetic material by the presence of an adjacent ferromagnetic
layer”°, XMCD is also sensitive to the magnetization induced by a
strong external magnetic field”’, an effect used, for example, in the
study of magnetic molecules.

XMCDinTEY isideal for the measurement of structures at reduced
dimensionality and size, including single atoms adsorbed on surfaces.
Sum-rule analysis of XMCD spectra has shown that, when going from
bulk material over a monoatomic layer to single-atomic chains®*° or
to individual adatoms?®”, quenching of the orbital moment is suc-
cessively reduced and the spin moment approaches the single-atom
limit. Studies of the blocking of the direction of the magnetic moment
of dispersed non-interacting paramagnetic adatoms on surfaces —
important for the long-term goal of reaching room-temperature sta-
bility of the magnetic moment — can thus be carried out using XMCD
and have culminated in the observation of magnetic remanence of
individual Ho atoms adsorbed on an ultrathin MgO layer on Ag(100)
at30K (ref.202).

XMCD has also been extensively used to study magnetic nano-
structures and nanoparticles, often in combination with X-ray micros-
copy. For example, XPEEM has been used to image the magnetic
configuration of thin films and patterned structures, leading to a bet-
ter understanding of the contribution of the different terms to the
magnetic energy, therole of interlayer interaction in 2D van der Waals
materials (Fig. 3b) or of the lateral geometry and local defectsin small
magneticstructures®”®.Inaddition, it has been used toimage and probe
individual magnetic nanoparticles with sizes smaller than the micro-
scoperesolution (using an approach similar to super-resolution micros-
copy)***+*», establishing the presence of enhanced magnetic anisotropy
in Fe and Co nanoparticles owing to the presence of local defects, as
determined by correlative XPEEM and STEM measurements®°®?%,
Moreover, STXM and X-ray holography imaging have been used to
study the staticand dynamicbehaviour of magnetic skyrmions (Fig. 3d)
and other topological spinstructures™"?°?? (Fig. 3c). More recently,
anew class of magnetic systems has been unveiled which are nominally
antiferromagnetic but with the spinssitting on non-equivalent crystal
lattice sites with broken inversion symmetry, named altermagnets®”.
Thebreakininversion symmetry leads to unusual magnetic phenom-
ena, including the presence of amarked XMCD effect”, which has been
used to probe the local spin order in MnTe (ref. 215).

Quantum materials and molecular magnets

Quantum materials are systems whose properties are ruled by quantum
effects that cannot be described classically, such as quantum entan-
glement and quantum phase transitions. Examples include Kitaev
materials, which are characterized by spin frustration and a strong
spin-orbit coupling that leads to spin and orbital entangled states
formingso-called pseudo-1/2 spin states, and which are susceptible to
hosting a spin-liquid phase*>***', By providing access to both orbital
and spin moments, XMCD has the potential to provide insights into the

physics of these materials and has already been explored, for example,
todetermine the sign of the trigonal crystal field of the Co 3d statesin
the Kitaev-candidate material Na;Co,SbO (ref. 34).

XMCD is also useful for the study of novel material properties at
the intersection between magnetism and topology, such as in topo-
logical insulators, which are characterized by metallic surface states
protected by time-reversal symmetry?”. In particular, it has been pre-
dicted thatinducing a magnetic moment in the metallic surface state
could lead to the onset of Majorana quasi-particle states**,and XMCD
hasbeen exploited to determine the onset of magnetismin topological
insulators by doping????° or by contact to a ferromagnetic layer**?>,
Forexample, Arrott-Noakes plots — obtained by measuring the XMCD
of Dy at the M; edge as a function of field at low temperatures — have
been used to obtain the transition temperature of Dy-doped Bi,Te,
topological insulator thin films®*°,

The control of the quantum spin state in 2D systems, including
hybrid (paramagnetic) molecules, 2D van der Waals magnets and other
low-dimensional materials'®*%*?%* is also of outstanding interest.
For magnetic molecular complexes, afundamental understanding of
theinteraction at the interface (also termed ‘spinterface™***) requires
monolayer or sub-monolayer molecular coverages. Planar molecules
such as porphyrinor phthalocyanine have been widely studied in this
context, because they adsorb flat in the sub-monolayer regime on
ferromagnetic substrates. In these cases (for example, Fe-porphyrin
molecules adsorbed on Ni(100), ref. 18), the element specificity of
the XMCD technique enables the study of 3d metal atom magnet-
ismin the molecule separately from the ferromagnetic metal film,
including element-specific hysteresis curves and determination
of the nature and strength of the magnetic coupling. The tailoring of
the magnetic coupling of the paramagnetic atoms in the molecules
to the substrates, which is essential for applications, can be achieved
by utilizing intermediate light atoms such as oxygen or carbon
(graphene)?*,

A different class of fascinating magnetic molecules are the
so-called double-decker molecules consisting of a lanthanide atom
betweentwo phthalocyanine molecules. Because of the large single-ion
anisotropy of the lanthanides, these molecules can exhibit magnetic
hysteresis without coupling to aferromagnetic substrate?”*. However,
coupling to ferromagnetic substrates can indeed be mediated by
graphene?®?°, Utilization of graphene advances new concepts,
because specific 2D systems can only be synthesized on graphene?”.
For example, the weak van der Waals interaction of europium cyclooc-
tatetraene (EuCot) molecules with graphene enables the synthesis of
EuCot nanowires, which wind up and build a 2D nanocarpet (Fig. 5a,
inset). Interestingly, XMCD studies have revealed a hysteretic behav-
iour for these nanowire systems which appears at 5K and vanishes at
7 K, demonstrating that this system exhibits ferromagnetic behav-
iour (Fig. 5a). In addition, quantitative XMCD measurements (such
as the example shown in Fig. 5b) show that Eu displays a saturation
spinmoment of 7.0 + 0.6 u; per atom at 5 Kand a zero orbital moment
(within error bars): the latter result is unexpected, given the large
magnetic anisotropy reflected in the magnetic hysteresis®".

Spin-crossover molecules show promise for applicationsinmolec-
ular spintronics, sensors and displays. The spin state of these molecules
can be switched from a low-spin to a high-spin state by, for example,
visiblelightirradiation, or changesin temperature or pressure”> With
the help of XAS studies, spin-crossover complexes have been identi-
fied that show light-induced excited spin-state trapping at near room

temperature®>,
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Molecular nanomagnets

Ultrafast charge and spin dynamics

Fig. 5| X-ray magnetic circular dichroism for
the study of magnetic molecular systems, and
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Magnetization dynamics and ultrafast processes

The demand for faster, denser datastorage and processing capabilities
continues to propel efforts to find novel ways of controlling magnetic
states. One example is the potential for spin currents flowing across
interfaces to switch and manipulate magnetization, for example, via
spin-orbit torques®*. Such effects usually occur on sub-nanosecond
timescales and are ideally probed using the fast time resolution of
synchrotron radiation together with high-resolution XMCD imaging
techniques’®**, The development of sub-100-fs laser pulses has enabled
radically new ways of manipulating magnetism*®. In such studies, exci-
tationof theelectronic system with aspin-conserving opticallaser pulse
isused to study the subsequent magnetization dynamics, including the
influence of magnetic exchange interactions, spin-orbit coupling and
electron-lattice and spin-lattice coupling?****. Examplesinclude the
application ofthe sumrules to determine the spin and orbital dynamics
in 3d metals®*”**® and their role in angular-momentum transfer to the
lattice®’; and the element-specific magnetization dynamics in CoFeGd
alloy films, showing that all-optical magnetization switching proceeds
via transient ferromagnetic coupling of the magnetic subsystems*?,

Many of these ultrafast studies have been carried out using the
so-called femtosecond-slicing of picosecond-long bunches at syn-
chrotronsources such as BESSY Il (ref.241) and are important stepping
stones towards the use of XFEL radiation for XMCD. However, the
most important recent development for XMCD studies at XFELs**?
is the ongoing installation of helical insertion devices®?, to generate
circular polarization, at most major European XFEL facilities. The high
X-ray flux of XFELs offers the exciting prospect of combining XMCD
with holographicimaging®** and resonant magnetic scattering*. The
potential of time-resolved XMCD studies is highlighted in ref. 246,
and in Fig. 5. The ultrafast dynamical response of a metallic Co-Pd
multilayer system to fast optical excitation promotes electrons from
below the Fermi level (£;) to above (Fig. 5¢). This excitation process
canbe probed directly in XAS via additional core-valence transitions
below E; and the bleaching of transitions into now occupied states
above .. The crossover between the two effects defines the position
of E; (Fig. 5d). It is then possible to perform sum-rule analysis in the
time domain for individual energy states: a first attempt is shown in
Fig. 5e, in which the XMCD asymmetry can be viewed as a measure of
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the spinmoment evolution; the observed changes have been assigned
to the excitation of magnons®*®. Future measurements will be able to
corroborate thisresult and assess whether, for example, all optical spin
transfer is possible during laser excitation®".

Reproducibility and data deposition
A defining characteristic of X-ray spectroscopy is its sensitivity to
smallmodificationsin the electronic structure of materials. However,
this also creates the difficulty that small variations in the system
properties — such as internal strain, defects, non-stoichiometry and
impurity phases affecting the magnetic moment — will also strongly
impact the XAS and XMCD spectral features. Hence, although XMCD
provides a fingerprint of the material, its reproducibility will depend
largely on how well a given system can be reproduced to the small-
est detail. Experimental conditions, such as energy resolution of the
instrument, will also impact the XMCD line shape. As a consequence,
no databases have yet been established for the deposition of XMCD
standards, although they could be very beneficial to the community.

For data comparison, it is important that XAS spectra for both
left and right circular polarization are provided; these are normally
plotted with the pre-edge region set to zero and the post-edge set
to one, giving an immediate reading of XMCD as a percentage. Note
that for low concentrations, variations in background drift between
the two spectra can complicate the obtaining of reliable difference
signals. Additional important information includes the temperature,
the magnetic-field direction and history (for example, field cooled or
zero-field cooled), the degree of circular and linear polarization and
the angle of incidence of the light. Estimates of the energy resolution
can be more difficult to obtain but should be reported if possible. For
datamodelling, in particular, for multiplet calculations, itisimportant
notonly thatthe code used is specified but also what parameter values
were used for the calculation; this can be easily achieved by making
theinput-parameter files available (as supplementary information or
placedinarepository).

Beam damage, introducing (often) irreversible modifications in
the atomic, electronic and magnetic structure of the material, has a
negative impact on the reproducibility of the XMCD spectrum and
should be assessed, especially for less radiation-resistant materials.
Controlmeasurements carried out to determine the exposure damage
threshold (which entails measuring the beamintensity) would largely
addresssuch aproblem.

Limitations and optimizations

Sumrules

Experimentally, it is found that in most cases, discussed in the
‘Measurement goals’ section, the sumrules apply, but there are some
limitations'®'*%177248°25 mostly associated with the determination of the
number of holes for the magnetic open shell, the presence of hybridi-
zation or band structure in the ground state, E2 transitions', energy
dependence of the radial matrix elements***’, the presence of the mag-
netic dipole term (7,) and_jj mixing of the spin-orbit split core states
(wherejrefers to the quantum number of the total angular momentum
ofthe core hole, for examplej=1/2and 3/2 fora2p core hole).

The precise number of 3d holes, n,,, is experimentally inaccessible
because the absorptionis not measured on an absolute scale. Instead,
n,isoften estimated by chemical intuition or by ligand-field multiplet
orband-structure calculations, which may not always be representative
for the actual material. Performing XMCD measurements on a set of
reference samples with different oxidation states can help to narrow

down the value of n,, (ref. 258). The spin sum rule has been theoreti-
cally simulated and tested in several works and compared with polar-
ized neutron reflectivity results’'. Because the ratio (L,)/(S,) does not
depend on n,, relative changes in the orbital to spin moment can be
obtained with higher certainty, for example, across a sample series.

The role of the (T,) term is discussed in several works!s>171259260,
In octahedral symmetry, (T,) is nearly zero at room temperature and
large at temperatures for which 3d spin-orbit coupling causes an
unequal distribution over the states; for lower symmetry materials,
(T,) is essentially unaffected by the 3d spin-orbit coupling. Calcula-
tions based on density functional theory give large (T,) values at the
surface of 3d metals and neglecting them can give errorsin (S,) up to
50% for the Ni(001) surface?”. One way to obtain (T,) is to carry out
XMCD measurements at different angles'®. We note that the con-
clusion that (T,) = 0 in cubic systems'*?*"**? js based on the approxi-
mation that (7,) = (Q,)(S,) and that the charge quadrupole moment
(Q,) = 0for cubicsystems; however, ingeneral, (T,) = (Q,'S,) # (Q,)(S,)
(refs.263,264).In many disordered, cubic, 3d metallic systems, (T,) is
found to be negligible>**%,

Another effect leading to an error in the spin sum-rule analysis is
the jj mixing between the spin-orbit split core levels, L, and L, (or M,
and My). If the energy splitting between the L,and L, edgesisrelatively
small compared with other terms — such as Coulomb and exchange
interactions, or crystal-field parameters — the final state wavefunc-
tionat the L; edge is not built from a pure 2p, , state but also contains
some 2p,,, contribution (likewise for the L, edge). This problem canbe
addressed in the spin sum rule by introducing a correction factor C,
which canbe estimated by comparing multiplet calculations with and
without core hole electrostatic interactions®””. C=1for Fed*to Cud®,
C=1.47 for Mn & (ref. 265) and C=2 + 0.2 for Cr d> (ref. 258). For the
rare-earth M, s edges, the value of Cincreases from 1.60 to 3.55 for
Cef'toSmf*, but remains close to1for Gd f”to Yb f* (ref.177).

The spin and orbital moments in most rare-earth elements
are collinear (either parallel or antiparallel) owing to the strong 4f
spin-orbit coupling, which results in levels with distinct values of
the total angular momentum (with Ce being a notable exception).
Thisbehaviour follows from ageneral principle concerning the effect
of a small perturbation on a/level. According to the Wigner-Eckart
theorem, the proportionality rule (equation (32) inref. 266) indicates
that operators of the same rank are proportional to the same tensor.
Forrank-1tensors (thatis, vectors), thismeansthat(L,), (S,)and (T,) are
proportional to the totalangular momentum (/,). Consequently, these
vectors are (anti)parallel and maintain a constant ratio, regardless of
small perturbations suchas crystal-field interactions. This consistency
eliminates the need to apply sum rules, as the ratio of orbital to spin
moments remains fixed, and the rule can even be used to verify the
accuracy of the sumrules.

There are other limitations that are mainly due to the sample prop-
erties. Whenthe absorbingionis presentin different valences at various
sites, aquantitative application of the sumruleis not possible. Inweak
ferromagnets, suchas a-Fe,0;, the antiferromagnetic coupling above
the Morintemperature between Fe ions prevents the determination of
atomic spin and orbital moments; in addition, because the Feions are
all equivalent in the magnetic space group, the sum rules yield values
for (L,yand (S,) that are averaged over the unit cell.

Experimental limits
TEY exhibits saturation effects at shallow incidence angles®, requires
conducting samples and the signal is heavily altered by magnetic fields

Nature Reviews Methods Primers | (2025) 5:27

12


http://www.nature.com/nrmp

Primer

even in spectral regions where XMCD is zero®?*, TFY suffers from
self-absorption, compromising the accuracy of the XMCD sum-rule
analysis®®>?°, X-ray excited optical luminescence has been introduced
asagood, complementary detection method to overcome the short-
comings of TEY and TFY — however, weaknesses include its reliance
onthe (temperature-dependent) X-ray luminescence efficiency of the
substrate’®, on the target energy range not overlapping with substrate
resonances and on the requirement that the speed of dataacquisitionis
slower than the luminescence decay from the substrate?”*?. The mag-
netic moments obtained from X-ray excited optical luminescence-based
XMCD sumrules give reliable results’*”> within the commonly accepted
10% margin'®%,

Another concern in XMCD experiments is the degree of circu-
lar polarization for each of the two helicities of the monochromatic
beam, which depends bothonthe polarization of the radiationsource
and the transfer of polarization by the optical components**"”’. This
effect, whichis more pronounced inthe hard X-ray range, can be mini-
mized by collecting pairs of spectra with opposite directions of the
magnetization**.

Element-specific hysteresis loops provide aunique way to access
interlayer coupling in multilayers and spin valves, for example, to
study exchange spring magnets®”* and magnetic anisotropy. They are
measured along easy and hard axes at fixed photon energy by ramping
thefield. However, TEY-based XMCD hysteresis loops can be problem-
aticbecause of the effect of the applied field on the emitted electrons,
especially around zero where the field direction switches sign. This can
beavoided using TFY detectioninstead. As XMCD hysteresis measure-
ments are slow, the possibility for drifts in beam position and photon
energy needsto be considered. For temperature-dependent measure-
ments, thermal expansion or contraction of the cold finger may result
in different regions of the sample being probed; ice accumulation at
low temperatures can be prevented by cycling the sample to room
temperature before such effects setin.

Outlook

Challengesinthefield

Insolid-stateresearch, magnetismis animportant field, in whichinter-
estin basic and applied science and technologies is growing owing
to innovations in ultrasensitive techniques and the synthesis of new
materials systems with unexpected magnetic properties. XMCD-based
approaches constitute indispensable tools to address a range of phe-
nomena and material systems. Examples include magnetic solitons
suchasvortices, skyrmions and hopfions, where the unique properties
ofthese topological textures are being explored forinformation storage
and processing”>?’°, Newly discovered 2D van der Waals magnets and
nanoscale 3D structures are enabling the design of artificial magnetic
materials that are highly sensitive to defects and magnetic frustration,
and also exhibit complex band structures featuring new quasi-particle
quantum states.

Among the main challenges for XMCD studies, the need for higher
spatial resolutions — to approach the exchange length of materi-
als (a few nanometres), down to the atomic level — can be met with
higher polarized flux and advanced detectors for coherent imaging;
atechnique that links synchrotron X-rays and quantum tunnelling
processes®”” has made access to a single atom through X-ray absorp-
tion possible. Enhancing the sensitivity of XMCD to the C, N and O
K-edges, and extending the study of so-called d° magnetism to other
elements and atomic excitations, isan ongoing challenge, asisunder-
standing the behaviour of systems under direct stimuli, either to

Glossary

Absorption edges

Sudden increase in X-ray absorption
at photon energies that correspond to
electron transitions from core level to
empty states.

Circularly polarized photon

A quantum of light whose electric field
rotates in a circular pattern, as the wave
moves forward.

E1 electric-dipole

Quantum processes in which an
electron moves between energy levels
in an atom or molecule by absorbing or
emitting a photon, resulting in a change
in the dipole moment.

E2 electric-quadrupole
Quantum processes involving the
movement of an electron between
energy levels in an atom or molecule
that causes a change in the electric
quadrupole moment. These transitions
typically have lower probability than E1
transitions.

Hard X-ray

High-energy X-ray radiation with short
wavelengths. Hard X-rays can penetrate
dense materials, making them useful
forimaging and analysis in various
fields, including medical and industrial
applications.

Magnetic solitons

Stable, wave-like structure ina
magnetized material; the magnetic
spins twist in a specific pattern and
move without changing shape
over time.

Magneto-optical effect
Magneto-optical effects describe the
changes in the optical properties of a
material — such as how it absorbs or
reflects light — in the presence of a
magnetic field.

Soft X-rays

Atype of X-ray radiation with lower
energy and longer wavelengths,
compared with tender or hard X-rays,
making them useful for studying
materials at shallow depths or with
delicate structures.

Spin-polarized electron

An electron whose spin — a quantum
property similar to magnetic
orientation — is aligned in a specific
direction, either up or down, rather than
in arandom direction.

Tender X-rays

A type of X-ray radiation with energy
between soft and hard X-rays, which
hence penetrates deeper than
soft X-rays.

X-ray helicity

The direction of rotation — left (negative
helicity) or right (positive helicity) — of
the electric field of circularly polarized
X-rays.

X-ray magnetic cross-section
Quantifies the probability of X-rays
interacting with the magnetic electrons
of a material, providing insights into its
magnetic properties.

explore out-of-equilibrium processes or to optimize device perfor-
mance. Further expanding the dynamical capabilities of XMCD to
element-specific ferromagnetic and even paramagnetic resonance
creates new possibilities in various systems. Correlative integration
of XMCD directly with other techniques such as X-ray scattering,
scanning tunnelling microscopy and magnetic resonance will lead to
better understanding of the coupling between magnetism and other
fundamental electronic properties.

Fromatheoretical perspective, accurately interpreting the XMCD
spectraand extracting quantitative information about magnetic prop-
erties require sophisticated theoretical models and data-analysis
techniques. Robust analysis methods that account for complexinterac-
tions and experimental conditions will greatly enhance the amount of
information that can be extracted from XMCD measurements, as well
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asimproving the predictive power of XMCD spectroscopy and guiding
experimental design.

Many of the challenges mentioned earlier are stimulating novel
approachestomeasure XMCD inmaterials, particularly at the nanoscale
and onultrafast timescales. Developmentsin diffraction-limited X-ray
sources, XFELs and high-harmonic-generation sources are offering
access to XMCD with higher spatial resolution, higher repetition rates
and shorter timescales. These sources are suitable for a range of X-ray
microscopy methods: such as ptychography, which has now been
extended from the hard to the soft X-ray range; and X-ray holography,
whichisbeingapplied at XFELs for ultrafast magnetic microscopy, open-
ingthe doorto probing magnetic nanostructures under extreme short
and intense excitations, such as generated by terahertz laser pulses.

Future directions

Origin of magnetism in complex materials. Improving the sensitivity
and spatial resolution of XMCD-based characterization techniques
brings the potential to address the origin of magnetism in new mate-
rials systems, including disentangling contributions from different
atomicsites, frominterfaces or magnetic domains. Here, the exclusive
access given by XMCD to orbital momenta and polarization is crucial
in answering fundamental and technological questions, especially in
strong spin-orbit coupling phenomena.

Response of magnetism to external stimuli. The development of
time-resolved XMCD techniques to cover a wide range of timescales
(107°-107" s) will enable the study of the dynamics of magnetic phenom-
enainreal time under external stimuli — relevant for understanding fast
dynamical processes for ultrafast spin-based devices.

Magnetic interactions at nanoscale interfaces. Nanoprobe XMCD
spectroscopy is enabling the investigation of magneticinteractions at
nanoscale interfaces, disentangling multiple magnetic order param-
etersand shapingthe role ofinterface engineering in tailoring magnetic
functionalities.

Insights into spintronic devices. Specifically, a better understand-
ing of new 2D and van der Waals magnets and devices based on spin
and orbital torques is provided by the unique capabilities of XMCD to
probe orbital and spin moments; in combination with other spectro-
scopic and imaging techniques, XMCD can yield insights into spin
transport, spin polarization and spin-dependent electronic structure,
contributing to the development of next-generation spintronic
technologies.

Design of magnetic materials. Advanced theoretical models and
computational tools combined with experimental XMCD measure-
ments will enable us to predict and design new magnetic materials
with tailored properties.

Materials under extreme conditions. By extending XMCD experi-
ments to high-pressure, external stress, in situ/operando capabilities,
high-temperature, sub-kelvin temperatures, AC fields or ultrafast
conditions, we can explore new magnetic states of matter and novel
quantum phenomena.

Medium-term priorities
In summary, a number of priorities for the medium term will give a
large payoffinterms of scientific outcome. These are enhancing spatial

resolution for XMCD microscopy techniques; developing pump-probe
XMCD set-ups with femtosecond-to-picosecond temporal resolution;
integrating XMCD spectroscopy with other imaging and microscopy
techniques; improving the sensitivity of XMCD to elements with
induced magnetism; advancing XMCD experiments under realistic
operando modes; strengthening the synergy between theoretical
modelling and experimental measurements; and promoting broader
accessibility to XMCD facilities and fostering collaboration between
researchgroups and institutions worldwide. These are ambitious goals,
butaddressing themsuccessfully will lead to further breakthroughsin
XMCD spectroscopy, enabling researchers to gain deeperinsightsinto
the magnetic properties of materials and their applicationsin various
technologies, including spintronics and magnonics, magnetic data
storage, magnetic sensor technologies, bio-nanomedicine and novel
quantum systems.

Published online: 02 May 2025
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