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Eu(Ga1–xAlx )4 are centrosymmetric systems that have recently been identified as candidates to
stabilise topologically non-trivial magnetic phases, such as skyrmion lattices. In this Letter, we
present a high-resolution resonant x-ray and neutron scattering study on EuGa2Al2 that provides
new details of the complex coupling between the electronic ordering phenomena. Our results unam-
biguously demonstrate that the system orders to form a spin density wave with moments aligned
perpendicular to the direction of the propagation vector, and upon further cooling, a cycloid with
moments in the ab plane, in contrast to what has been reported in the literature. We show that
concomitant with the onset of the spin density wave is the suppression of the charge order, indica-
tive of a coupling between the localised 4f electrons and itinerant electron density. Furthermore
we demonstrate that the charge density wave order breaks the four-fold symmetry present in the
I4/mmm crystal structure, thus declassifying these systems as square-net magnets.

I. INTRODUCTION

The formation of skyrmion lattices (skLs) in materials
with centrosymmetric symmetry has prompted an inter-
est in the scientific community to pinpoint the mecha-
nisms stabilising skyrmions formation in the absence of
Dzyaloshinskii-Moriya exchange (DM) interactions [1–7].
The absence of dominant sources of anisotropy and the
presence of weakly competing exchange interactions is
common to many of the centrosymmetric skyrmion hosts,
however the exact mechanism that leads to their for-
mation is not yet understood. Thus far several mech-
anisms have been proposed, such as geometrical frustra-
tion [2, 3], Ruderman-Kittel-Kasuya-Yosida (RKKY) in-
teractions mediating a four-spin interaction in itinerant
electronic square-net systems [8] and more recently mag-
netic dipolar interactions [9].

Many centrosymmetric skyrmion hosts are intermetal-
lic, and Gd-based, for instance GdPd2Si3 [10, 11]
Gd3Ru4Al12 [12] and GdRu2Si2 [13, 14]. More recently
members of the Eu(Ga1–xAlx )4 series have been identi-
fied as candidate skyrmion hosts [15]. For instance the
end member of this series, EuAl4, develops two different
skLs under an applied magnetic field [16]. Furthermore,
unique to the Eu(Ga1–xAlx )4 series for x = 0.5 and 1 is
the development of a charge density wave (CDW) in zero
field.

EuGa2Al2, the focus of this Letter, is electronically
and structurally similar to EuAl4 and GdRu2Si2; it is a
rare-earth intermetallic that is expected to mediate mag-
netic exchange via long range RKKY interactions, the
magnetic ions Gd3+ and Eu2+ are isoelectronic with spin
only moments (L = 0, J = 7/2) [13, 16, 17]. Further-
more all three materials have been found to crystallise

with I4/mmm symmetry, where the magnetic ions form
square nets in the ab plane, which are not expected to
support any geometrical frustration, and that are coupled
along c to form a three dimensional network of magnetic
ions. The tetragonal symmetry of the crystal structure is
thought to allow for the formation of multiple magnetic
modulation vectors, that may then develop a double-Q
square skyrmion lattice [13]. A topological hall effect
analysis of the Hall resistivity in EuGa2Al2 suggests that
a non-coplanar spin texture is stabilised when a magnetic
field between 1.2 T < H < 1.8 T is applied parallel to
the c axis, and for temperatures below ∼ 7 K, hinting
at the existence of a topologically non-trivial magnetic
phase [15].

Despite its electronic and structural similarity to
EuAl4 and GdRu2Si2, EuGa2Al2 orders with different
magnetic and electronic structures in zero field [18]
[16, 19], indicating it has different underlying electronic
interactions. EuGa2Al2 develops a CDW below TCDW

= 50 K [15], and three distinct magnetic phases below
T1 = 19.5 K, T2 = 15 K and T3 = 11 K, labelled the
AFM1, AFM2 and AFM3 phases respectively [15, 17].
Building a theoretical model that can describe the for-
mation of skyrmion lattices in the absence of DM ex-
change necessitates an accurate experimental determina-
tion of the electronic ordering phenomena in such sys-
tems and across their phase diagram. To this end, we
performed neutron powder diffraction (NPD) and reso-
nant x-ray scattering (RXS) experiments on high-quality
single crystals of EuGa2Al2 that demonstrates the follow-
ing. Firstly the onset of the CDW order broke the four-
fold symmetry that was present in the I4/mmm crys-
tal structure, and stabilised orthorhombic domains with
either Immm(0, 0, g)s00) or Fmmm(0, 0, g)s00) symme-
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try. Secondly the onset of the magnetic order below T1

suppressed the CDW order, indicating the two electronic
order parameters were in competition. Thirdly, we rig-
orously demonstrate that EuGa2Al2 formed a SDW with
moments oriented perpendicular to the direction of the
propagation vector in the AFM1 phase and a cycloid with
moments in the ab plane in the AFM3 phase, in contrast
to what has been reported in the literature [15].

In the I4/mmm symmetry the Eu2+ ions, Wyckoff po-
sition 2a, form two-dimensional square layers in the ab
plane, and neighbouring Eu layers, which are separated
along c, are translated by ( 12 ,

1
2 ,

1
2 ) owing to the I-centering

that relates them. The Al and Ga ions sit between neigh-
bouring Eu layers and are ordered across Wyckoff posi-
tions 4d and 4e, where Al fully occupies the 4d site and
Ga the 4e site [17]. Single crystals of EuGa2Al2 were
grown in accordance with Ref. 15 and 17. RXS measure-
ments were performed on the I16 beamline at Diamond
Light Source [20]. An as grown 1 × 1 × 0.5 mm3 single
crystal sample was fixed onto a Cu sample holder, and
mounted onto a six-circle kappa goniometer. The (00l)
was specular, and the (0k0) direction was used as an az-
imuthal reference. The incident energy was tuned to 6.97
keV, the Eu L3 edge. Further details of the experimen-
tal set-up are given in the Sec. S1 of the Supplemental
Material (SM).

FIG. 1. RXS data collected on (a) the (1,1̄,8) charge reflec-
tion between 300 K and 7 K. (b) the (0,1,5+τ) and (2̄,0,8+τ)
CDW reflections between 7 K and 60 K. These data were col-
lected using incident σ polarised light.

At room temperature the crystal was indexed using the
published I4/mmm space group [17]. As the sample was
cooled a number of distinct changes to the crystal struc-
ture were observed. Below 50 K satellite peaks appeared
that were indexed with propagation vector k = (0,0,τ),
τ ∼ 0.125, which were identified to originate in a CDW,
consistent with reports in the literature [15]. Owing to
the high reciprocal space resolution provided by the I16
beamline it was possible to observe for the first time sub-
tle changes to the crystal structure as we cooled through

the CDW and magnetic phase transitions. We observed
an elongation of the structural Bragg reflections in the hk
plane below TCDW, indicating a loss to the four-fold sym-
metry that was present at 300 K. The possible subgroups
of the displacive representation of the incommensurate
CDW propagation vector, k = (0,0,τ), consistent with
a loss to the four-fold symmetry, are the orthorhombic
space groups Immm(0, 0, g)s00 and Fmmm(0, 0, g)s00.
Each of the two orthorhombic subgroups would produce a
distinct splitting of (1,1,l) type reflections, as illustrated
in Sec. S2 of the SM. For instance Fig. 1(a) shows the
(1,1̄,8), which begins to split close to the (1,1,0) direc-
tion as the temperature approaches TCDW, consistent
with the presence of domains of Immm(0, 0, g)s00 sym-
metry. Upon moving to different positions on the sample
we observed a splitting of the (1,1̄,8) that was consistent
with the presence of both orthorhombic domains, Sec. S2
of the SM. This finding demonstrates that EuGa2Al2 is
not a square-net magnet, similar to EuAl4 [21]. Further-
more it implies the symmetry of the magnetically ordered
phases cannot be higher than monoclinic and each or-
thorhombic domain could further split into two magnetic
domains.

FIG. 2. (a) Projection of the (1,1+β,8) reflection in the hk
plane collected in the PM, AFM1, AFM2 and AFM3 phases.
Temperature dependence of (b) the normalised integrated in-
tensity and (c) propagation vectors of the magnetic satellites
representative of the AFM3 phase, (α3,0,8) & (0,β3,8), and
the AFM1 phase, (α1,0,8) & (0,β1,8). (d) Temperature de-
pendence of the normalised integrated intensity and propaga-
tion vector of the (1,1,8+τ) CDW reflection. These data were
collected using incident σ polarised light.
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Below T1 we measured several magnetic reflections
that indexed with propagation vector, k = (α,0,0) or
k = (0,β,0), where α and β varied between 0.196 and
0.188 depending on the temperature, Fig. 2. Sudden
changes to these satellite reflections appeared at T1, T2

and T3, confirming the presence of the magnetically or-
dered phases previously reported in the literature [15],
Fig. 2(a). The α and β satellites were observed at a posi-
tion in the sample representative of a single orthorhombic
domain, demonstrating that the orthorhombic domains,
of which there can be four, were further split into two
magnetic domains. No intensity was observed at reflec-
tions where h + k + l = 2n + 1, n ∈ Z, nor α and β
magnetic satellites centred about them, implying the I-
centring relating the Eu1 and Eu2 ions was not broken
in any of the three magnetic phases, as shown in Fig. S5
of the SM.

We describe the temperature dependent changes ob-
served for the (α,0,8) and (0,β,8) magnetic satellites be-
longing to a single orthorhombic domain measured upon
warming. For the (α,0,8) reflection a single peak, la-
belled α3, was observed in the AFM3 phase, Fig. 2(b).
The intensity of this peak decreased to zero as the sys-
tem was warmed to the AFM1 phase. At T2, a sec-
ond peak labelled α1 appeared, such that the α1 and
α3 peaks coexisted over a temperature interval of 0.5 K.
The intensity of the α1 peak was maximised at T2 before
steadily decreasing to zero as the system was warmed to
the paramagnetic phase. A similar dependence was ob-
served for (0,β,8), Fig. 2(b), with the exception that the
coexistence of the β1 and β3 peaks occurred over a wider
temperature interval of 4 K. This suggests that the two
peaks, α1/β1 and α3/β3 are representative of the AFM1
and AFM3 phases respectively, and originate in two com-
peting magnetic phases. Note that the difference in the
coexistence region of the two magnetic domains can de-
pend on microscopic characteristics such as their size.

We also followed the evolution of the propagation
vector and intensity of the (1,1,8+τ) CDW reflection
through the magnetic phase transitions to establish the
coupling between these phenomena. The intensity of the
CDW almost halved, while the value of τ steadily in-
creased between T1 and T2, indicating that it was com-
peting with the magnetic order. Note that the tempera-
ture dependence of over thirty different CDW reflections
were collected as the crystal was warmed through the
magnetically ordered phases, shown in Sec. S2 of the
SM, which all showed the same behaviour. The electrons
that give rise to the CDW are itinerant and expected
to originate from the Al ions [22], while the electrons re-
sponsible for the magnetic order are the localised 4f elec-
trons on the Eu sites. If the onset of the magnetic order
polarises the itinerant electronic density that gives rise
to the CDW, it is feasible that that it could destabilise
the CDW order and thus cause its suppression. Indeed
theoretically it has been shown that the spin of the con-
duction electrons tends to align with the underlying local
moment texture in such itinerant magnets [4]. Below T2

we also observed a change to the relative intensity of dif-
ferent CDW reflections, Fig. 1(b), indicating the struc-
ture of the CDW is changing. We note that for EuAl4, a
CDW with orthorhombic symmetry with a similar propa-
gation vector, k = (0, 0, 0.1781(3))) was observed, where
the CDW order was not thought to originate in a simple
nesting of the Fermi surface [21, 22].

Using magnetic symmetry analysis we identified nine
different magnetic structures that the system could
adopt, shown in Sec. S3 of the SM. The magnetic struc-
tures differ according to the moment direction adopted
by the Eu ions, and also according to whether they are
collinear (SDW) or non-collinear (helix and cycloid). As
the resonant magnetic x-ray scattering (RMXS) cross
section for the σπ′ channel is dependent on the dot prod-

uct between the incident wavevector, k̂i, and the mag-
netic interaction vector the moment direction can be ob-
tained by rotating the crystal relative to these vectors
and measuring the scattered signal (azimuthal scan).

FIG. 3. Azimuthal scans collected in (a) πσ′ + ππ′ channels
(b) σπ′ channel and (c) the CRσ + CRπ and CLσ + CLπ
channels for the (0,β,8) reflection. The lines represent the
simulated azimuthal dependencies for the different magnetic
structure solutions. Details of the simulations are presented
in Sec. S4 of the SM. The unfilled markers represent the
normalised data.

Fig. 3 shows the azimuthal scan collected on the
(0,β,8) in the σπ′ channel at 17 K in the AFM1 phase.
Maximums in the intensity of the scattered signal were

measured at ψ = 90° and ψ = -90°, when k̂i was par-
allel to the a-axis, therefore a component of the mag-
netic moment was oriented along a. Furthermore as the
diffracted intensity was zero at ψ of 0, 180°, and -180°,
a b or c axis component to the magnetic moment was
not present. Measurements with incident circular light
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FIG. 4. (a) RMXS data collected on (0,β,8) magnetic satellite with CR and CL incident light. (b) Subtracted NPD data at 1.5
K (25 K data was subtracted) showing only magnetic reflections. Data is given by the unfilled red circles, the fit to the data
using a circular cycloid with moments in the ab plane by the solid black line, and their difference by the solid blue line. The
green ticks mark the position of the magnetic reflections in d-spacing. The inset shows the subtracted data fit using a cycloid
with moments in the ac plane. (c) Experimentally determined magnetic structure of EuGa2Al2 in the AFM1 and AFM3 phases
projected in the ab plane. The black arrows represent the moments on the Eu ions, and the Ga and Al ions are denoted by the
circles. The I4/mmm crystallographic unit cell is shown by the solid black line.

can be used to determine if the magnetic structure is
non-collinear, as explained in Sec. S4 of the SM. The
difference in the scattered intensity between the CR and
CL light was zero across the majority of azimuthal val-
ues measured, Fig. 3(c), indicating the AFM1 phase was
collinear. The best fit to the azimuthal dependencies
collected on the (±α,0,8) and (0,±β,8) reflections mea-
sured with all four incident polarisation of light, details
of which are given in Sec. S4 of the SM and shown for
the (0,β,8) in Fig. 3, was a SDW with moments aligned
perpendicular to the direction of the propagation vector,
consistent with the observations above. This magnetic
structure solution transforms by a single irrep, which is
consistent with the PM to AFM1 phase transition being
second order in nature. The adoption of the moments
perpendicular to the direction of the propagation vector
is similar to that observed for EuAl4 [23] and Gd2PdSi3
[9], suggesting an anisotropy term that may be common
to many of the centrosymmetric skyrmion hosts.

At 7 K, in the AFM3 phase, we found that the mag-
netic structure of the α and β magnetic domains was
non-collinear, owing to a difference in the magnetic in-
tensity measured with CR and CL light, as shown for the
(0,β,8) in Fig. 4(a). A determination of moment direc-
tion using an azimuthal scan was not possible owing to
the appearance of additional peaks that changed signifi-
cantly with sample position, and hence azimuth. Given
that a non-collinear magnetic structure would split each
magnetic domain into a further two magnetic domains
related by inversion symmetry, the appearance of the ad-
ditional peaks was likely owing to the now quite com-
plex domain structure. As such we employed the use
of NPD to determine the ground state magnetic order-
ing. Several single crystal samples of EuGa2Al2 produced

from the same growth were finely crushed to produce a
0.95 g polycrystalline sample, which was measured using
the time-of-flight diffractometer WISH at ISIS [24]. The
NPD data shown in Fig. 4(c) was collected at 1.5 K,
deep into the AFM3 phase, and a Rietveld refinement
of the data conclusively showed that the magnetic struc-
ture is a cycloid with moments in the ab plane. Details of
the Rietveld refinement are given in Sec. S5 of the SM.
The sudden changes to the propagation vector and in-
tensity of the magnetic satellites at T2, shown in Fig. 2,
is consistent with this phase transition being first order
in nature. We question whether there are three distinct
magnetically ordered phases, given that the AFM2 phase
appears to be a coexistence of the AFM1 and AFM3
phases, Fig. 2(a). Furthermore a region of phase coexis-
tence is common following a first order phase transition.
We suggest that the signature of the phase transition in
the specific heat capacity at T3 reported in Ref. 17 may
be related to the onset of a structural phase transition
as indicated by small changes to the relative intensity of
the CDW reflections observed between T2 and T3, Fig.
1, indicating a possible rearrangement of the CDW struc-
ture. While the change to the magnetic susceptibility at
T3, Ref. 17, may be related to a change in the magnetic
domain pattern caused by a complete suppression of the
AFM1 phase and the creation of inversion domains. We
propose that if the CDW structure does transform below
T2 it may cause a change to the itinerant electronic den-
sity, which in turn may modify the RKKY interactions,
proving a possible mechanism by which the cycloid m||ab
plane is stabilised.

In conclusion our study of EuGa2Al2 has shown that
the onset of the CDW order breaks the four-fold symme-
try present in the I4/mmm crystal structure stabilising
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orthorhombic domains, which demonstrates EuGa2Al2 is
not a square-net magnet. We find that the single crystal
samples of EuGa2Al2 are composed of magnetic domains
described by propagation vector (α,0,0) or (0,β,0), which
order in the AFM1 phase by a SDW with moments per-
pendicular to the direction of the propagation vector. We
observed a suppression of the CDW order as the system
ordered to form the SDW, suggesting the two electronic
ordering phenomena were in competition, which in turn
implies that the localised 4f electrons and itinerant elec-
tronic density are coupled. Finally our results show that
the ground state magnetic structure was a cycloid with
moments in the ab plane. Our findings map the zero-

field magnetic and structural phases of EuGa2Al2, re-
vealing more complexity than was previously discovered,
and demonstrating the requirement for high-resolution
scattering studies to elucidate the true nature of the com-
plex ordering present in such candidate centrosymmetric
skyrmion hosts.
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