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Neutron diffraction on the centrosymmetric square-net magnet EuGa2Al2 reveals multiple incom-
mensurate magnetic states (AFM1,2,3) in zero field. In applied field, a new magnetic phase (A) is
identified from magnetization and transport measurements, bounded by two of the µ0H = 0 incom-
mensurate magnetic phases (AFM1,helical and AFM3, cycloidal) with different moment orientations.
Moreover, magneto-transport measurements indicate the presence of a topological Hall effect, with
maximum values centered in the A phase. Together, these results render EuGa2Al2 a material with
non-coplanar or topological spin texture in applied field. X-ray diffraction reveals an out-of-plane
(OOP) charge density wave (CDW) below TCDW ∼ 50 K while the magnetic propagation vector
lies in plane below TN = 19.5 K. Together these data point to a new route to realizing in-plane
non-collinear spin textures through an OOP CDW. In turn, these non-collinear spin textures may be
unstable against the formation of topological spin textures in an applied field.

INTRODUCTION

Magnetic skyrmions are particle-like spin textures of
topological origin, which exist in the real space of mate-
rials [1]. The intensive research on skyrmions has been
driven by interest in their fundamental physical proper-
ties and potential applications to next-generation memory,
logic, and neuromorphic computing devices [2–4]. One
prominent feature of magnetic skyrmions is that current
densities required for the manipulation of their functional-
ity are five to six orders of magnitude less than in modern
spintronics [1, 5], establishing them as promising candi-
dates for the design of energy-efficient electronic devices.

Following the experimental discovery of magnetic
skyrmions in non-centrosymmetric crystals [6–9], the ex-
istence of skyrmion lattices in centrosymmetric materials
was quickly proposed theoretically and experimentally
confirmed recently. Compared to non-centrosymmetric
materials, where Dzyaloshinskii-Moriya (DM) interaction
[10, 11] is widely accepted as a critical driving force in
stabilizing skyrmions, the mechanism for skyrmion for-
mation in centrosymmetric materials is less well under-
stood. Theoretically, geometrically frustrated systems
with short-range two-spin interactions were considered
model candidates to host magnetic skyrmions [12–14].
Alternatively, the four-spin interaction mediated by itin-

erant electrons has also been emphasized as an important
ingredient [15–18]. Lastly, skyrmionic bubbles in thin-film
systems [19–21] are a result of both intrinsic and extrinsic
properties, but have distinct physics from bulk systems
like EuGa2Al2 discussed here.

Despite substantive progress in theoretical understand-
ing of skyrmion formation in centrosymmetric materials,
the mechanism in real materials is still under debate. The
limiting factor is the small number of known centrosym-
metric skyrmion materials. So far, these have been lim-
ited to several intermetallic Gd-based compounds, includ-
ing Gd2PdSi3 [22, 23] (triangular lattice), Gd3Ru4Al12
[24] (breathing kagomé lattice), and GdRu2Si2 [25, 26]
(square lattice), and the perovskite oxide SrFeO3 (cubic
lattice) [27, 28]. Particularly, the experimental discovery
of GdRu2Si2 and SrFeO3 as skyrmion hosts indicates that
geometric frustration may not be a necessary ingredient
for the stabilization of skyrmions in centrosymmetric ma-
terials. Following the discovery of skyrmions in GdRu2Si2,
Nomoto et. al. [29] studied the formation mechanism
of the helical spin structure in GdRu2Si2 and Gd2PdSi3
by first principle calculations, and concluded that the
interorbital frustration inherent to Gd ions is the origin
of the incommensurate spin modulation. By comparison,
Hayami and Motome’s work [30] based on an effective
spin model suggested that the interplay of the four-spin
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interaction, bond-dependent anisotropic interaction and
easy-axis anisotropy was essential for skyrmion forma-
tion in a square lattice. Independently, Wang et al. [31]
pointed out that multiple topological spin textures, in-
cluding meron, skyrmion, and vortex crystals, could be
stabilized when only four-spin interactions and compass
anisotropy were considered, without the need of a bare
single-ion anisotropy. Clearly, it is paramount that new
skyrmion-hosting materials, particularly non-Gd-based,
are discovered in order to clarify the underlying mecha-
nisms.

Here we report the observation of a nonzero topolog-
ical Hall effect (THE) in the centrosymmetric square-
lattice EuGa2Al2. The THE persists over a large range of
magnetic field–temperature (H –T ) space, peaking in an
intermediate-field A phase. Neutron scattering measure-
ments in zero field identify two magnetic phases (AFM1,
AFM3) with non-collinear spin configurations and incom-
mensurate propagation wavevectors (qinc), with a third
phase with a mixed wavevector (AFM2) separating AFM1
and AFM3. When a magnetic field is applied H ‖ c, the
transition between AFM1 (with helical spin configuration
and incommensurate propagation wavevector along the a∗

axis) and AFM3 (with cycloidal spin texture and incom-
mensurate propagation vector along a∗) occurs via the
newly-discovered A phase, which may be a non-coplanar
spin texture or a skyrmion state evidence by the observed
THE. Furthermore, X-ray diffraction (XRD) measure-
ments on EuGa2Al2 reveal an out-of-plane (OOP) charge
density wave (CDW) above TN (preformed CDW) which
persists below TN . Our combined magneto-transport and
structural characterization in EuGa2Al2 points to the im-
portant role of the preformed CDW in the formation of
non-collinear spin textures in centrosymmetric materials.

METHODS

Single crystals of EuGa2Al2, EuGa4 and EuAl4 were
grown by a self flux method described in Ref. [32]. AC
electrical transport measurements were performed in a
Quantum Design (QD) DynaCool equipped with the Elec-
trical Transport Option (ETO) and magnetization mea-
surements were taken in a QD Dynacool with vibrating
sample magnetometer option (VSM). The tetragonal crys-
tal symmetry dictates that the crystollographic a and
b are equivalent. Throughout the manuscript, current
j ‖ a is applied while H ‖ c. All contact resistances
were measured to be less than 2 Ω at room tempera-
ture. Typical measurement parameters used were current
j = 5 mA and frequency f = 9.15 Hz. The as-measured
field-dependent resistivity was symmetrized and the cor-
responding Hall resistivity ρyx was antisymmetrized.

Magnetization as a function of magnetic field was mea-
sured by sweeping the field from 0 → 3.5 T then back
3.5 → 0 T. No observable hysteresis was observed in

magnetization or transport measurements in any region
of the phase diagram.

The neutron scattering experiments were carried out on
the HB-3 triple axis spectrometer at the High Flux Isotope
Reactor at Oak Ridge National Laboratory. The single
crystal was in the shape of a flat plate of thickness 0.53
mm and weighed 48 mg. A closed cycle refrigerator with
a base temperature of 4.5 K was employed for the sample
environment. Most of the data were obtained using py-
rolytic graphite (PG) filter and PG(002) monochromator
at 35 meV incident and scattered neutron energies to
reduce the very high absorption for Eu, and collimations
of 48’-40’-40’-120’ full-width-at-half-maximum (FWHM).
Data were collected in the (h,0,l), (h,h,l), and (h,k,0)
scattering planes to search for other possible incommen-
surate magnetic peaks and to establish that the observed
incommensurate wave vector is strictly along the [1,0,0]
type direction. A limited set of high resolution data were
collected using the Si(111) monochromator with an energy
of 9 meV and collimations of 48’-20’-20’-30’ FWHM.

In the (h,0,l) scattering plane, 27 magnetic Bragg re-
flections were collected as a function of rocking angle (θ)
at 5 K and 17 K to be used in the magnetic structure
analysis of the high temperature AFM1 and low tempera-
ture AFM3 phases. Integrated intensities were corrected
for instrument resolution and the heavy absorption of
Eu. Absorption corrections were calculated assuming a
flat plate geometry, where the tetragonal a-axis lies in
the plane of the crystal face and the c-axis is normal to
the plane. Correction ratios were rejected if the total
path length for incoming and outgoing beams became
longer than 0.5 times the crystal width (w = 6 mm),
viz. ri + rf = rT ≥ 0.5w. Magnetic intensities were
discarded from the refinement for interference with Al
and Cu powder peaks, unphysical absorption corrections,
and/or inability to measure a nearby nuclear Bragg peak
for normalization. Refinements were carried out using the
FullProf Suite [33]. Wavevector Q and incommensurate
reduced wavevector qinc are quoted in reciprocal lattice
units (rlu) where a∗ = 2π/a and c∗ = 2π/c with a =
4.3119 Åand c = 10.8939 Å.

Small angle neutron scattering (SANS) measurements
were performed at Oak Ridge National Laboratory on the
CG-2 beamline using an 11 T horizontal field magnet as
sample environment with a base temperature of 3 K. A
single crystal sample of thickness 0.1 mm was mounted to
achieve a scattering geometry with the magnetic field and
sample c-axis nominally parallel to the incident neutron
beam (H ‖ c ‖ ki). Data were collected at a sample to
detector distance of 2 m, an incident neutron wavelength λ
= 4 Å, and resolution ∆λ/λ = 0.132. Measurements were
collected via rocking scans satisfying the Bragg condition
at magnetic fields up to 3 T.

X-ray diffraction measurements shown in the main text
were performed with a low-emittance Xenocs GeniX 3D,
Mo Kα (17.4 keV) source in an in-house set-up. A Huber
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FIG. 1: Structure of EuGa2Al2 and low temperature magnetic transitions. (a) and (b) top view and side view of
EuGa2Al2 structure. Isothermal (c) magnetization M and (d) resistivity ρxx measured between T = 2 K (dark purple)
and 20.5 K (light pink) with magnetic field H ‖ c. (e) M measured at T = 2 K (left axis, closed circles) and the
corresponding differential magnetic susceptibility dM/dH (right axis, open circles). (f) ρxx measured at T = 2 K (left
axis, closed diamonds) and the corresponding derivative dρxx/dH (right axis, open diamonds). (g) The magnetic
phase diagram constructed by local maxima in dM/dH obtained from data in (c) (circles) and dρxx/dH from data in
(e) (diamonds) together with the contour map of ρTyx established from Fig. 5c with current j ‖ a.

.

four-circle diffractometer was used to control sample mo-
tion. A Mar345 image plate detector consisting of 12×106

pixels was used as a detector. The sample was cooled by
closed-cycle cryostat with Be domes functioning as both
vacuum and radiation shields to a base temperature of 8
K.

A three-dimensional survey of momentum space was
performed by moving the crystal through an angular
range of 20◦ in θ to index the crystal. After the CDW
peak was located, a temperature-dependent series of three-
dimensional surveys of momentum space were collected
by moving the crystal through a smaller range of θ at
sample temperatures between 8 K and 120 K.

The data collected were centered about the (1,1,2)
Bragg peak. Line cuts were taken along the L direc-
tion from 1.516 r.l.u. to 2.262 r.l.u. at each temperature.
H and K values were accurate within 0.01 r.l.u. The
intensities in Fig. 6b were integrated along the line cuts
in Fig. 6a around each CDW peak after subtracting the
background.

All other X-ray diffraction data shown in the Supple-
mentary materials were collected in the following way.
Three-dimensional volumes of diffuse X-ray scattering
were collected at the Advanced Photon Source on sector
6-ID-D using an incident energy of 87.1 keV on EuGa2Al2,
EuGa4, and EuAl4. Sample temperatures from 300 K to
30 K were controlled by a nitrogen or helium gas flow.
During the measurements, the samples were continuously
rotated about an axis perpendicular to the beam at 1°
s−1 over 360°, with images recorded every 0.1 s on a
DECTRIS Pilatus 2M detector with a 1-mm-thick CdTe
sensor layer. These were transformed to reciprocal space
coordinates, allowing S(Q) to be determined over a range

of ±15 Å−1 in all directions. Further details are given in
Ref. [34].

RESULTS AND DISCUSSION

Magnetic field - temperature phase diagram of
EuGa2Al2

EuGa2Al2 is isostructural with the established
skyrmion host GdRu2Si2 [25, 26, 35] (Fig. 1a,b). Fur-
thermore, the magnetism in the former originates in lo-
calised spin-only Eu2+ ions (4f7, J = 7/2, L = 0) [32],
equivalent to Gd3+ [25]. The similarities between these
two compounds extend to the complex magnetic order:
EuGa2Al2 shows multiple magnetic transitions in zero
field at TN ≈ 19.5 K, T2 ≈ 15 K, and T3 ≈ 11 K [32].
The lack of single-ion anisotropy and the multiple mag-
netic phases in zero field point to several competing energy
scales, which are required for skyrmion formation. This
observation in a non-Gd compound, and the structural
and magnetic similarities with GdRu2Si2, motivated us to
further determine the H −T phase diagram in EuGa2Al2.

When an external magnetic field is applied along c
(the direction of the OOP CDW modulation, as discussed
below), the magnetization measurements M(H) (Fig. 1c)
and resistivity measurements ρxx(H) (Fig. 1d) reveal
multiple transitions. Fig. 1e illustrates an M(H) curve
measured at T = 2 K (full circles, left axis), where a
new phase, not previously resolved (denoted as the A
phase) is revealed in dM/dH for 1.2 T < µ0H < 1.6 T
(open circles, right axis). Evidence for the A phase is
corroborated by ρxx(H), Fig. 1f (full diamonds, left axis),



4

FIG. 2: Magnetic neutron diffraction for EuGa2Al2 in
the (h, 0, l) scattering plane. (a) Contour map of the
diffraction intensity around the incommensurate
magnetic Bragg reflection, Q = (∼0.8,0,1) gives
modulation wavevector ±qinc (∼0.2,0,0). Inset: High
resolution scan in the AFM2 regime shows substantial
broadening due to scattering from two resolution-limited
wave vectors in a mixed phase regime. Illustration of (b)
helical and (c) cycloid magnetic phases of AFM1 and
AFM3, respectively. (d) Satellites around the (2,0,0)
fundamental Bragg peak approximately double in
intensity from the AFM3 phase at 5 K to the AFM1
phase at 17 K, while (e) intensities of satellites at Q =
(±qinc,0,8) remain essentially unchanged between AFM1
and AFM3 phases. Uncertainties, where indicated,
represent one standard deviation.

and the derivative dρxx/dH, Fig. 1f (open diamonds, right
axis). The H − T phase diagram of EuGa2Al2 derived
from magnetization M(H) (circles) and resistivity ρxx(H)
(diamonds) is shown in Fig. 1g. The three magnetic
phases AFM1, AFM2, and AFM3 are consistent with
previous reports [32], and the newly identified A phase
is shown to exist in a narrow field range between 1.25 T
and 1.70 T and temperatures up to T ≈ 7 K.

Such a complex magnetic phase diagram is reminiscent
of skyrmion host materials, where multiple non-collinear
magnetic phases are typically found, a result of compet-
ing energy scales with comparable magnitudes [36]. For
example, in most non-centrosymmetric B20 skyrmion com-
pounds, Heisenberg interactions, which favor parallel spin
alignment, compete with DM interactions, which favor or-
thogonal spin alignment, resulting in non-collinear helical
magnetic structures in zero field. Then the skyrmion spin
structure can be realized with the application of a mag-
netic field. Therefore, a zero field non-collinear magnetic
structure seems a necessary, albeit not sufficient, prerequi-

FIG. 3: Temperature dependence on warming and
cooling of the incommensurate magnetic peak(s) near Q
= (0.8,0,3) extracted using a single Gaussian fit to the
data at each temperature. Lines are guides to the eye.
(a) The integrated intensity, proportional to the square
of the order parameter, identifies three distinct phases.
A simple mean-field fit gives a transition temperature of
TN = 19.5(2) K from the paramagnetic to AFM1 phase.
(b) The wavevector peak position, 1-qinc, and (c) full
width at half maximum. Uncertainties, where indicated,
represent one standard deviation.

site for stabilizing a skyrmion state in applied field. The
square-net compound GdRu2Si2 does show a zero field
non-collinear incommensurate helical structure, and in
this case a magnetic field has been shown to transform it
into a skyrmion lattice [25].
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Elastic neutron scattering measurements

To provide insight into the nature of the complex mag-
netism in EuGa2Al2, we turn to elastic neutron scattering
experiments. The zero field neutron data in the (h,0,l)
scattering plane shown in Fig. 2a indicate that, upon ini-
tially cooling into the ordered phase, an incommensurate
helical state forms (AFM1) with qinc along a∗ and the
Eu moments rotating in the bc plane as shown in Fig. 2b.
At the lowest temperatures (AFM3), on the other hand,
the ordering is again incommensurate, with a somewhat
different value of the wavevector along a∗ (see Fig. S1 in
the Supplementary Materials at [37]), but forms a cycloid
with the moments in the ac plane as shown in Fig. 2c. In
the intermediate AFM2 phase, the contour map shows an
increase and broadening in magnetic scattering intensity.
Fig. 3 shows the details of the temperature dependence
of the incommensurate wavevector.

A high resolution scan in the AFM2 regime can be
fit with two resolution-limited peaks (inset Fig. 2a and
Fig. S1 located in the Supplementary Materials at [37]),
indicating the presence of two wavevectors associated with
a mixed state between the helical and cycloidal phases.
The phase assignments at high and low temperatures are
clearly indicated by the change in diffraction intensities
between the AFM3 and AFM1 phases as shown in the
scans in Fig. 2d,e. Recalling that neutrons only scatter
from the component of the magnetization perpendicu-
lar to Q, Fig. 2d compares the magnetic satellites at
(2±qinc,0,0) in the AFM1 and AFM3 phases. The in-
tensities of both incommensurate peaks approximately
double when the temperature is increased from 5 K to
17 K, indicating that there is magnetic scattering from
an additional spin component perpendicular to a∗ in the
AFM1 phase. In Fig. 2e, the intensities at (±qinc,0,8)
remain essentially unchanged between AFM1 and AFM3
when Q is essentially along the c∗ axis, which indicates no
significant change in the single magnetic components scat-
tering perpendicular to c∗. These characteristic changes
in scattering intensities demonstrate that one component
of the ordered moment rotates to the a∗-axis on cooling,
consistent with a helical phase with moments in the bc
plane at 17 K transforming to a cycloid at 5 K with
moments in the ac plane, in both cases with the propa-
gation vector along a∗. We note that another possibility
is that a spin-density-wave forms initially below TN . In
such a scenario, typically third and higher order peaks
develop just below TN and grow in intensity [38]. We
do not observe any such peaks in the AFM1 phase and
thus have discarded this possibility. We find no evidence
for an orthorhombic structural distortion below TN , but
any such distortion could be below our detection limit.
Therefore we expect equivalent domains with propagation
vectors along both a∗ and b∗.

We tracked the magnetic field dependence of the mag-

netic wavevector via SANS measurements. Fig. 4 shows
the behavior of qinc extracted from Gaussian fits of the
scattering intensity at -Qx on crossing from the AFM3
to A-phase to AFM1 for H ‖ c. The SANS inten-
sity (Fig. 4a) generally falls off for fields applied along
c and eventually disappears near 3 T, consistent with
the transition to a field-polarized phase shown in the
phase diagram (Fig. 1g) derived from magnetization and
resistivity measurements. In Fig. 4b, qinc appears to re-
main relatively constant across the three transitions. The
wavevector appears to fall off above Hc2, however, the
small intensity at 2.5 T introduces significant experimen-
tal uncertainty. Just above Hc1 ∼ 1.1 T, we observe
a kink in the SANS intensity (Fig. 4a) consistent with
a phase transition across the AFM3 A-phase boundary.
The SANS diffraction pattern is shown in Fig. S2 of the
Supplementary Materials found at [37], shows the four-
fold pattern of the tetragonally equivalent magnetic peaks.
However, our SANS survey of the (h,k,0) scattering plane
did not show additional spots at Q1 + Q2, which were
observed recently in EuAl4 and, together with a polariza-
tion analysis interpreted as evidence for a skyrmion state
[39].

If the THE in EuGa2Al2, discussed next, originates
from skyrmions then one possibility is that they haven’t
formed a well ordered lattice in this crystal for some
reason, or a well formed lattice does develop but with a
different orientation, perhaps from the strong coupling to
the c-axis CDW discussed below. We cannot exclude the
possibility of skyrmion lattice in EuGa2Al2, and further
surveys of reciprocal space together with a polarization
analysis are needed to understand the exact nature of
the A phase in this square lattice. Of course the THE in
this material that we now discuss certainly may originate
from a different topological spin texture.

Topological Hall effect in EuGa2Al2

With AFM1 and AFM3 phases determined to be in-
commensurate non-collinear magnetic structures but with
different moment orientation, the ncommensurate mag-
netic structure in the A phase is likely a non-coplanar
magnetic phase, with skyrmion lattice being a possibility.
Non-coplanar spin textures have non-zero scalar spin chi-
rality defined as χ = Si · (Sj × Sk) where Si,Sj ,Sk are
nearest neighbor spins [40]. When itinerant electrons are
coupled to such a non-coplanar spin texture, they acquire
a Berry phase which is proportional to χ. Therefore, the
non-coplanar spin textures produce an effective magnetic
field, and additional contributions to the Hall resistivity
are expected [36].

We therefore turn to field-dependent electrical trans-
port measurements to shed light on the nature of the A
phase in EuGa2Al2. In Fig. 5a we plot the temperature
dependence of the measured Hall resistivity ρyx(H) (j ‖ a,
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FIG. 4: Magnetic field dependence of the (a) integrated
intensity and (b) position of the incommensurate
wavevector, qinc, extracted from Gaussian fits of the
SANS intensity versus Qx shown in Fig. S2 of the
Supplementary Materials found at [37]. The magnetic
peak was unobservable at 3 T. Line is a guide to the eye.
Error bars, where indicated, represent one standard
deviation.

H ‖ c) while the T = 2 K, 10 K, and 20.5 K data are
highlighted in Fig. 5b. Non-linear ρyx(H) is recorded in
the ordered state (T = 2 K and 10 K), with the Hall
resistivity becoming virtually linear at T = 20.5 K (in
the paramagnetic state).

In the presence of a non-coplanar spin texture, the
Hall resistivity can be expressed as the sum of several
contributions: ρyx = R0µ0H + ρAyx + ρTyx, where R0 is the

normal Hall coefficient, ρAyx the anomalous Hall resistivity,

and ρTyx the THE resistivity. The anomalous contribution

to the Hall resistivity, ρAyx, can either be expressed as
SHρ

2
xxM for a dominant intrinsic scattering mechanism

or S′HρxxM for skew scattering. The intrinsic mechanism
is expected to dominate in moderately disordered sys-
tems, while the skew scattering mechanism is expected
to dominate in ultraclean systems [41]. We compared
the fits to the measured ρyx data using both empirical
expressions. For Fit 1 (Fig. 5b, solid lines) we assume a
dominant intrinsic mechanism, and fit the data in the spin
polarized state where M saturates, therefore ρTyx becomes
negligible, and ρyx is linear to

ρyx
µ0H

= R0 +
SHρ

2
xxM

µ0H
. (1)

Here, R0 is extracted as the intercept and SH is

FIG. 5: Topological Hall effect in EuGa2Al2. (a) Hall
resistivity measurements measured between T = 2 K
(dark purple) and 20.5 K (light pink) with H ‖ c and
current j ‖ a. (b) A subset of the ρyx data (symbols) at
T = 2 K (purple), 10 K (magenta), and 20.5 K (pink).
Solid lines are fits to Eq. 1 while dashed lines are fits to
Eq. 2. The topological Hall resistivity ρTyx determined by

subtracting the anomalous Hall resistivity ρAyx and
normal Hall resistivity R0µ0H from ρyx using the
resultant fits from (c) Eq. 1 or (d) Eq. 2 from T = 2 K
(dark purple) to 20.5 K (light pink) in 0.5 K increments.
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the slope of the linear fit when plotting ρyx/µ0H vs.
SHρ

2
xxM/µ0H. Similarly, for Fit 2 (Fig. 5b, dashed

lines), assuming skew scattering is the dominant mecha-
nism, the same data in the field polarized regime are fit
to

ρyx
µ0H

= R0 +
S′HρxxM

µ0H
. (2)

The THE ρTyx is captured by the difference between
the experimental data (symbols) and the fits (lines). The
two fits are qualitatively very similar, with Fit 1, Fig. 5c,
doing slightly better at minimizing ρTyx compared to Fit
2 shown in (Fig. 5d). It appears that THE is maximum
around 1.2 T, in the A phase, as indicated by the contour
plot in the H − T phase diagram of Fit 1 (Fig. 1g).
This further supports the scenario of a non-coplanar spin
texture in the A phase.

Incommensurate, out-of-plane charge-density wave
in EuGa2Al2

We now look into the origin of non-collinear spin tex-
tures in centrosymmetric magnetic compounds in general,
and in the square-net compound EuGa2Al2 in partic-
ular. In intermetallic compounds like EuGa2Al2, the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [42–
44] underlines the interplay of conduction electrons and lo-
cal moments. This spin-charge interaction has been shown
theoretically to induce a CDW from a spin-density state
[45], and was confirmed experimentally with the observa-
tion of the in-plane charge-modulation in the skyrmion
state of GdRu2Si2 [26]. However, this behavior is differ-
ent in the case of EuGa2Al2, where the OOP CDW is
perpendicular to the in-plane magnetic wavevector.

Figure 6 shows the temperature-dependent XRD mea-
surements, which confirm that the ∼ 50 K anomaly previ-
ously observed in the resistivity in EuGa2Al2 [32] is due
to a CDW transition. The line-profile cuts of the XRD
data around the (1, 1, 2) Bragg peak (Fig. 6) reveal no
superlattice reflections for T ≥ 50 K. At T < 50 K
clear superlattice reflections are observed, in agreement
with the CDW transition temperature TCDW ≈ 50 K
established from ρ(T ) [32]. The expected second-order
CDW peaks are clearly observed in the reciprocal space
maps (Fig. S3 and S4 in the Supplementary Materials
at [37]). The temperature dependence of the superlattice
reflections located at (1, 1, 2 +(-) qCDW ) (Fig. 6b, left
axis, open (closed) squares) demonstrate that the ampli-
tude of the reflections continuously grows before sharply
decreasing below TN , increasing on further cooling, in-
dicating strong spin-charge coupling. The spin-charge
coupling is corroborated by the temperature dependence
of qCDW (Fig. 6b, right axis, diamonds), which increases
from 0.09 reciprocal lattice units (r.l.u.) at 45 K to 0.12

FIG. 6: XRD measurements in EuGa2Al2. (a)
Temperature dependent line-profile cuts along
(1, 1, 2 ± ∆L) for 8 ≤ T ≤ 120 K, and (b) the
temperature dependence of the order parameter defined
as the integrated intensity of the peak with the
background subtracted, located at (1, 1, 2 +(-) qCDW )
(left axis, open (closed) squares) and the temperature
dependence of qCDW (right axis, diamonds). The
vertical dashed lines at TN and TCDW are determined
from thermodynamic and transport measurements.
Uncertainties, where indicated, represent one standard
deviation.

r.l.u. at 25 K, before a sharp decrease is observed near
TN . qCDW again increases on further cooling. Our data
thus demonstrate the presence of an incommensurate,
preformed (TCDW > TN ), OOP CDW state in EuGa2Al2,
which persists through the magnetically ordered state
with in-plane modulation vectors.

To understand the implications of the OOP CDW state
on the magnetic order, we consider EuGa2Al2 in the
context of the whole Eu(Ga1−xAlx)4 series, and particu-
larly by comparison with the two end members EuAl4 and
EuGa4. The three structurally-ordered compounds EuAl4,
EuGa2Al2 and EuGa4 feature Eu square-net planes sepa-
rated by (Ga,Al)4 layers. Previously, an OOP CDW tran-
sition in EuAl4 had been reported by XRD and neutron
measurements near TCDW ≈ 140 K [46, 47]. Furthermore,
complex magnetism with successive magnetic transitions
characterized by incommensurate ordering wave vectors
had also been reported [47]. The temperature depen-
dence of qCDW shows sharp inflections at TN , indicative
of strong spin-charge coupling in EuAl4. Importantly,
the OOP CDW persists in the H = 0 magnetically or-
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dered phases [46]. Although the exact magnetic structure
for EuAl4 has yet to be determined, non-zero THE has
recently been reported for H ‖ c [48]. By contrast,
EuGa4 is distinct from both EuGa2Al2 and EuAl4, as it
has only one magnetic transition into a simple collinear
AFM structure characterized by a single commensurate
propagation vector [49]. No CDW or THE is observed
in EuGa4 at ambient pressure [32, 50, 51], as shown by
the temperature-dependent XRD (see Fig. S5 in the
Supplementary Material at [37]) and transport data [51].
Together, these results suggest that the preformed in-
commensurate OOP CDW, which persists through the
magnetically ordered state in EuGa2Al2 and EuAl4, is nec-
essary for the formation of low temperature non-collinear
magnetic textures. This is reinforced by the fact that, in
the absence of a CDW in EuGa4, the resulting magnetic
state is a simple commensurate magnetic ordered state.

The mechanism of OOP CDWs contributing to the
formation of complex in-plane magnetism can be ratio-
nalized as follows. The incommensurate magnetic phases
such as those observed in EuGa2Al2 are low-energy or-
dered states, and their instability can be related to the
nesting properties of the Fermi surface in metals. The
peak location of the bare magnetic susceptibility dictates
the wave vector and thus the noncollinear spin texture. In
EuGa2Al2 (and EuAl4), the preformed CDW above TN
necessarily leads to a Fermi surface reconstruction and
consequently modifies the landscape of the bare suscepti-
bility. The OOP CDW results in band folding in the OOP
direction which effectively reduces the dimensionality of
the Fermi surface (i.e. renders it more two-dimensional),
leaving the system more susceptible to the formation of a
noncollinear spin texture with in-plane propagation vec-
tor. This is in contrast to EuGa4 with no CDW where the
Fermi surface is necessarily more three-dimensional. Our
results thus indicate that the OOP CDW in the square-
net compounds favor the formation of non-collinear spin
textures, which in turn set the stage for non-coplanar spin
textures with the application of a magnetic field.

CONCLUSIONS

In conclusion, we determine the EuGa2Al2 magnetic
phase diagram for H ‖ c, with three zero field magnetic
phases present in the antiferromagnetic ordered state.
With the application of a magnetic field H ‖ c, a new
magnetic phase A emerges, separating AFM3 and AFM1.
Neutron diffraction measurements in zero field reveal a
cycloid spin structure in AFM3 with an incommensurate
propagation vector in the a∗ direction, while an incommen-
surate helical structure propagating in the same direction
is observed in AFM1. The transition between these two
non-collinear spin states takes place via the A phase in
applied field, and gives rise to the observed THE which is
maximized in this intermediate phase. Our XRD measure-

ments reveal a preformed incommensurate OOP CDW
propagating along the c∗ direction emerging below 50 K,
which is strongly coupled to and persists into the magnet-
ically ordered state. Taken in context with the isostruc-
tural compounds EuAl4 and EuGa4, our results point to
the OOP CDW as a possible driving mechanism in stabi-
lizing non-collinear spin textures. Such non-collinear spin
textures can, in turn, give way to non-coplanar or even
skyrmion spin textures with the application of magnetic
field.
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