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Broken inversion symmetry in the charge density wave phase in EuAl4
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EuAl4 exhibits a complex phase diagram, including the development of a charge density wave (CDW) below
TCDW = 145 K. Below TN = 15.4 K, a series of antiferromagnetically (AFM) ordered phases appear, while non-
trivial topological phases, like skyrmion lattices, are stabilized under an applied magnetic field. The symmetries
of the variously ordered phases are a major issue concerning the understanding of the stabilization of the ordered
phases as well as concerning the interplay between the various types of order. EuAl4 at room temperature has
tetragonal symmetry with space group I4/mmm. The CDW phase has an incommensurately modulated crystal
structure described by the modulation wave vector q ≈ 0.17 c∗. On the basis of various experiments, including
elastic and inelastic x-ray scattering, and second-harmonic generation, it has been proposed that the symmetry of
the CDW phase of EuAl4 could be centrosymmetric orthorhombic, noncentrosymmetric orthorhombic or non-
centrosymmetric tetragonal. Here, we report temperature-dependent, single-crystal x-ray diffraction experiments
that show that the CDW is a transverse CDW with phason disorder, and with noncentrosymmetric symmetry
according to the orthorhombic superspace group F222(0 0 σ )00s. Essential for this finding is the availability of
a sufficient number of second-order (2q) satellite reflections in the x-ray diffraction data set. The broken inversion
symmetry implies that skyrmions might form due to Dzyaloshinskii-Moriya (DM) interactions, instead of a more
exotic mechanism as it is required for centrosymmetric structures.
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I. INTRODUCTION

The charge density wave (CDW) was originally proposed
as an instability of quasi-one-dimensional (1D) metals that
is stabilized by Fermi-surface nesting (FSN) [1,2]. Since
then, materials have been discovered that possess a CDW
at low temperatures, but that have a three-dimensional (3D)
electronic band structure. Stabilization of these CDWs is by
alternate mechanisms, for example by momentum-dependent
electron-phonon coupling (EPC) instead of FSN [3]. A CDW
leads to a modified band structure as well as displacements
of the atoms out of their lattice-periodic positions. Both the
electron density and the atomic displacements are modu-
lated in a wavelike manner. These waves are characterized
by a common modulation wave vector q, that is in general
incommensurate with the underlying lattice. These features
imply an interaction or competition between CDWs and
other electronic properties [4]. For example, superconduc-
tivity (SC) is enhanced upon suppression of the CDW by
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application of pressure or chemical doping, as it has been
found for Lu5Ir4Si10 [5,6], and the kagome lattice com-
pound CsV3Sb5 [7,8]. Several compounds RNiC2 (R = rare
earth) possess a CDW, while at lower temperatures magnetic
order develops. The CDW coexists with antiferromagnetic
(AFM) order [9,10], while the CDW disappears on entering
the ferromagnetic (FM) state [11,12]. On the other hand,
magnetic order is suppressed by the presence of a CDW in
Er2Ir3Si5 [13,14].

The topological magnets EuAl4 and EuAl2Ga2 [15,16]
have attracted attention due to the presence of CDWs and
magnetic order at low temperatures [17–19]. The complex
phase diagrams include four differently ordered magnetic
phases below TN = 15.4 K in EuAl4 as well as several metam-
agnetic phases, including two types of skyrmion lattices under
applied magnetic field [17,18]. Magnetic order develops out
of the CDW phase. The symmetry of the CDW thus is of high
importance for understanding the microscopic mechanism of
magnetic order.

At room temperature, EuAl4 has the BaAl4 structure
type with tetragonal symmetry I4/mmm (Fig. 1). Origi-
nally, it was proposed that the symmetry of EuAl4 would
remain tetragonal in its CDW phase, because no lattice dis-
tortions could be observed [20]. While this observation has
been confirmed in several studies by x-ray diffraction, in-
cluding the present study, lower symmetries were proposed
for the CDW phase, including the orthorhombic superspace
groups Fmmm(0 0 σ )s00 and Immm(0 0 σ )s00 [21–24]. The
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FIG. 1. (a) Crystal structure of EuAl4 with space group I4/mmm

in the periodic phase at 160 K. Depicted is an I-centered unit cell
with basis vectors aI , bI , and cI . (b) Basic structure of EuAl4 in
the CDW phase at 30 K, showing an F centered unit cell with
basis vectors aF , bF , and cF and space group F222. The relation
between the I-centered and F -centered unit cells is aF = (aI + bI ),
bF = (−aI + bI ), and cF = cI . Orange spheres correspond to the
Eu atoms; blue spheres represent Al1/Al1a atoms; green spheres
represent Al1b atoms; and pink spheres stand for Al2 atoms.

tetragonal point groups 4 and 4/m were suggested on the basis
of second-harmonic-generation (SHG) measurements [25].

Here, we report the incommensurately modulated crystal
structure of the CDW state of EuAl4 with the noncentrosym-
metric orthorhombic symmetry F222(0 0 σ )00s, as obtained
from temperature-dependent single-crystal x-ray diffraction
(SXRD). The noncentrosymmetric symmetry can only be
distinguished from the previously suggested centrosymmet-
ric superspace groups through the inclusion of second-order
(m = 2) satellite reflections in the structural analysis. Second-
order satellites were not available in previous studies [21,22].
Furthermore, the structural analysis indicates phason disorder
in the CDW [26].

The present result corroborates the analysis from cryogenic
four-dimensional scanning transmission electron microscopy
(4D-STEM), on the basis of which a structural modulation
was proposed without assigning a symmetry to it [27]. It
also mirrors the symmetry obtained for the isostructural, non-
magnetic CDW compound SrAl4, for which the SXRD data
include second-order satellites [28].

The proposed symmetry is important for the description
of the magnetically ordered phases. The noncentrosymmetric
superspace group allows for a stabilization of skyrmions by
Dzyaloshinskii-Moriya (DM) interactions, the latter which
are usually the source of skyrmions [29–31]. A more exotic
mechanism, like those involving itinerant-electron-mediated
interactions, is not required [17,18,27]. Second, Vibakhar
et al. [32] have found that the magnetic symmetry becomes
polar monoclinic at the onset of the third AFM phase, while
the symmetry of the CDW would lower to point group 222 or
2. The present result of the noncentrosymmetric superspace
symmetry F222(0 0 σ )00s for the CDW phase demonstrate
that point group 222 has already been reached, before any
magnetic order develops.

FIG. 2. Single crystal of EuAl4 as separated from the Al flux.
Yellow lines form a mesh of 1 × 1 mm2.

II. EXPERIMENT

A. Crystal growth

High-quality single crystals of EuAl4 were grown by the
self-flux method according to the procedure described by
Nakamura et al. [33], using growth parameters different from
our previous work [21]. Europium (Smart-elements, 99.99%
purity) and aluminum (Alfa-Aesar, 99.9995%) were mixed
into an alumina crucible in the elemental ratio 1:9, and then
sealed under vacuum in a quartz-glass tube. The quartz-glass
tube was heated to 1173 K and maintained at this temperature
for two days. It was then slowly cooled down to 673 K over
110 hours. The oven was tilted by 9◦, with the materials at
the lower side, thus keeping all materials together during the
reaction. After cooling to room temperature, a single crystal
was obtained of about 1 mm in size (Fig. 2).

We believe that the present single crystal was of better
quality (fewer lattice defects) than the crystal used in our
earlier study [21]. Most likely, this is due to an effective
annealing of the present material, as it has resulted from the
slow cooling down to 673 K, as opposed to quenching from
923 K to room temperature in [21].

B. X-ray diffraction

The as-grown single crystal was crushed, and a small part
of dimensions 0.063 × 0.041 × 0.005 mm3 was selected for
single-crystal x-ray diffraction (SXRD). Diffraction experi-
ments were performed with synchrotron radiation at Beamline
P24 of PETRA III at DESY in Hamburg, Germany, employing
radiation of a wavelength of 0.5000 Å. A CRYOCOOL G2B-
LT open-flow helium gas cryostat was used for controlling the
temperature of the sample.

The SXRD data were measured by the rotation method,
employing a LAMBDA 7.5 M area detector by X-Spectrum
[34]. Frames of width of 0.1◦ and exposure time 0.1 s were
collected during continuous rotation over 364º. At each tem-
perature, the raw data were binned toward a single run of 363
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frames of 1◦ wide. The software CrysAlisPro [35] was used
for the computation of undistorted views of reciprocal space.
Two complete data sets of SXRD data were obtained in this
way: The SXRD-160 data for a sample temperature of 160 K,
and the SXRD-30 data for a sample temperature of 30 K. In a
similar way, the data from Ref. [21] are designated SXRD-250
and SXRD-70 data.

Data processing of the binned runs was performed with
the EVAL15 software suite [36]. Indexing and integration
resulted in values for the lattice parameters and modulation
wave vector, as well as a list of Bragg reflections with their
integrated intensities. Absorption correction and scaling were
computed for each data set by the software SADABS [37].
These corrections are obtained through the comparison of
intensities of equivalent reflections. The correction thus de-
pends on the point symmetry that is assumed to be valid
for the SXRD data. Here, the problem arises that different
symmetries lead to comparable agreements between equiva-
lent reflections, with Rint ≈ 3% for main reflections, and even
slightly higher for the tetragonal phase at 160 K (see Table
S1 in the Supplemental Material [38]). This can be explained
by twinning of the crystal in the CDW phase, as it is likely
to occur at the CDW phase transition, if this transition leads
to a lowering of the point group. For equal volumes of twin
domains, the diffraction data of EuAl4 would have 4/mmm

point symmetry, irrespective of the symmetry of the crystal
structure in the CDW state.

Refinements of the crystal structures was done using the
software package JANA2020 [39]. Details of the experiment,
data processing, and crystallographic information are pro-
vided in Table I and in the Supplemental Material [38].

III. SYMMETRY AND CRYSTAL STRUCTURE

The diffraction data at 160 K (SXRD-160 data) confirm
the BaAl4 structure type with space group I4/mmm for EuAl4

[41]. Structure refinements led to an excellent fit to the SXRD-
160 data with RF = 0.0193 (Table I). Parameters of the three
crystallographically independent atoms—Eu, Al1, and Al2—
are given in Table S6 in the Supplemental Material [38].

Cooling of the crystal toward 30 K resulted in the appear-
ance of satellite reflections in the SXRD [20]. The observation
of up to third-order satellite reflections has been reported in
the literature, but only first-order satellite reflections have
been used for structural analysis [20–22]. Presently, the
SXRD-30 data comprise both first-order and second-order
satellite reflections (Fig. 3 and Table S1 in [38]).

The incommensurately modulated crystal structure of
EuAl4 in its CDW state is described within the superspace
approach [42,43]. In principle, any superspace group is a
candidate symmetry for the CDW phase, which is based on a
modulation wave vector along c∗ and a basic-structure space
group that is a “translationsgleiche” subgroup of I4/mmm.
A total of 63 superspace groups exist with these properties
[28]. Previous analyses of SXRD data of up to first-order
satellites have shown that six of these 63 superspace groups
allow for a structure model that may describe the SXRD data
well [21,22,28]. Present refinements confirm this finding for
the SXRD-30 data (Tables S2 and S3 in [38]). These symme-
tries comprise two acentric tetragonal superspace groups, two

TABLE I. Crystallographic data of EuAl4 at 160 K (periodic
phase) and 30 K (CDW phase).

Temperature (K) 160 30

Crystal system Tetragonal Orthorhombic
(Super-)space group I4/mmm F222(0 0 σ )00s

No. [40] 139 22.1.17.2
a (Å) 4.3922(1) 6.2056(1)
b (Å) 4.3922 6.2055(1)
c (Å) 11.1707(3) 11.1630(2)
Volume (Å3) 215.50(1) 429.88(2)
Wave vector q 0.1743(1) c∗

Z 2 4
Wavelength (Å) 0.50000 0.50000
Detector distance (mm) 95 95
χ -offset (deg) −60 −60
Rotation per frame (deg) 1 1
(sin(θ )/λ)max (Å−1) 0.719972 0.720842
Absorption coefficient,
µ (mm−1) 5.875 5.890
Tmin, Tmax 0.7057, 0.8618 0.6794, 0.8618
Criterion of observability I > 3σ (I ) I > 3σ (I )
No. of reflections measured,
(m = 0) 1796 1144
(m = 1) 2316
(m = 2) 2322
Point group for averaging 4/mmm mmm

No. of unique reflections,
(m = 0) (obs/all) 127/127 207/207
(m = 1) (obs/all) 345/380
(m = 2) (obs/all) 31/394
Rint (obs/all) 0.0386/0.0386 0.0407/0.0414
Rint (m = 0) (obs/all) 0.0386/0.0386 0.0303/0.0303
Rint (m = 1) (obs/all) 0.1056/0.1063
Rint (m = 2) (obs/all) 0.1653/0.2325
No. of parameters 9 40
RF (m = 0) (obs) 0.0193 0.0167
RF (m = 1) (obs) 0.0416
RF (m = 2) (obs) 0.0566
wRF (m = 0) (all) 0.0230 0.0204
wRF (m = 1) (all) 0.0477
wRF (m = 2) (all) 0.1921
wRF (all) (all refl.) 0.0230 0.0317
GoF (obs/all) 1.71/1.71 1.37/1.11
�ρmin, �ρmax(e Å−3) −1.35, 1.39 −4.6, 5.24

acentric orthorhombic superspace groups, and two centrosym-
metric orthorhombic superspace groups (Fig. 4 and Table II).

The goal of the present analysis is to determine the sym-
metry and crystal structure of the CDW phase. First, it is
noticed that the lattice remains of tetragonal metric in the
CDW phase. No splitting nor broadening has been observed
of Bragg reflections (Fig. 3), in agreement with the literature
[20–22,25]. This observation indicates that the lattice symme-
try remains tetragonal within experimental error. However, as
shown below, the symmetry of the crystal structure is lowered
to acentric orthorhombic in the CDW phase.

The first model to be considered is the basic structure (no
modulation). Except for I4, the basic-structure coordinates
remain equal to those of I4/mmm, where there exists only
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FIG. 3. Undistorted view of the (1 k l ) reciprocal lattice plane of
(a) the SXRD-160 data, and (b) the SXRD-30 data. (c) Enlarged
view of panel (b) about reflection (1 −3 − 1), with clearly visible
first-order and second-order satellite reflections. Images have been
generated from the measured data by the software CrysAlisPro [35].
Dark bands are due to gaps (insensitive area) between the active
modules of the Lambda 7.5M area detector.

FIG. 4. Flow chart showing the relations between tetragonal
and orthorhombic space groups and superspace groups, where the
basic-structure space group is a subgroup of I4/mmm. Furthermore,
the acentric orthorhombic superspace groups (bottom row) are sub-
groups of the superspace groups in the middle row. “t2” indicates
that the point group is a subgroup of index two. Centrosymmetric
superspace groups are in light blue and acentric superspace groups
are in light brown color.

one refinable coordinate, z[Al2] (Table S6 in [38]). A spe-
cial case is the symmetry F222(0 0 σ )00s, in which the Al1
site splits into two sites, denoted as Al1a and Al1b. Since
Al1, Al1a, and Al1b do not incorporate refinable coordinates,
the symmetry of the basic structure remains I4/mmm here
too. The orthorhombic symmetries do allow for more inde-
pendent ADP parameters. However, lower symmetry for the
ADPs is unlikely for an undistorted basic structure. Therefore,
the basic-structure ADPs were restricted to follow I4/mmm

symmetry in all refinements. An excellent fit of the main
reflections of the SXRD-30 data has been obtained (Table II).
These results imply that the basic structure of the incommen-
surate CDW phase remains tetragonal, and that any distortions
will be due to the modulation wave. The less good agreement
for the I-centered orthorhombic symmetry is attributed to the
less than optimal performance of the SADABS refinement for
this symmetry.

The second model describes the displacive modulation
by first-order harmonic parameters. Although a reasonable
fit to the SXRD-30 data is obtained for all six symmetries,
except for the fit to the second-order satellite reflections for
models with centrosymmetric symmetries (Table II), several
problems remain. First, the fit to the main reflections is less
good than in the basic-structure refinement. However, this fit
should improve upon the introduction of the correct model
for the incommensurate modulation. Apparently, something
is lacking for this model. In this respect, it is noticed that
the standard procedure would be the introduction of second-
order harmonic parameters for the displacement modulation,
if the SXRD data contain second-order satellite reflections,
as the SXRD-30 data do. However, the second problem with
the simple modulated structure is that second-order satellite
reflections are calculated too strong, i.e.,

�F (h k l m) = (Fobs(h k l m) − Fcal(h k l m)) < 0 (1)

for most second-order satellites (m = ±2). We have called
this the �F problem, and it is found for all symmetries
(Table II). Nonzero values for the second-order harmonic
parameters for the displacive modulation lead to even higher
calculated structure factor amplitudes Fcal(h k l m) for the
second-order satellites, aggravating the �F problem. Indeed,
refinements of the displacement modulation up to second-
order harmonic parameters leads to insignificant or zero
values for the latter.

Instead of modifying the displacement modulation func-
tions, modulations can be introduced for the ADPs. First-order
harmonic parameters for the modulation of the ADPs did
not lead to an improved fit to the SXRD-30 data, while
those parameters refined to values smaller than their stan-
dard uncertainties. Therefore, we have restricted to zero the
values of these parameters in the remaining analysis. The
third model that we have considered is the combination of
first-order harmonic parameters for displacive modulation
with second-order harmonic parameters for the modulation
of ADPs. A clearly improved fit to the SXRD-30 data was
thus obtained for five out of six superspace symmetries
(Table II), while the �F problem is resolved. However, we
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TABLE II. Structure refinements against the SXRD-30 data of EuAl4 in its incommensurate CDW phase at T = 30 K. Three types
of structure model are considered for each of six superspace symmetries. “Basic structure” refers to a refinement of the basic structure
against main reflections (m = 0) only; “Displacement modulation” adds to the basic structure first-order harmonic modulation parameters
of displacement modulation; “Displacement + ADP modulation” adds to “displacement modulation” second-order harmonic modulation
parameters for the anisotropic displacement parameters (ADPs). SXRD-30 data have been processed according to the centrosymmetric point
group of the superspace group (Table S1 in [38]). Criterion of observability is I > 3σ (I ). npar is the number of refined parameters. “*” indicates
refinements with a �F problem (see text).

Robs
F Robs

F Robs
F Robs

F

SSG Averaging npar (Overall) (m = 0) (m = 1) (m = 2)
(%) (%) (%) (%)

Basic structure
I422(0 0 σ )q00 4/mmm 9 1.79 1.79

I4(0 0 σ )q00 4/m 11 1.68 1.68

Immm(0 0 σ )s00 Immm 9 3.24 3.24

I222(0 0 σ )00s Immm 9 3.24 3.24

Fmmm(0 0 σ )s00 Fmmm 9 1.81 1.81

F222(0 0 σ )00s Fmmm 9 1.81 1.81

Displacement modulation
I422(0 0 σ )q00 4/mmm 14* 3.37 2.12 6.12 4.59

I4(0 0 σ )q00 4/m 21* 3.31 1.94 6.03 4.74

Immm(0 0 σ )s00 Immm 14* 4.81 3.36 7.37 20.31

I222(0 0 σ )00s Immm 19* 4.28 3.31 6.39 3.85

Fmmm(0 0 σ )s00 Fmmm 15* 4.14 2.21 7.58 23.63

F222(0 0 σ )00s Fmmm 19* 3.5 2.05 6.5 4.9

Displacement + ADP modulation
I422(0 0 σ )q00 4/mmm 24 3.37 2.1 6.01 7.55

I4(0 0 σ )q00 4/m 41 2.93 1.79 5.05 8.23

Immm(0 0 σ )s00 Immm 29 4 3.32 5.13 13.09

I222(0 0 σ )00s Immm 40 3.63 3.17 4.57 5.19

Fmmm(0 0 σ )s00 Fmmm 28 2.86 1.81 4.78 12.05

F222(0 0 σ )00s Fmmm 40 2.51 1.67 4.16 5.66

notice that the best fit with Robs
F (overall) = 2.51% is obtained

for the noncentrosymmetric orthorhombic superspace group
F222(0 0 σ )00s. Furthermore, the two tetragonal superspace
groups lead to higher values for Robs

F (m = 0) than in the basic-
structure refinement; an additional argument against these
symmetries. Both centrosymmetric orthorhombic superspace
groups—previously proposed on the basis of SXRD data
without second-order satellites [21,22,28]—can be excluded,
because of the poor fit to the second-order satellite reflections.

An alternate approach is to use the same reflection list
for all refinements. This list then should be based on the
common point symmetry of all six superspace groups, which
is c-unique monoclinic symmetry. Accordingly, SXRD-30
data have been processed within 2/m point symmetry with,
apparently, similar results as for processing within the other
symmetries (Table S1 in [38]). However, refinements show a
less good fit to the main reflections, indicating that the compu-
tation of the absorption correction and other scalings was less
successful for 2/m symmetry than for the higher symmetries,
probably because of the lower redundancy for 2/m symmetry.
Nevertheless, with these data, F222(0 0 σ )00s is marginally
preferred over I222(0 0 σ )00s (Table S4 in [38]). We attribute

this very small difference to the almost perfect twinning (all
domains of equal volume) of the crystal while measuring the
SXRD-30 data. With inversion twins restricted to be equal, re-
fined twin volumes are 0.253(2):0.247 for I222(0 0 σ )00s and
0.257(2):0.243 for F222(0 0 σ )00s symmetry. The SXRD-70
data were measured on a different crystal that appeared to
be twinned with twin volumes 0.29:0.21. This deviation from
perfect twinning has appeared to be sufficient for a more clear
preference of F222(0 0 σ )00s over I222(0 0 σ )00s symmetry,
despite the lack of second-order satellites (Table III and Table
S5 in [38]).

IV. DISCUSSION

The symmetry of the CDW state of EuAl4 has been found
as noncentrosymmetric orthorhombic with superspace group
F222(0 0 σ )00s. This superspace group is a subgroup of cen-
trosymmetric Fmmm(0 0 σ )s00, which was previously pro-
posed as symmetry [21]. Alternatively, the other centrosym-
metric orthorhombic superspace group, Immm(0 0 σ )s00, was
proposed as symmetry [22] (Fig. 1). Here, the I-centered
orthorhombic groups preserve the twofold axes along the
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FIG. 5. Perspective view of layers of aluminum atoms in EuAl4.
(a) Layer of Al atoms in the periodic phase, where the shortest
distances are within the Al2-Al2 dumbbells with d[Al2–Al2] =

2.562(3) Å at 160 K. Next shortest distances are d[Al2–Al1] =

2.666(2) Å and d[Al1–Al1] = 3.1058(1) Å. (b) The CDW phase
featuring Al1a and Al1b independent atoms in the basic structure
of symmetry F222. Basic-structure distances in the modulated CDW
phase at 30 K are d[Al2–Al2] = 2.566(2) Å, d[Al2–Al1a] = d[Al2–
Al1b] = 2.662(1) Å, and d[Al1a–Al1b] = 3.1027 Å. The modulation
of these distances is given as t-plots in Fig. 7.

coordinate axes of I4/mmm, and the F -centered orthorhombic
groups preserve the diagonal twofold axes of I4/mmm. We
believe that the distinction could be made between all six
possible superspace groups in Table II, because the present
SXRD-30 diffraction data is an extensive data set containing
second-order satellite reflections. Although observed, previ-
ous structural analysis was based on SXRD data containing
only first-order satellite reflections [21,22]. The finding of
acentric symmetry is in agreement with the isostructural, non-
magnetic compound SrAl4, which features a stronger CDW
with stronger second-order satellites, that are also described
by the acentric superspace group F222(0 0 σ )00s [28]. The
absence of inversion symmetry immediately implies that the
previously reported skyrmion lattices could be stabilized by
the DM interaction and do not need more exotic mechanisms
[17,18,27,29].

Whereas the choice of F222(0 0 σ )00s is principally based
on the quality of the fit to the SXRD data of the CDW phase,
the structure refinement also leads to a structure model for the
CDW phase of EuAl4. First, it is to be noted that the basic
structure remains I4/mmm (Table S6 in [38]). Only ADP
parameters could deviate from this symmetry, but they were
fixed to the tetragonal symmetry, because a lower symmetry
of the ADP parameters is unlikely for a crystal structure
that lacks distortions. The lower symmetry, including the loss

of inversion symmetry, thus is entirely due to the symme-
try of the CDW modulation. Such a phenomenon has been
observed before, for example for Mo2S3 [44], Sm2Ru3Ge5

[45], and Gd2Os3Si5 [46]. Presently, the CDW modulation
represents a transverse wave (Table S7 in [38]), in agreement
with [25].

A second point to notice is that the two centrosymmetric
orthorhombic superspace groups as well as the acentric tetrag-
onal superspace groups are not subgroups of any superspace
group based on I4/mmm. On the other hand, F222(0 0 σ )00s

is a subgroup of both F422(0 0 σ )q00 and, previously pro-
posed, Fmmm(0 0 σ )s00 (Fig. 4). Indeed, the present acentric
structure model can be considered as a distortion of the
Fmmm(0 0 σ )s00 model (compare the discussion in Sec. S6
in the Supplemental Material [38]). Initially, it appears that
all atoms exhibit similar displacements along aF [Figs. 5 and
6(a), and Table S7 and Figs. S1–S3 in [38]]. However, major
effect is the unequal displacement modulations of the Al1a
and Al1b atoms into the direction of bF [Figs. 5 and 6(b), and
Table S7 and Figs. S1–S3 in [38]]. t-Plots reveal that the major
modulation of interatomic distances is between Al1 atoms and
of secondary importance between Al2 and Al1 atoms (Fig. 7).
This finding is in agreement with the Fmmm(0 0 σ )s00 model
[21], and it confirms that the CDW resides on the aluminum
layers [47,48]. The acentric distortion of the CDW accord-
ing to F222(0 0 σ )00s appears to be in agreement with the
structure proposed by Ni et al. [27] on the basis of 4D-STEM
data, although in the latter report no symmetry group was
given (see the discussion in Sec. S7 of the Supplemental
Material [38]).

Korshunov et al. [22] have proposed for the CDW
phase of EuAl4 the centrosymmetric superspace group
Immm(0 0 σ )s00. We have recently found this symmetry for
the CDW phase of EuAl2Ga2 [24]. In view of the present re-
sults for EuAl4, it is likely that the true symmetry of EuAl2Ga2

could be I222(0 0 σ )00s, since the analyses in [22] and [24]
were based on SXRD data without second-order satellite re-
flections, for which it is difficult to distinguish acentric from
centrosymmetric symmetries. Also, consideration of the four
orthorhombic symmetries listed in Fig. 4 and Table II shows
that they share the tetragonal basic structure as well as a mod-
ulation that is strongest on the layers of Al1 atoms (compare to
Sec. S5 in [38]) [21,28]. Therefore, it is conceivable that the
CDWs can be stabilized by modulations according to either
of these symmetries. It is then possible that F222(0 0 σ )00s

is most stable for EuAl4, while I222(0 0 σ )00s is most stable
for EuAl2Ga2. It might even be the case that a different sym-
metry is achieved for the CDW state of a single compound,
depending on its chemical purity and the concentration of
lattice defects.

A modulation of the ADPs was required, in order to re-
solve the �F problem of the second-order satellite reflections.
Structure refinements have shown that first-order harmonic
modulation parameters were without effect and refined to
value zero, while the second-order harmonic modulation pa-
rameters lead to the good fit to the SXRD-30 data. Pérez-Mato
et al. [26] have shown that second-order harmonic modulation
of ADPs reflects the presence of phasons in the incommensu-
rate modulation wave. Therefore, we propose that the CDW
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TABLE III. Structure refinements against the SXRD-70 data of EuAl4 in its incommensurate CDW phase at T = 70 K. Data from [21].
The same types of structure model and the same symmetries are considered as in Table II. The SXRD-70 data have been processed according
to the centrosymmetric point group 2/m (c unique; Table S1 in [38]). Criterion of observability is I > 3σ (I ). npar is the number of refined
parameters. A �F -problem does not exist, because second-order satellites are not part of the SXRD-70 data.

Robs
F Robs

F Robs
F Rall

F

SSG Averaging npar (Overall) (m = 0) (m = 1) (all)
(%) (%) (%) (%)

Basic structure
I422(0 0 σ )q00 2/m 9 2.05 2.05 2.05

I4(0 0 σ )q00 2/m 11 2.03 2.03 2.03

Immm(0 0 σ )s00 2/m 9 2.05 2.05 2.05

I222(0 0 σ )00s 2/m 9 2.05 2.05 2.05

Fmmm(0 0 σ )s00 2/m 9 2.05 2.05 2.05

F222(0 0 σ )00s 2/m 9 2.05 2.05 2.05

Displacement modulation
I422(0 0 σ )q00 2/m 14 3.21 2.06 6.22 3.38

I4(0 0 σ )q00 2/m 21 3.19 2.04 6.17 3.38

Immm(0 0 σ )s00 2/m 16 3.2 2.13 5.99 3.36

I222(0 0 σ )00s 2/m 21 3.15 2.09 5.92 3.33

Fmmm(0 0 σ )s00 2/m 15 3.14 2.16 5.7 3.28

F222(0 0 σ )00s 2/m 19 3.2 2.06 6.18 3.37

Displacement + ADP modulation
I422(0 0 σ )q00 2/m 24 3.01 2.07 5.45 3.22

I4(0 0 σ )q00 2/m 41 2.79 1.85 5.22 2.98

Immm(0 0 σ )s00 2/m 31 2.74 1.97 4.73 3.07

I222(0 0 σ )00s 2/m 41 2.46 1.65 4.56 2.64

Fmmm(0 0 σ )s00 2/m 28 2.76 2.02 4.7 2.96

F222(0 0 σ )00s 2/m 40 2.41 1.67 4.34 2.59

FIG. 6. Incommensurately modulated crystal structure of EuAl4 for symmetry F222(0 0 σ )00s (Table I). Black lines represent the boundary
of 1 × 1 × 6 unit cells of the basic structure. All atoms are at their modulated (displaced) positions. Eu in orange, Al1a in blue, Al1b in green,
and Al2 in pink. (a) Projection along bF , showing displacements along aF . (b) Projection along aF , showing displacements along bF . Atomic
displacements have been magnified by a factor of five. Displacements are zero along cF .
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FIG. 7. t-Plots of interatomic distances (Å) in the CDW phase
of EuAl4 at 30 K. (a) d[Al1a–Al1b] with Al1a as central atom, and
(b) d[Al2–Al1a], d[Al2–Al1b], and d[Al2–Al2] with Al2 as central
atom. Basic structure distances are indicated by the dashed horizontal
lines. t-Plots display variation in atomic parameters such as distance
and position as a function of the phase t of the modulation wave [42].
Here, each value of t gives the distances from a central atom toward
its neighboring atoms. The number on each curve is the number of
the symmetry operator that is applied to the second atom of the bond
pair. Symmetry operators are listed in Table S9 in the Supplemental
Material [38].

modulation in EuAl4 and related compounds includes phason
disorder.

V. CONCLUSIONS

Broken inversion symmetry of the CDW phase is estab-
lished for EuAl4. Essential experimental information was
the presence of second-order satellites in the SXRD data
set. The CDW modulation is transverse, like it was found
for isostructural SrAl4 [28], and it is best described by
the acentric orthorhombic superspace group F222(0 0 σ )00s.
Despite conflicting conclusions, F222(0 0 σ )00s appears to
be in agreement with all experimental results on EuAl4

[21–23,25,27].
The CDW is found to reside on the Al–Al network, in

agreement with previous models. The acentric nature of the
CDW modulation is most clearly established by the unequal
modulations of the Al1a and Al1b atoms. It should be con-
sidered, when considering models for the stabilization of the
skyrmion states of EuAl4.
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