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Eu(Ga1−xAlx )4 are centrosymmetric systems that have recently been identified as candidates to stabilize
topologically nontrivial 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 unambiguously demonstrate that the system orders to
form a spin density wave with moments aligned perpendicular to the direction of the propagation vector below
19.5 K, and upon further cooling below 15 K, 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 density wave order, indicative of a coupling between the localized 4 f electrons and
itinerant electron density. Furthermore, we demonstrate that the charge density wave order breaks the fourfold
symmetry present in the I4/mmm crystal structure, thus declassifying these systems as square-net magnets.
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The formation of skyrmion lattices (skLs) in materials with
centrosymmetric symmetry has prompted an interest in the
scientific community to pinpoint the mechanisms stabilizing
skyrmion 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 centrosym-
metric skyrmion hosts, however the exact mechanism that
leads to their formation is not yet understood. Thus far sev-
eral mechanisms have been proposed, such as geometrical
frustration [2,3], Ruderman-Kittel-Kasuya-Yosida (RKKY)
interactions mediating a four-spin interaction in itinerant elec-
tronic square-net systems [8], and more recently magnetic
dipolar interactions [9].

Many centrosymmetric skyrmion hosts are intermetallic,
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 identified as candi-
date 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
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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 magnetic 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]. Furthermore, all three materials have
been found to crystallize 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 mag-
netic ions. The tetragonal symmetry of the crystal structure is
thought to allow for the formation of multiple magnetic mod-
ulation vectors, which may then develop a double-Q square
skyrmion lattice [13]. A topological hall effect analysis of the
Hall resistivity in EuGa2Al2 suggests that a noncoplanar spin
texture is stabilized 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
nontrivial magnetic phase [15].

Despite its electronic and structural similarity to EuAl4

and GdRu2Si2, EuGa2Al2 orders with different magnetic and
electronic structures in zero field [16,18,19], indicating it has
different underlying electronic interactions. EuGa2Al2 devel-
ops a CDW below TCDW = 50 K, and three magnetic phases
below T1 = 19.5 K, T2 = 15 K, and T3 = 11 K, labeled the
AFM1, AFM2, and AFM3 phases, respectively [15,17].
Building a theoretical model that can describe the formation
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FIG. 1. (a) Single unit cell of EuGa2Al2 in the I4/mmm space
group projected from (110) direction. (b) Cross section of z = 1

4 and
z = 3

4 planes of the I4/mmm EuGa2Al2 unit cell projected in the
ab plane. I4/mmm unit cell is shown by the solid black line, and the
Eu, Ga, and Al ions are given by the gray, black, and white circles,
respectively. The red arrows indicate the displacement of the Al ions
that would give rise to a charge density wave structure of Fmmm
symmetry. Reciprocal space maps of (c) the (1,1̄,8) (d) (1,1,8) charge
reflections between 300 K and 7 K projected in the hk plane collected
at two different positions on the sample. (e) RXS data collected on
the (0,1,5 + τ ) and (2̄,0,8 + τ ) CDW reflections between 7 K and
55 K. Data were collected using incident σ polarized light.

of skyrmion lattices in the absence of DM exchange necessi-
tates an accurate experimental determination of the electronic
ordering phenomena in such systems and across their phase
diagram. To this end, we performed neutron powder diffrac-
tion (NPD) and resonant x-ray scattering (RXS) experiments
on high-quality single crystals of EuGa2Al2 that demonstrated
the following. First, the onset of the CDW order broke the
fourfold symmetry that was present in the I4/mmm crystal
structure, and stabilized orthorhombic domains with either
Immm(0, 0, g)s00) or Fmmm(0, 0, g)s00) symmetry. Second,
the onset of the magnetic order below T1 suppressed the CDW
order, indicating the two electronic order parameters were in
competition. Third, we rigorously 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 posi-
tion 2a, form two-dimensional square layers in the ab plane,
and neighboring Eu layers, which are separated along c, are
translated by ( 1

2 , 1
2 , 1

2 ) owing to the I centering that relates
them, as shown in Fig. 1(a). The Al and Ga ions sit between
neighboring Eu layers and are ordered across Wyckoff po-
sitions 4d and 4e, where Al fully occupies the 4d site and
Ga the 4e site [17], as shown in Fig. 1(b). Single crystals
of EuGa2Al2 were grown in accordance with Refs. [15] and
[17]. RXS measurements 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 azimuthal
reference. The incident energy was tuned to 6.97 keV, the Eu
L3 edge. Further details of the RXS experiment are given in
the Sec. S1 of the Supplemental Material (SM) [21].

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 structure
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 subtle 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 fourfold symmetry that was present at 300 K. The possible
subgroups of the displacive representation of the incommen-
surate CDW propagation vector, k = (0,0,τ ), consistent with
a loss to the fourfold 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 split-
ting of (1,1,l) type reflections, as illustrated in Sec. S2 of the
SM. For instance, Fig. 1(c) shows the (1,1̄,8), which begins
to split close to the (1,1,0) direction as the temperature ap-
proaches TCDW, consistent with the presence of domains of
Immm(0, 0, g)s00 symmetry. Upon moving to different posi-
tions on the sample, Fig. 1(d), we observed a splitting of the
(1,1,8) that was consistent with the presence of domains of
Fmmm(0, 0, g)s00 symmetry instead, see Sec. S2 of the SM
for further details. Whether this points to phase coexistence or
an effect of local strains is not clear at present. Nevertheless,
this finding demonstrates that EuGa2Al2 is not a square-net
magnet, similar to EuAl4 [24].

Systematic searches along high symmetry lines and points
in reciprocal space were made to identify the propagation
vector of the magnetic ordering at temperatures representative
of the three magnetically ordered phases. The origin of new
intensity was investigated by measuring its polarization, az-
imuthal, and temperature dependence. Magnetic intensity was
identified if, at resonance, the intensity was present in either
the σπ , πσ, or ππ channels, and absent in the σσ channel,
Sec. S4 of the SM, and if temperature dependent changes to
the intensity were consistent with the magnetic susceptibility
data presented in Ref. [17].

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 according
to the temperature, Fig. 2. Sudden changes to these satellite
reflections appeared at T1, T2, and T3, Fig. 2(a), confirming
the presence of the magnetically ordered phases previously
reported [15]. The α and β satellites were observed at a
position in the sample representative of a single orthorhombic
domain, demonstrating that the orthorhombic domain was
further split into two magnetic domains. This pattern of mag-
netic domains is consistent with Fmmm(0, 0, g)s00 symmetry
of the orthorhombic paramagnetic structure. In the case of
Immm(0, 0, g)s00 symmetry, only one magnetic satellite (ei-
ther α or β) should be expected for a single orthorhombic
domain. Even though the observation of the two magnetic
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FIG. 2. (a) Reciprocal space maps centered about the (1,1 + β,8)
reflection in the hk plane collected in the PM, AFM1, AFM2, and
AFM3 phases. Temperature dependence of the normalized integrated
intensity and the magnitude of the propagation vector of (b) (α,0,8),
(c) (0,β,8), and (d) (1,1,8 + τ ) reflections. We note that α1 and β1

refer to the magnetic satellites found exclusively in the AFM1 phase,
and α3 and β3 refer to the magnetic satellites found exclusively in the
AFM3 phase. These data were collected using incident σ polarized
light.

domains strongly suggests the F-centered cell, we cannot
exclude the presence of some fraction of Immm(0, 0, g)s00
phase, too, as follows from splitting of the fundamental re-
flections discussed above. An alternative explanation for the
presence of both α and β satellites is a two-k magnetic order,
which onsets on top of the F-centred orthorhombic structure.
In this scenario, however, one should expect the presence of
structural distortions with (α, β, 0) propagation vector. No
such satellites were found experimentally. No intensity was
observed at reflections where h + k + l = 2n + 1, n ∈ Z , nor
α and β magnetic satellites centered about them, implying the
I centring relating the Eu1 and Eu2 ions was not broken in the
three magnetic phases, as shown in Fig. S6 of the SM [21].

We describe the temperature dependent changes observed
for the (α,0,8) and (0,β,8) magnetic satellites belonging to
a single orthorhombic domain measured upon warming. For
the (α,0,8) reflection, a single peak, labeled α3, was observed
in the AFM3 phase, Fig. 2(b). The intensity of this peak de-
creased to zero as the system was warmed to the AFM1 phase.
At T2, a second peak labeled 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 maximized at T2 before steadily
decreasing to zero as the system was warmed to the param-
agnetic (PM) phase. A similar dependence was observed for
(0,β,8), Fig. 2(c), 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 competing magnetic phases. Note that
the difference in the coexistence region of the two magnetic
domains can depend on microscopic characteristics such as
their size.

FIG. 3. Scattered intensity plotted as a function of azimuth col-
lected in (a) πσ ′ + ππ ′ channels, (b) σπ ′ channel, and (c) the
CRσ + CRπ and CLσ + CLπ channels for the (0,β,8) reflection at
17 K, in the AFM1 phase. Unfilled markers represent the normalized
data. 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 evolution of the propagation vector and intensity of
the (1,1,8 + τ ) CDW reflection was followed 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 increased between T1 and T2,
as shown in Fig. 2(d). The temperature dependence of thirty
different CDW reflections were subsequently collected as the
crystal was warmed through the magnetically ordered phases,
as shown in Fig. S4 of the SM [21], which all showed a
significant decrease to the intensity of the CDW reflections at
the onset of the magnetic order, demonstrating that the CDW
was in competition with the magnetic order.

The electrons that give rise to the CDW are itinerant and
expected to originate from Al ions [25], while the electrons re-
sponsible for the magnetic order are the localized 4 f electrons
on the Eu sites. If the onset of the magnetic order polarizes
the itinerant electronic density that gives rise to the CDW, it is
feasible that that it could destabilize the CDW order and thus
cause its suppression. Indeed, theoretically it has been shown
that the spin of the conduction electrons tends to align with
the underlying local moment texture in such itinerant magnets
[4]. Another mechanism of cross coupling between the SDW
and CDW involves totally symmetric tetragonal strain. Both
distortions couple the strain implying that onset of the mag-
netic order renormalizes the CDW through the magnetoelastic
coupling. A similar mechanism is particularly relevant for
some intermetallic systems [26], where the structural distor-
tion selects the magnetic propagation vector and locks it into
commensurate ratio with the periodicity of the CDW. Below
T2 we also observed a change to the relative intensity of
different CDW reflections, Fig. 1(e), which indicates that the
structure of the CDW was 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 [24,25].
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FIG. 4. (a) Representation of the experimentally determined
AFM1 and AFM3 magnetic structures projected in the ab plane for
(0.5 � z � 1). Gray arrows represent the moments on the Eu ions,
and the Ga and Al ions are denoted by the dark gray and white circles,
respectively. The I4/mmm crystallographic unit cell is shown by the
solid black line. Moments on Eu ions separated along c are coupled
ferromagnetically.

Using magnetic symmetry analysis we identified nine dif-
ferent magnetic structures that the system could adopt, shown
in Sec. S3 of the SM. The magnetic structures differ according
to the moment direction adopted by the Eu ions, and also
according to whether they are collinear (SDW) or noncollinear
(helix and cycloid). The resonant magnetic x-ray scattering
(RMXS) cross section for the σπ ′ channel is dependent on
the dot product between the incident wave vector, k̂i, and the
magnetic interaction vector, which enables us to determine the
direction of the magnetic moments on the Eu ions in the crys-
tal by rotating the crystal relative to the magnetic interaction
vector, keeping the incident beam fixed, and measuring the
variation in the scattered signal. This is known as an azimuthal
scan.

Figure 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 parallel to the a axis, therefore
a component of the magnetic moment was oriented along a.
Furthermore, as the diffracted intensity was zero at ψ of 0,
180◦, and −180◦, the b- or c-axis component to the magnetic
moment was not present. Measurements with incident circular
light can be used to determine if the magnetic structure is
noncollinear, as explained in Sec. S4 of the SM. The differ-
ence in the scattered intensity between the CR and CL light
was zero across the majority of azimuthal values 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 measured with all four incident po-
larization 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 prop-
agation vector, consistent with the observations above. This
magnetic structure solution, shown in Fig. 4(a), 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 [27] and Gd2PdSi3

[9], suggesting an anisotropy term that may be common to
many of the centrosymmetric skyrmion hosts.

Below 11 K, in the AFM3 phase, EuAl4 develops a non-
collinear magnetic structure, owing to the observation of a
difference in the scattered intensity when measured using
the two incident circular polarizations of light, as shown
for the (0,β,8) in the inset of Fig. 5(a). A determination of
moment direction using an azimuthal scan was not possible,

FIG. 5. NPD data collected on WISH at ISIS on EuGa2Al2 at
temperatures (a) 25 K, (b) 17 K, and (c) 1.5 K. Inset in (a) shows
the RMXS data collected on (0,β,8) magnetic satellite with CR and
CL incident light. Insets in (b) and (c) show the subtracted NPD data
(25 K data was subtracted) giving only the magnetic reflections. The
fit to the data was made with a SDW m||b at 17 K and a circular
cycloid with moments in the ab plane at 1.5 K. The data is given by
the red circles, the fit of the data by the solid black line, and their
difference as a blue line. The green tick marks are the nuclear and
magnetic reflections from top to bottom of EuGa2Al2, labeled (1),
and the impurity phases, labeled (2) and (3).

owing to the appearance of additional peaks that changed
significantly with sample position, and hence, azimuth. Given
that a noncollinear magnetic structure would split each mag-
netic domain into a further two magnetic domains related by
inversion symmetry, the appearance of the additional peaks
was likely owing to the complex domain structure.

NPD can average over multiple magnetic domains, thereby
enabling one to determine the magnetic structure without
prior knowledge of the domain structure. Therefore, we used
NPD to determine the ground state magnetic ordering in the
AFM3 phase. Several single crystal samples of EuGa2Al2 pro-
duced from the same growth were finely crushed to produce
a 0.95 g polycrystalline sample, which was measured using
the time-of-flight neutron diffractometer WISH at ISIS [28],
at 25 K, 17 K, 13 K, and 1.5 K representative of the para-
magnetic, AFM1, AFM2, and AFM3 phases, respectively.
The orthorhombic distortion measured using RXMS was not
observed in the NPD data, owing to the coarser resolution
provided by neutron diffraction, and thus, in the PM phase the
data were fit using the published I4/mmm crystal structure as
shown in Fig. 5(a), and a good fit was achieved, R = 2.59%,
wR = 3.39%, RBragg = 15.0%.

The magnetic structure could not be determined from the
NPD data collected in the AFM1 phase, shown in Fig. 5(b),
owing to the appearance of weak magnetic intensity despite
long counting times. This is likely due to a small moment
developing on the Eu site, coupled with the large Eu neutron
absorption cross section. Similarly, a magnetic structure deter-
mination from the NPD data collected in the AFM2 phase was
not possible as the resolution was not sufficient to distinguish
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between the two peaks that appeared in this phase observed
using RXMS, as shown in Fig. S9 of the SM [21]. Each
of the nine magnetic structure models presented in Sec. S3
were used to refine the NPD collected at 1.5 K. The best fit
to the data was a cycloidal magnetic structure model with
moments orientated in the ab plane. The data were fit using
a circular cycloid, shown in Fig. 4(b), as insufficient counting
statistics were collected to be able to determine the elliptic-
ity. An excellent fit to the data was achieved, R = 2.65%,
wR = 3.39%, RMag = 16.6%, as shown in Fig. 5(c). We note
that the high value of RBragg and RMag is owing to the large
Eu neutron absorption cross section. Further details of the
Rietveld refinements are given in Sec. S5 of the SM.

The sudden changes to the propagation vector and intensity
of the magnetic satellites at T2, shown in Fig. 2, is consis-
tent with this phase transition being first order in nature. A
region of phase coexistence is common following a first order
phase transition, and taken together with the observation of
the AFM1 and AFM3 peaks coexisting in the AFM2 phase,
Fig. 2(a), we question whether there are three distinct mag-
netically ordered phases. 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 tran-
sition as indicated by small changes to the relative intensity
of the CDW reflections observed between T2 and T3, Fig. 1,
consistent with the structure of the CDW changing. While the
change to the magnetic susceptibility at T3, Ref. [17], may be
related to a shift 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
density, which in turn may modify the RKKY interactions,
resulting in the sudden jump of the propagation vector,
Fig. 2. The sequence of the magnetic phases from high tem-
perature SDW to constant moment ground state has been
observed in many systems with competing exchange interac-
tions [29,30]. In the AFM1 phase, the partially ordered state
is favored by entropy and the moment direction is dictated
by anisotropic interactions. In the ground state, the ordered
patterns with fully saturated moments are preferred in sys-

tems where the magnetic moment is associated with localized
electrons. Although Eu2+ is a nominally isotropic cation, the
weak magnetic anisotropy in EuGa2Al2 might originate from
magnetoelastic coupling, which serves to optimize exchange
interactions through structural distortions controlled by the
symmetry of the magnetically ordered state. The moment
direction adopted in the SDW and ground state are defined by
the magnetic symmetry of the system, where the appropriate
structural distortions are selected to optimize the elastic and
exchange energy.

In conclusion, our study of EuGa2Al2 has shown that the
onset of the CDW order breaks the fourfold symmetry present
in the I4/mmm crystal structure stabilizing orthorhombic do-
mains, 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 perpendicular 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 localized 4 f electrons and
itinerant electronic 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, revealing more
complexity than was previously discovered, and demonstrat-
ing the requirement for high-resolution scattering studies to
elucidate the true nature of the complex ordering present in
such candidate centrosymmetric skyrmion hosts.
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