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X-ray standing wave method to study magnetism in crystals with site selectivity
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We report a new method for studying magnetism at the atomic level with site selectivity. It is based on the
combination of the site-selective diffraction-based x-ray standing wave (XSW) technique and x-ray magnetic
circular dichroism (XMCD), which provides the magnetic sensitivity. The use of the standing wave resulting
from an interference between the incoming and the Bragg reflected electromagnetic waves ensures that the phase
information is not lost and thus brings information about the magnetism at a given site directly. In the paper, we
provide the theoretical foundations of such a method based on the dynamical theory of x-ray diffraction and
time-dependent perturbation theory. By means of computer simulations, the principle of the method is thus
presented in a rather accessible way. Finally, we demonstrate the results of a proof-of-principle experiment on
single-crystalline yttrium-iron-garnet (YIG, Y3Fe5O12). We show data exhibiting a clear variation in the XMCD
signal caused by the standing wave. A comparison with theoretical functions illustrates that the established theory
reliably describes the phenomena involved and allows to extract useful information about the magnetic moments
in YIG.
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I. INTRODUCTION

The fact that the phases of the scattered waves cannot be
measured in a diffraction experiment has led in the past to
the development of direct methods allowing to overcome this
problem. Particularly elegant are the methods, which utilize
the interference between the electromagnetic waves in order
to actually measure the phase of the scattered wave. These in-
clude the three-beam-case diffraction [1,2], the x-ray standing
wave (XSW) technique [3–5] and x-ray holography [6,7].

In the diffraction-based XSW technique, an interference
field emerging in the Bragg reflection regime is used to study
the positions of the atoms in an element-selective manner [8].
The standing wave ensures that the phase information is pre-
served and thus brings structural information directly. Until
now, XSW has been mainly used to determine the structure
of thin films and positions of dopants or surface adsorbates
[4]. The canonical version of the XSW method, where the
positions of the atoms are determined by recording the x-ray
fluorescence yield [3], has been extended and combined with a
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number of other experimental techniques [5]. XSW was used,
for instance, in conjunction with photoelectron spectroscopy
(providing chemical state sensitivity), as well as Compton
scattering (sensitive to low-Z elements) [9] and thermal dif-
fuse scattering (providing information about phonons) [10].

Given the importance of magnetic materials for appli-
cations in modern electronics and the growing interest in
magnetic nanostructures, the need for a method, which com-
bines the magnetic sensitivity of x-ray magnetic circular
dichroism (XMCD) with the spatial resolution at the atomic
level of XSW has become crucial. XMCD [11,12] provides
information about the magnitude of the net magnetic moments
projected on the direction of the incident beam with ele-
ment sensitivity. The use of diffraction-based x-ray standing
waves provides additionally a crystallographic site-selectivity.
Thanks to the spatial modulation of the electromagnetic radia-
tion resulting from the wave’s interference, one can selectively
study the magnetism of individual magnetic sublattices, as
long as the magnetic unit cell is the same as the atomic one
(since the atomic structure determines the periodicity of the
standing wave). The dependence of the XMCD signal on the
angle between the light propagation direction and the mag-
netic moment opens up the possibility for studying the mutual
orientation between the magnetic moments on the different
sublattices.

It should be noted that apart from the atomic-resolution
XSW, another version of this method was developed, where
a standing wave formed in a layer or a multilayer by to-
tal reflection is used [13,14]. A combination of this XSW
technique with XMCD has already been developed and ex-
perimentally tested on several systems [15–19]. Importantly,
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the latter combination of techniques provides information
about the magnetism of layers or interfaces, but not about
the magnetism of atomic sites. That can be achieved only
by utilizing a standing wave excited via Bragg reflection
from the crystal lattice, which has the appropriate periodicity.
The idea of a method that would be sensitive to the specific
magnetic site was mentioned in two conference proceedings
[20,21]. Here, we report a complete theoretical foundation
of the method, illustrated by simulations of a model system.
We show that with our theoretical approach, we are able to
explain the data obtained for the yttrium-iron-garnet (YIG)
single crystal and extract information about the orientations of
the magnetic moments on magnetic sublattices, for the sample
kept in an external magnetic field.

II. THEORY

From a theoretical perspective, the method can be reduced
to the problem of scattering and absorption of an arbitrarily
(usually circularly) polarized plane electromagnetic wave by
a magnetized crystalline medium with magnetic ordering. The
theoretical description of this process is built in two steps. At
first, scattering of the wave by a crystal lattice is considered
within the framework of the dynamical theory of x-ray diffrac-
tion [22–24], since only this formalism offers precise relations
between the waves amplitudes and phases under the Bragg
reflection regime. The absorption and dichroic effect are then
described using quantum time-dependent perturbation theory
[25,26], given that a nonrelativistic treatment suffices in the
energy range of x-rays. Here only the most important results
are summarized. A more detailed derivations are presented in
the Supplemental Material (Sec. 1) [27].

A. Scattering of an arbitrarily polarized wave

The incoming wave Ea
0 is assumed to have the form

of a monochromatic plane wave Ea
0(r, t ) = Ea

0 (εσ ε̂σ +
επ ε̂0π )eiωt−ika

0 ·r, where Ea
0 denotes the amplitude of the in-

coming wave, ω is the angular frequency, t denotes the time,
ka

0 the incoming wave wave vector, and r the position vector.
The polarization state is defined by the polarization vector ε,
which corresponds to the expression in brackets, and more
precisely by the polarization parameters εσ and επ . With-
out loss of generality εσ is assumed to be real, whereas
επ is complex. For a circularly polarized wave, εσ = 1/

√
2

and επ = i/
√

2. The scattering process is described in the
coordinate system O′ shown in Fig. 1. h is the reciprocal
lattice vector of the considered Bragg reflection, k0 and kh
are the wave vectors of the refracted and reflected waves,
respectively. Those vectors define a scattering plane. The
polarization unit vectors ε̂σ (perpendicular to the scatter-
ing plane, along Oy′), ε̂0π and ε̂hπ (in the scattering plane,
perpendicular to k0 and kh respectively) are given math-
ematically by the relations ε̂σ = (h × k0)/|h × k0| = (h ×
kh)/|h × kh| and ε̂ jπ = (k j × ε̂σ )/|k j × ε̂σ | = [k j × (h ×
k j )]/(k j |h × k j |), where j = 0, h.

XSW experiments are generally performed in Bragg ge-
ometry. In the current treatment of the problem, we also
assume the crystal to be thick enough, so that for each angular
orientation in the vicinity of the reflection domain only one

FIG. 1. The coordinate system O′ (for scattering process) and O
(for absorption process). The scattering plane is defined by the wave
vectors of the incident (k0) and diffracted (kh) waves. The system
O is defined by the magnetic moment (m) direction. The relation
between the coordinate systems O and O′ is parametrized by the
angles ϑ and ϕ. The choice of Ox and Oy is arbitrary.

wavefield is excited for a given σ - or π - polarization state
[24]. More precisely, a potential second wavefield associated
with a tiepoint lying on the other branch of the dispersion
surface (indeed existing in a thin crystal) can only be excited
by the reflection of the wavefield at the back surface of the
crystal. Thus, this wavefield does not exist in the thick crystal
as the wave is absorbed before it reaches the back surface.
With those assumptions, one uses a standard formulation of
the dynamical theory of x-ray diffraction [24], considering
the boundary conditions separately for σ - and π -polarization
states, and obtains the following expression for the intensity
of the electromagnetic field (standing wave) in the crystal

I = |E|2 = (Ea
0 )2

{
ε2
σ [1 + |ξσ |2 + 2�(ξσ e−ih·r )]

+ |επ |2[1 + |ξπ |2 + 2�(ξπe−ih·r ) cos 2	B]
}
. (1)

ξp = Ehp/E0p, p = σ, π , is an amplitude ratio, with Ehp and
E0p being the amplitudes of the reflected and refracted waves
in the crystal. The formula for ξp is provided in Ref. [27].

Expression (1) is slightly simplified, since it was assumed
that the difference in wave vectors for σ - and π -polarization
components is small and that the complex part of the wave
vector related to the absorption and extinction can be ne-
glected. A complete expression can be obtained from the total
electric field in the crystal E provided in Ref. [27].

One should note that the intensity given by Eq. (1) depends
on the angular orientation of the crystal, I = I (
	), since
ξp = ξp(
	). 
	 is the deviation angle from the orienta-
tion defined by Bragg’s law (kinematical Bragg angle 	B),

	 = 	 − 	B, where 	 is the angle between the incident
wave direction and the diffracting lattice planes.

B. Absorption of an arbitrarily polarized wave

The interaction of a photon with an electron in the atom
is modelled using a Pauli Hamilton operator [28]. The spin
part is neglected, as well as terms containing a vector
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potential in orders higher than first order [29,30]. An electric
dipole approximation is adopted, as it suffices in most cases
to correctly describe the absorption process occurring during
the XSW and XMCD experiments [4,29,31].

According to Stoner’s model of ferromagnetism of metals
[32], when an ion possesses a net spin magnetic moment, the
valence band exhibits a spontaneous spin polarization. This
effect, together with the spin-orbit splitting of the final band,
is responsible for the dichroism in absorption of the circularly
or elliptically polarized light in ferromagnets.

Using the time-dependent perturbation theory to the first
order and considering explicitly a difference in the density
of unoccupied final states with opposite spin states, the total
absorption cross-section reads [26,33]

σ = (4π )2α f h̄ω(ζ ↑

↑
f + ζ ↓


↓
f ), (2)



ms
f is the density of empty final states with a given spin

state ms = ± 1
2 (where the abbreviations ↑= 1

2 and ↓= − 1
2 are

used), α f is the fine structure constant, and h̄ is the reduced
Planck constant. ζ ms are the spin-dependent transition rates
given by the relation

ζ ms =
∑

i f

|〈 f , ms|ε∗ · r|φi, ms〉|2. (3)

They are calculated by considering the chosen transitions
from the discrete initial states |φi〉 to the final states | f 〉, which
form a continuum (for example, 2p→ 3d/5d), and the oper-
ator ε∗ · r expressed in terms of spherical harmonics, where
ε∗ is the complex conjugate of the polarization vector. More
details are given in Ref. [27].

C. XMCD under the standing wave regime

In this section, the absorption cross-section is evaluated for
the electromagnetic field of the standing wave, as derived from
the dynamical theory of x-ray diffraction [Eq. (1)]. The di-
rection of the magnetic moment sets the quantization axis for
the considered problem. The relation between the coordinate
systems O′ and O, Fig. 1, is given by the spherical angles
ϑ and ϕ. This means that an arbitrary orientation between
the magnetic moment of the atom and the scattering vector
is considered. For the simplified case of the real wave vectors
and k0σ ≈ k0π = k0 the polarization vector derived from the
dynamical theory of x-ray diffraction is equal to [εσ ε̂σ (1 +
ξσ e−ih·R ) + επ (ε̂0π + ξπ ε̂hπe−ih·R )], where R is the position
of the absorbing atom, as one considers the electric-dipole
approximation. The attenuation of the emitted secondary sig-
nal (used to measure the absorption cross-section) on the
way from the emitting atom to the detector is also neglected,
something that is fully justified in the case of Auger electron
yield detection or fluorescence detection with grazing detec-
tion angle [8].

The theoretical results are obtained based on an XMCD ex-
periment performed at the L2,3 absorption edges. This model
is suitable for many of the magnetic systems, since they
often contain 3d or 5d elements, whose magnetism can be
studied by investigating the transitions 2p→ 3d/5d[12]. The
XMCD signal for one atom is defined as a normalized dif-
ference between the absorption cross-sections for left-handed

polarization (LHP, σL) and right-handed polarization (RHP,
σR), � = (σL − σR)/(σL + σR). σL is calculated for the polar-
ization state defined by εσ and επ (επ = −i/

√
2 for circular

polarization) and σR for εσ and complex conjugate ε∗
π (i/

√
2

for circular polarization). By expressing the polarization vec-
tor ε∗ in the scattering coordinate system O and calculating
explicitly the transition rates ζ ms (details in Ref. [27]), one
obtains

� = �s
e�1

s

f

Irel
 f − �s
e�1

s

f

, (4)

where �s
e is a photoelectron spin polarization. This quantity

depends on the transition considered in the experiment, or
in other words on the absorption edge. For example, for the
L2 absorption edge �s

e = − 1
2 and for L3 �s

e = 1
4 . 

s

f is an
imbalance in the spin-polarized density of the empty final
states: 

s

f = 

↑
f − 


↓
f , 
 f is the total density of final states:


 f = 

↑
f + 


↓
f . The orbital polarization of the final band is

neglected, but it can be incorporated into the theory in a
similar manner as the spin polarization. Irel indicates a relative
intensity of the electric field, Irel = I/(Ea

0 )2, with I given
by Eq. (1). For a simplified situation of circularly polarized
incident wave (εσ = 1/

√
2 and επ = i/

√
2) and the magnetic

moment in the scattering plane (ϕ = 0) and in the diffracting
lattice planes (ϑ = π/2), �1 vanishes and �1 is given by the
expression:

�1 = �[(1 + ξσ e−ih·R )(1 + ξ ∗
πeih·R )] cos 	B. (5)

This experimental situation is considered in Sec. III and most
often also in the experiment reported in Sec. IV. General
formulas for �1 and �1 are given in Ref. [27]. Those terms are
proportional to the spin polarization of the final band. �1 is an
expected circular polarization rate (2εσ�επ ) supplemented by
the terms emerging due to the interference between the waves,
which grants a position sensitivity. The term �1 vanishes
for linearly polarized light (�επ = 0 ⇒ �1 = 0). The term
�1 does not vanish for linearly polarized light. It emerges
due to the phase shifts induced under the diffraction regime.
The σ - and π -polarized components of the incident wave are
scattered differently, which changes the overall polarization
of the wavefield inside the crystal (e.g., it does not maintain
initial circular polarization).

In the real situation, there can be more than one magnetic
atom per unit cell. This case is introduced by the summation
of the absorption cross-sections in the numerator and denom-
inator of �. This yields the SW-XMCD signal ϒ in the form

ϒ = �s
e�

y − �s
e�

, (6)

where y is a secondary emission (electron or fluorescence)
yield, within the electric dipole approximation, given by a
sum of intensity at the positions R j of n atoms of a given
kind: y = 1

n

∑n
j=1(Irel ) j . The quantities � and � are defined

also as normalized sums: � = 1
n

∑n
j=1(�1) j (

s

f ) j/
 f , � =
1
n

∑n
j=1(�1) j (

s

f ) j/
 f . Again, for a circularly polarized in-
cident wave and the magnetic moment in the scattering and
diffracting planes, � vanishes and � takes the form

� = {
F 0

1

[
1 + �(

ξσ ξ ∗
π

)] + �[
(ξσ + ξπ )

(
F h

1

)∗]}
cos 	B. (7)
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General formulas for y, � and � are presented in the Sup-
plemental Material [27]. The secondary radiation yield y is a
function of a standing wave structure factor, defined by the
sum F h

sw = 1
n

∑n
j=1 eih·Rj . F 0

k and F h
k , k = 1, 2, 3 are coordi-

nates of a new vector quantity, the magnetic standing wave
structure factor. It is given by

Fh
msw = 1

n

n∑

j=1

m′
je

ih·R j , (8)

where prime by the magnetic moment m j of the ion j indi-
cates that its coordinates are given in the coordinate system
O′, in which the scattering process is described. F0

msw is ob-
tained by putting h = 0 in (8).

When deriving Eq. (6), it was assumed that the total den-
sity of empty final states 
 f does not differ between atoms
with different spin polarization, that is, different magnetic
moments. According to the sum rules [31,34–36], the integral
of the absorption cross-section over the energy is needed
to calculate the magnetic moment. On the other hand, in
other methods like magnetic holography [37,38] and magnetic
small-angle x-ray scattering [39], an assumption about the
proportionality between the XMCD signal at fixed energy and
the magnetic moment is made. Therefore also here the ratio
(

s

f )/
 f determined at fixed energy is identified with the
magnitude of the magnetic moment of atom j. Consequently,
even though the method does not allow to obtain absolute
values of the magnetic moments, it still allows to observe
differences between the magnetic moments of various atoms
of the same element in the crystal.

Finally, for completeness, also the complex parts of the
wave vectors are considered. Additionally, the effect of the
attenuation of the emitted radiation on the way to the detector
needs to be taken into account. The general formula for the
SW-XMCD signal [Eq. (6)] remains the same, while the y,
�, and � change. The complete formulas are provided in
Ref. [27].

III. EXAMPLE

In the standard XSW method, having the coordinates and
atomic form factors (with dispersion corrections f ′ and f ′′
[40,41]), one can calculate an expected secondary emission
yield. Assuming the directions and magnitudes of the mag-
netic moments and a photoelectron spin polarization �s

e, the
expected SW-XMCD signal ϒ can be calculated for any crys-
tal. The function calculated numerically using this method and
compared with experimentally determined angular-dependent
XMCD signal, yields a direct information about the magnetic
moments on sublattices.

A principle of the method is demonstrated using a model
system, that is, a crystal doped with two magnetic ions, one
located in between diffracting planes (hkl ) of the crystal
lattice (sublattice 1), and the other on the planes (sublattice
2). For calculations, a (111) reflection from perfect Si crystal
at 7.1 keV was considered. It is assumed that there is an
antiferromagnetic interaction between the sublattices and that
the magnetic moment of the ion 1 is twice as big as that
of ion 2 (m1 = −2m2), which corresponds to the model of
a simple ferrimagnet. Both magnetic moments are parallel
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FIG. 2. (a) SW-XMCD signal as a function of deviation angle

	 for the model crystalline system with two magnetic dopants
(one at the diffracting lattice planes and one in between) showing
the principle of the method. The ions belonging to the sublattice 1
are marked in green, for the sublattice 2 in blue. The intensity of
the standing wave is represented by the red/white color map in the
insets, with red (white) meaning the maximum (minimum) intensity.
On the low angular side of the reflection domain, the antinodes
of the standing wave lie between the lattice planes and coincide
with the green sublattice, yielding an increased XMCD signal. The
XMCD signal is decreased when the standing wave maxima coincide
with the blue atoms, and happens on the high angular side of the
Bragg reflection. The shape of the variation is characteristic of this
distribution of the magnetic moments. (b) The SW-XMCD signal for
some other magnetic structures of the dopants. (c) The reflectivity
( 1

2 (|ξσ |2 + |ξπ |2)) curve for the considered Bragg reflection showing
the angular region of the reflection domain.

to the diffracting lattice planes and in the scattering plane
(ϑ = π/2, ϕ = 0). For the simulations, the complex part of
the wave vector was neglected, as well as the attenuation
of the emitted secondary signal on the way to the detector.
The incident beam was assumed to be circularly polarized
and the photoelectron spin polarization �s

e set to 1 for sim-
plicity. For numerical calculations, it is assumed that the
largest magnetic moment is equal to 1. Equation (6) is given
for this specific model in the Supplemental Material [27].
Also the values of Fh

msw for the considered combinations of
the magnetic moments of dopants are provided. The SW-
XMCD signal for this selected Bragg reflection is shown in
Fig. 2(a).

Away from the reflection domain, the observed XMCD
signal is dictated by the net magnetic moment. This situa-
tion corresponds to the standard XMCD experiment. When
the Bragg reflection is excited and the interference field
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generated, the contribution of each of the sublattices to the
measured dichroic signal changes. On the low angular side
of the reflection domain, the standing wave antinodes lie in
between lattice planes, enhancing the contribution of the sub-
lattice 1. Since the direction of the net magnetic moment is
the same as that of the ions 1, the XMCD signal increases.
While the reflection domain is crossed, the phase of the re-
flected wave changes by π and consequently the standing
wave moves by half of its period. That gradually increases the
contribution of the sublattice 2, at the same time decreasing
the contribution of the other one. On the high angular side of
the reflection domain, the maxima of the electromagnetic field
intensity coincide with the sublattice 2. The signal decreases,
since the orientation of the magnetic moment of the ion 2 is
opposite to the net magnetic moment. In a similar manner as in
the standard XSW method, where the shape of the secondary
emission yield is characteristic of the distribution of the atoms
of a given kind, in this case, the shape of the variation in
the XMCD signal is characteristic of the distribution of the
magnetic ions.

The sensitivity of the method to the magnetic ordering
can be visualized further by considering several other ar-
rangements of the magnetic moments of the dopants. Four
illustrative cases are shown in Fig. 2(b). The first arrangement
(green curve) corresponds to the ferromagnetic structure, as
the magnetic moments on both of the magnetic sublattices
are the same. This fact is reflected in the lack of variation in
the XMCD signal caused by the standing wave. Two small
kinks are nevertheless observed, in relation with a change in
the polarization and propagation directions of the waves. The
change of the phase of the amplitude ratios causes changes
in the overall wavefield polarization, which affects XMCD.
Furthermore, the appearance of the reflected wave propa-
gating in the other direction as the incident wave gives an
additional contribution to the XMCD, different in magnitude
from the background-level dichroism generated by the inci-
dent wave. In the second case (red curve), a net magnetic
moment vanishes and corresponds to a pure antiferromagnet.
Away from the reflection domain, the XMCD signal vanishes
but because the standing wave can reduce the contribution
from one sublattice and enhance the signal coming from the
other one, a nonvanishing XMCD signal is observed under
the Bragg reflection regime. The two other cases (blue and
yellow curves) show the SW-XMCD signals for the case of
one sublattice being nonmagnetic. The fact that either sub-
lattice 1 (blue curve) or 2 (yellow curve) is nonmagnetic is
reflected in the shape of the curve. In summary, the shape of
the signal close to the Bragg reflection domain is very sensi-
tive to the arrangement of the magnetic moments in the crystal
lattice.

IV. EXPERIMENTAL SECTION

A. Studied system

The experiments aiming to prove the feasibility of the
method were performed on a (111) oriented single crystal
of YIG (Y3Fe5O12, lattice parameter 12.376 Å) [42]. Firstly,
we show in Fig. 3 a collection of the simulated SW-XMCD
signals for several arrangements of the magnetic moments

FIG. 3. (a) The simulated SW-XMCD signal for the YIG crystal.
Several arrangements of the magnetic moments of the octahedrally
(mo) and tetrahedrally (mt ) coordinated Fe ions are considered. In
each case, the magnetic moments are confined in the vertical scat-
tering plane, their orientation with respect to the diffracting lattice
planes (or vector h) is shown in the legend. The red curve corre-
sponds to the spontaneous ferrimagnetic structure of YIG. For this
case, the data calculated without taking into account the complex
parts of the wave vectors and attenuation of the emitted secondary
signal on the way to the detector (dashed red curve), and with these
corrections (solid red curve), are compared. For the correction, it was
assumed that the fluorescence detector is located above the sample
(α = 90◦). All the other data were calculated with the correction.
(b) The reflectivity curve for the (444) Bragg reflection.

in YIG. At room temperature, YIG exhibits a ferrimagnetic
ordering with iron ions forming two sublattices. There are
16 octahedrally coordinated Fe3+ ions and 24 tetrahedrally
coordinated ones, all exhibiting the same magnetic moment,
but oriented oppositely between sublattices [43]. For the (444)
Bragg reflection, the projection of the magnetic structure
is such that the tetrahedrally coordinated ions lie on the
diffracting lattice planes and octahedrally coordinated ones
in between (see the inset in Fig. 4). The red curve is a sim-
ulated SW-XMCD signal for the spontaneous ferrimagnetic
structure of YIG. The dashed curve was calculated without
taking into account the complex parts of the wave vectors and
attenuation of the emitted secondary signal on the way to the
detector. The solid curve was calculated with this correction
and assuming that the secondary signal (fluorescence) detec-
tor is located above the sample (α = 90◦). One can notice
a rather minor difference between those two, what owes to
the fact that a normalized signal is considered (difference in
absorption cross-sections divided by the sum) and that the
correction factor does not depend strongly on the helicity
and magnetic moment orientation. The rest of the data were
calculated including these corrections. The yellow and green
curves correspond to the ferromagnetic ordering, the latter
for a magnetic moment of the octahedrally coordinated ions
halved that of the tetrahedrally coordinated ones. The blue
curve was calculated for the latter case, but with the magnetic
moments perpendicular to the diffracting lattice planes.
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MICHAŁ KAMIŃSKI et al. PHYSICAL REVIEW B 113, 064109 (2026)

FIG. 4. Experimental data for the YIG (444) Bragg reflection
compared with theoretical results. The magnetic field was oriented in
the vertical scattering plane and perpendicular to the reciprocal lat-
tice vector h(444) of the reflection. (a) SW-XMCD signal as a function
of deviation angle compared with the theoretical curves for three val-
ues of the magnetic moment mo of the octahedrally coordinated ions.
The data were normalized by the theoretical value of SW-XMCD
(green curve) for 
	 → ±∞. For clarity, the curve for a ferrimag-
netic structure (mo = −1, mt = 1, dashed blue) was shifted to zero,
scaled by 0.2 and shifted back to the XMCD background level to fit it
in the graph. The best agreement is obtained for mo two times shorter
than the magnetic moment of the tetragonally coordinated ions mt

(green curve). This might be attributed to the incomplete suppression
of the antiferromagnetic coupling between sublattices in an external
magnetic field. For more explanation, see the text. (b) Diffraction
rocking curve (left scale) and fluorescence yield (right) for one of
the configurations of helicity and magnetic field orientation, together
with theoretical curves. The inset in (a) shows schematically the cut
through the YIG lattice with Fe sublattices (white points: octahe-
drally coordinated ions, black points: tetrahedrally) and (444) lattice
planes. The red color gradient symbolizes the standing wave existing
in the crystal on the low angular side of the reflection domain.

B. Experimental details

The experiments were performed at the P09 beamline [44]
at PETRA III light source at DESY, Hamburg and at the BM28
(XMaS) beamline [45] at ESRF. The data presented here come
from the beamtime at P09, where the sample was mounted
on a 6-circle diffractometer and magnetized with a permanent
magnet system with variable field direction providing around
250 mT, designed at DESY [46]. The change of the magnetic
field direction is possible remotely via a motorized rotation
of the permanent magnets. The beam spot on the sample
was 0.12 × 0.2 mm2 (V × H). The diffracted beam intensity
was measured by an avalanche photodiode (APD), whereas
the fluorescence spectra were collected with a silicon drift
diode (SDD) detector (Amptek, Inc., USA) located above the
sample surface (α = 90◦). This setting ensures a higher count-
rate, what is crucial given a very weak XMCD signal at the
K absorption edge. The beam was circularly polarized using
phase retarder plates [47,48]. The helicity of the beam was
fast switched between the RHP and LHP states at a frequency
of 23 Hz, and the signals corresponding to those different
polarization states were recorded synchronously. The scans
were performed with circularly polarized incoming beam,
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FIG. 5. Comparison between data obtained for the YIG (444)
Bragg reflection at 7114 and 7115.5 eV (both around the pre-edge
resonance). The theoretical curves are shown for both cases. As ex-
pected, the magnetic signal observed at those two energies is reversed
and in the case of 7115.5 eV, around 1.5 lower than at 7114 eV. Most
importantly, the shape of the signal in the reflection domain remains
the same regardless of energy, which justifies a measurement at a
fixed energy value.

whose polarization degree was measured to be 99.8 ± 0.1%
and 99.1 ± 0.2% for the two settings of the phase plate corre-
sponding to LHP and RHP. The experiment was performed at
room temperature.

The data collection consisted of orienting a sample at a
chosen Bragg reflection and while performing a rocking scan
recording a full fluorescence spectrum at each angular step,
as well as the diffracted beam intensity. Given the weakness
of the XMCD effect at the iron K absorption edge, the count-
ing time was 10 s per point and each scan was repeated at
least 10 times. The XSW-excited iron fluorescence signal for
each helicity was extracted from the total fluorescence spectra
by subtracting the background, fitting a Gaussian function
and integrating the spectral line corresponding to the Fe Kα

emission. The yield was normalized by the incoming beam
monitor. In order to ensure the magnetic origin of the ob-
served difference in fluorescence yields σL/R recorded for
each helicity, additionally the sample was magnetized and the
orientation of the magnetic field reversed by 180◦ after each
full angular scan. That provided four types of fluorescence
yields, σ±B

L/R, which were used to calculate the SW-XMCD

signal as a difference ϒexp ∝ (σ+B
L − σ+B

R )/(σ+B
L + σ+B

R ) −
(σ−B

L − σ−B
R )/(σ−B

L + σ−B
R ). This procedure was crucial,

since a strong nonmagnetic 
	-dependent signal in (σL −
σR)/(σL + σR) was observed, whose origin remains unknown.
By performing scans away from the absorption edge (100 eV
above) and observing the vanishing of ϒexp, we ensured that
it is of purely magnetic origin. The correspondence between
Eq. (6) and ϒexp is discussed in details in Ref. [27]. The SW-
XMCD signal as shown in Figs. 4, 6, and 7 was normalized
to the value for 
	 → ±∞ of the theoretical curve for the
arrangement of the magnetic moments which was found to
best reproduce the data. The average experimental values of
SW-XMCD for 
	 → ±∞ before normalization are given
in Supplemental Material (Table S1) [27]. In case of Fig. 5,
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FIG. 6. Experimental data for the YIG (444) Bragg reflection
compared with theoretical results. The red semi-transparent line
shows the moving average of the observed data points. The same
experimental parameters as in Fig. 4, but now the magnetic field
was oriented along the reciprocal lattice vector h = (444). (a) SW-
XMCD signal compared with the theoretical curves, the one for
B ⊥ h is shown for comparison. The data were normalized by the
theoretical value of SW-XMCD for 
	 → ±∞. (b) Reflectivity
curve (left scale) and fluorescence yield (right) for one of the settings
of helicity and magnetic field orientation, together with theoretical
curves.

the data were not normalized as the purpose here is to show
the behavior of the signal at different energies.

One of the aims of the experiment at BM28 was to verify
the results obtained at P09. The experimental conditions were

FIG. 7. Experimental data for the YIG (402) Bragg reflection
compared with theoretical results. The red semitransparent line
shows the moving average of the observed data points. The magnetic
field was in the vertical scattering plane and perpendicular to the
reciprocal lattice vector h(402) of the reflection. (a) SW-XMCD signal
compared with the theoretical curve. The data were normalized by
the theoretical value of SW-XMCD for 
	 → ±∞. Because of a
high noise level, assessment of the fit quality is difficult, and thus a
theoretical curve without a convolution with a Gaussian function is
also shown (dashed). (b) Reflectivity curve (left scale) and fluores-
cence yield (right) for one of the settings of helicity and magnetic
field orientation, together with theoretical curves.

essentially the same and the results confirmed the findings
from the measurements performed at P09.

V. RESULTS AND DISCUSSION

Firstly we studied the (444) Bragg reflection (	(444)
B =

29.2◦, lattice planes spacing d(444) = 1.786 Å), given a very
convenient projection of the magnetic structure (as shown
in the inset of Fig. 4). The energy was tuned to 7114 eV,
corresponding to the pre-edge feature of the YIG absorption
spectrum where the XMCD signal is expected to be the high-
est [49,50]. For the measured x-ray absorption spectrum, see
Ref. [27]. The resulting SW-XMCD signal, the fluorescence
yield for one of the four configurations of the magnetic field
and beam helicity, and the diffracted beam intensity are shown
in Fig. 4. The first observation is a clear variation in the
XMCD across the reflection domain, implying the impact of
the standing wave.

In order to reach a good agreement with the experimental
diffraction rocking curve, the theoretical rocking curve was
convolved with a Gaussian function accounting for the in-
coming beam divergence and energy spread, as well as the
crystal mosaicity. The parameters of the Gaussian function
were determined by minimising the difference between the
theoretical function and the experimental data. The same
procedure was repeated for the fluorescence yield and SW-
XMCD signal; the width of the Gaussian function used was
the one obtained from the fits to the diffracted intensity curve.
The width parameter obtained from the fit is equal 0.106 mrad
and results mostly from the crystal’s mosaicity. The structural
parameters were adjusted manually, and the quality of agree-
ment between the theoretical function and the experimental
data was assessed visually. The experimental data could not
be fitted using standard literature values of the anomalous
corrections f ′ and f ′′ for Fe [41]. Good agreement was only
obtained with the theoretical function calculated using the
absorption correction f ′′ for the octahedrally coordinated iron
ions multiplied by 4. A possible reason for introducing this
correction might be related to the fact that the tabulated values
are given for pure elements and that the crystal environment
affects the absorption probabilities. It is known that the ab-
sorption cross-section (and thus also f ′′) in the vicinity of the
absorption edge is very sensitive to the oxidation state and
local environment of the ion. Therefore it is expected that
the tabulated values may not correspond to the real ones for
ions in a complex crystal environment like the one in YIG.
With our experiment and analysis procedure, we provide more
realistic values for the anomalous corrections for the iron ions
in YIG in the vicinity of the K absorption edge. The correction
of the literature values was not necessary for control scans
performed 100 eV above the absorption edge (E = 7214 eV).

The theoretical curve, that is a function calculated based
on Eq. (6) and convolved with Gaussian function as described
in the previous paragraph, (for more details and fit param-
eters, see the Supplemental Material [27]) shown in Fig. 4
for the ferrimagnetic structure of YIG (dashed line, mt =
1, mo = −1, where mj, j = t, o denotes normalized mag-
netic moments for tetrahedrally and octahedrally coordinated
ions respectively), does not reproduce the SW-XMCD sig-
nal observed experimentally. The variation is expected to

064109-7
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be significant due to the large difference in magnetic mo-
ments between sublattices in a ferrimagnet. Since the sample
was kept in an external magnetic field of 250 mT, the anti-
ferromagnetic coupling between sublattices was very likely
suppressed. This is supported by previous studies reporting a
saturation magnetization for YIG of around 200 mT [51]. A
much better agreement is reached assuming a ferromagnetic
ordering with all the magnetic moments aligned along an
applied external magnetic field (dotted line). The best agree-
ment with experimental data was achieved assuming a slightly
smaller magnetic moment on the less populated sublattice
with octahedrally coordinated iron atoms, which might indi-
cate an incomplete reversal of the moments’ orientations. This
hypothesis is confirmed by a simulation with the magnetic
moments of that sublattice tilted by 40◦ to the (444) lattice
planes that gave a similar good agreement.

Another set of scans was performed with the same param-
eters at an energy 1.5 eV higher (E = 7115.5 eV, 	

(444)
B =

29.19◦), where the XMCD signal from YIG is expected to
be reversed and around half of that expected at E = 7114 eV
[49,50]. One can see in Fig. 5 that the signal is reversed
as expected and found to be 1.5 times weaker away from
the reflection domain. Additionally, the shape of the signal
in the reflection domain remained unchanged, implying that
scans can be performed at a single energy. Measurements
were repeated for an elliptically polarized incoming beam
(circular polarization rate 38.5 ± 0.4%/38.1 ± 0.4% for op-
posite helicities). They revealed a decrease of the SW-XMCD
signal away from the reflection domain by 44% with respect
to circular polarization and no change in the shape of the
variation, in agreement with the simulations.

Since the method is sensitive to the orientation of the mag-
netic moments, a series of scans was performed at 7114 eV
with the same diffraction condition, but with the magnetic
field oriented perpendicular to the (444) diffracting lattice
planes. Figure 6 presents the experimental data and theoretical
curves for that configuration. The solid line is the one showing
the best agreement and was calculated assuming the magnetic
moments along h(444) and the same as in the previous case,
that is halved for the Fe atoms with octahedral coordination.
The dashed curve is the one when the magnetic moments are
aligned in the diffracting lattice planes. One can see that the
variation is higher in the considered case, since the magnetic
moments are oriented further away from the direction of the
incoming beam and thus the reflected beam imposes greater
change as in the case of B ⊥ h.

Finally, the experiment was repeated for another Bragg
reflection, (402) (	(402)

B = 18.35◦, d(402) = 2.767 Å). The
crystal was oriented such that the normal to the surface was
bisecting the angle between incoming and reflected beams,
that is, the Bragg reflection was still symmetric (γ = −1). The
magnetic field was still in the scattering plane and in the plane
of the sample surface. For this geometry B ⊥ h(402), the data
were presented in Fig. 7. In this case, the tabulated absorption
correction f ′′ had to be multiplied by 7 for the octahedrally
coordinated iron ions in order to achieve a good agreement
with experimental data. A small decrease in the yield far from
the reflection domain on the high angular side is a manifes-
tation of another Bragg reflection. The diffracted wave is not
directed towards the point detector and thus manifests itself

only in fluorescence yield. It did not influence the signal in
the (402) reflection domain. In this case also, the assumption
of smaller magnetic moments for the octahedrally coordinated
ions led to the best agreement between calculated and ob-
served curves. Because of a high noise level, assessment of
the fit quality is difficult and thus apart from a curve resulting
from a convolution with a Gaussian function, a theoretical
curve calculated directly based on Eq. (6) is shown in Fig. 7.
The scaling of the theoretical curve to the XMCD signal level
away from the reflection domain is also nonideal due to high
noise.

VI. CONCLUSIONS

We have presented the foundations of a direct method for
studying the magnetism of crystalline materials with site-
selectivity. The position sensitivity is granted by the standing
wave resulting from the interference between the incident
and Bragg reflected waves. On the other hand, the magnetic
properties are probed using XMCD. The shape of the variation
as a function of the deviation angle in the latter caused by
the standing wave allows to probe the magnetic moments of
different sublattices. The theoretical description of the method
includes the most general case of multiple magnetic atoms
in the unit cell with arbitrary orientations of the magnetic
moments, and equations (shown in Sec. II.3) were derived for
the first time.

As we conclude from the theory, experimentally the
XMCD signal under the standing wave regime can be de-
termined by collecting two fluorescence yields during the
rocking scan, for opposite helicities of the incoming beam.
We have chosen YIG as a test system to demonstrate the
feasibility of the method. In our case, the sample was mag-
netised in an external magnetic field to avoid nonmagnetic
contributions to the differential signal. We have collected a
number of datasets for (444) and (402) Bragg reflections.
The scans were performed at the pre-edge, at two energies
(7114 eV and 7115.5 eV) corresponding to two extrema in
the XMCD. We have observed an expected reversal and, more
importantly, no change in the shape of the SW-XMCD signal.
A scan performed away from the absorption edge confirmed
the magnetic origin of the signals. The magnetic field was ori-
ented either parallel or perpendicular to the diffracting lattice
planes. We also used an elliptically polarised incoming beam.
Despite the high noise level owing to the weakness of the
XMCD at the K absorption edge, we could explain all the data
using the developed theory. We assumed a suppression of the
antiferromagnetic coupling between the two iron sublattices
in YIG and half the size magnetic moment at the octahedrally
coordinated ions compared to the magnetic moment at the
tetrahedrally coordinated ones. The latter can be explained by
an incomplete alignment in the magnetic field. In comparison
with the standard XMCD method, which gives information
on the net magnetic moment with element selectivity, our
findings imply that XMCD combined with atomic-resolution
XSW provides additional information with site-selectivity.

The method could potentially provide useful information
about magnetism in thin films, which is not easily accessible
with neutron diffraction due to the small scattering cross-
sections. Samples have to be of high crystalline quality, and
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the magnetic elements have to exhibit absorption edges (ide-
ally L edges) in the hard x-ray regime. In order to extract
useful information, the magnetic unit cell should match the
atomic unit cell, since the atomic lattice generates the standing
wave. If these conditions are fulfilled, the presented method
directly yields magnetic information. It could possibly probe
changes in the magnetic ordering depending on the temper-
ature or the magnetic field magnitude/direction. We foresee
that due to the interference field, one would also be able to
observe an XMCD effect from an antiferromagnet.
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