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Charge localization is particularly interesting
when coupled to antiferromagnetic spin struc-
tures. Coupled spin-charge orders are well es-
tablished in elemental chromium and correlated
oxide superconductors, yet the interplay between
charge order and more complex magnetic tex-
tures — such as skyrmion lattices and chiral
spin structures — remains largely unexplored.
Here we report a comprehensive study of how
charge localization couples to the unusually rich
sequence of magnetic phases in EuAl4. Using x-
ray diffraction under applied magnetic field and
uniaxial pressure, we demonstrate a direct cou-
pling between the charge and spin order pa-
rameters. In the absence of external stimuli,
charge localization is markedly enhanced upon
entering the magnetically ordered phases. Strik-
ingly, this effect is highly susceptible to strain:
uniaxial pressure applied along the charge-order
propagation direction further enhances localiza-
tion, whereas pressure applied perpendicular to it
weakens it. Application of magnetic field reveals
both competitive and possible collaborative inter-
actions between spin and charge ordering. This
flexible coupling between spin and charge order-
ing opens a new route to designing symmetry-
breaking states. Chiral charge order may for
example be patterned from spin structures with
that symmetry.

Introduction: Charge ordering is a broad term en-
compassing a variety of lattice symmetry-breaking phe-
nomena involving the spatial redistribution of electronic
charge. At one extreme, charge density wave (CDW) in-
stabilities in metals are well understood as weak-coupling
phenomena driven by Fermi surface nesting, in which a
divergence in the electronic susceptibility at a particu-
lar wavevector q drives a sinusoidal modulation of the
charge density with a periodicity incommensurate with
the underlying lattice [1, 2]. A canonical example is
the transition metal dichalcogenide NbSe2, which below
TCDW = 33 K develops such a modulation while simulta-
neously entering a superconducting state at Tc = 7.2 K,
making it a paradigmatic system for studies of co-existing
orders [3–5].

At the opposite extreme lies a strongly localized charge
order, in which electrons form dimers [7, 8], trimers [9],
or more complex real-space patterns [10]. The local-
ization in such cases can be so pronounced that indi-
vidual charge-ordered domains behave as coherent scat-
terers, enabling Young’s double-slit-type interference ex-
periments that directly visualize the ordered superstruc-
ture [11, 12]. This regime is often realized in compounds
containing heavy elements with strong spin-orbit cou-
pling, a prominent example being IrTe2, where stripe-like
dimerization of Ir–Ir bonds produces a cascade of first-
order phase transitions upon cooling [13, 14].

Diffraction experiments provide a natural way to dis-
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FIG. 1. Charge ordering in EuAl4. (a, c) Sketch of the EuAl4 crystal structure and the vertical applied uniaxial pressure
from the strain cell shown in (b). Orange arrow depicts the in-coming beam, with horizontal magnetic field B (blue arrow)
perpendicular to it. (d1, d2, e1, e2) Reconstructed X-ray diffraction intensity within the (0, k, ℓ) plane at indicated temperatures,
with crystal orientation and applied pressure depicted in (a, c) respectively. The insets display the raw diffraction data zoomed
in around fundamental Bragg reflections at indicated regions. Charge order manifests through incommensurate reflections
along the reciprocal c-axis direction. (f1, f2, g1, g2) Line profiles through the highlighted regions in log scale, showing the first,
second, and third harmonics of the charge order satellite peaks, as marked by arrows. (h) Temperature dependence of the
normalized first-, second-, and third-order satellite intensities, ηi0 ≡ Ico(i)/Ico(0), i = 1, 2, 3, compared with results obtained
on SrAl4 from Ref. [6]. The inset shows the definition of the intensity Ico(i). (i) The intensity ratio η21 and η31 as functions
of the reduced temperature T/Tco, compared with results obtained on SrAl4 (Ref. [6]) and Ir0.95Pt0.05Te2. Horizontal purple
line is a guide to the eye. Error bars, representing the fitting uncertainty, are smaller than the symbol size for EuAl4.

tinguish between these two limiting cases. A conventional
density wave, being a sinusoidal modulation of charge
density in real space, generates only a single pair of satel-
lite reflections at ±q relative to a structural Bragg peak,
with no higher harmonics. Strongly localized charge or-
der, on the contrary, is characterized by a non-sinusoidal
real-space profile, which manifests in reciprocal space as
a series of intense higher harmonics at ±nq (n = 2, 3 . . .).
The relative intensities of these harmonics thus serve as a
quantitative measure of the degree of charge localization,
interpolating between the weak-coupling CDW limit and
the strongly correlated, site-localized limit.

Between these two extremes lies a rich landscape of
intermediate and intertwined ordering phenomena. Ele-
mentary chromium is an archetypal example: below its
Néel temperature (TN = 311 K), it develops a spin den-
sity wave (SDW), which is accompanied by a CDW at

twice the SDW wavevector [15] — a direct consequence
of the spin-charge coupling [16]. A more complex ex-
ample is the correlated kagome metal FeGe, where CDW
is found to couple to antiferromagnetic order, suggest-
ing an intriguing interplay between magnetism and elec-
tronic bands [17]. Coexisting spin and charge stripe or-
der has also been identified in oxide compounds such as
La2−xSrxNiO4 [18] and La1.875Ba0.125CuO4 [19–22]. The
charge modulation in these stripes appears to be more
strongly localized than what would be expected for a sim-
ple density wave. Indeed, higher harmonics reflections of
charge order are observed in the nickelates systems [18].
However, in the cuprate system, they have not yet been
reported to date, leaving the true character of the charge
modulation an open question. In this context, materials
in which charge order couples to magnetic structures of-
fer a particularly valuable opportunity to investigate the
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mechanisms driving charge localization and its response
to external tuning parameters.

Here we identify EuAl4 as an ideal model system.
Prior work has established that this compound hosts
charge order that deviates from the simple density wave
picture already at elevated temperatures [23]. At low
temperatures it further develops a cascade of antiferro-
magnetic phases with distinct magnetic superstructures
driven by the S = 7/2 Eu2+ moments [24–30]. By sys-
tematically studying first, second, and third harmonics
of the charge order as a function of temperature, applied
magnetic field, and uniaxial pressure (see Fig. 1), we
demonstrate a direct coupling between the charge order
and the spin order parameters. In the absence of strain
and magnetic field, charge localization is enhanced upon
entering the magnetically ordered phases. This enhance-
ment in localization is further amplified by applying
uniaxial pressure along the c-axis. On the other hand,
the in-plane uniaxial pressure exhibits the opposite effect
and weakens the charge localization. Together, these
results establish EuAl4 as a platform for exploring the
crossover between density-wave and strongly localized
charge order in the presence of long-range magnetic
order. The tunable coupling of charge and spin degrees
of freedom may also provide a route to controlling
the skyrmion phases, with potential implications for
spintronics applications.

Results
Charge order in EuAl4: From a I4/mmm crystal struc-
ture charge ordering is found at Qco(n) = τ ± n(0, 0, δ),
where τ denotes a fundamental Bragg point, n is an in-
teger, and δ is the charge incommensurability. In the
absence of strain, the charge order onset temperature is
Tco = 133(1) K (see Supplementary Information) and
δ(20 K) = 0.16(7) reciprocal lattice units (r.l.u.) in rea-
sonable agreement with existing literature [31].

We find that charge order in EuAl4 manifests itself
through satellite peaks around the Bragg reflections, in-
cluding the first (n = 1), second (n = 2), and even third
(n = 3) harmonics. The first charge order harmonics
reach intensities comparable to those of the fundamental
Bragg peaks (n = 0), typically ranging from one-tenth
to one of their intensity across different Brillouin zones.
This indicates significant lattice distortions, likely involv-
ing the heavy Eu atoms. As shown in Fig. 1, charge order
satellites along the reciprocal c-axis direction are weaker
than those observed in Brillouin zones with a nonzero in-
plane momentum component, indicating that the charge
ordering involves in-plane lattice distortions.

In what follows, we consider intensity ratios defined by
ηij = Ico(i)/Ico(j) (Fig. 1h). With this definition, η10,
η20, and η30 compare charge-order satellites of harmonic
order n = 1, 2, 3 to the associated Bragg reflection (n =

0); And η21 and η31 describe the ratios between different
harmonics.

Charge localization: Whereas η10 is governed by the
lattice-distortion amplitude and atomic mass, η21 and
η31 reflect the degree of charge localization beyond a
density-wave order. An ideal charge density wave corre-
sponds to η21 = η31 = 0, whereas highly charge-localized
dimer systems such as IrTe2 [13, 14, 32], exhibit η21 ∼ 1
(Fig. 1i). For EuAl4, we generally find 0.01 < η21 < 0.1
and 0.001 < η31 < 0.01, placing it closer to the density-
wave limit. Nevertheless, the finite value of η21 and
η31 signals a clear deviation from the purely sinusoidal
charge-density modulation.

A fundamental question is whether η10, η20, and η30
constitute a single order parameter, or instead represent
distinct and independent components. In Fig. 1i, it is
shown how η21 and η31 are strongly temperature depen-
dent — in contrast to Ir0.95Pt0.05Te2 where η21 remains
constant. This already indicates that the localization
components in EuAl4 act independently. In this study,
we report η10 and η21 as the system enters its magneti-
cally ordered phases. We bring forward three cases: (1)
absence of magnetic field and strain, (2) applied strain
in- and out-of-plane, and (3) an applied magnetic field
along the c-axis.

Without external stimuli (strain and magnetic field),
we plot in Fig. 2 the temperature dependence of η10,
η20, η30, η21, and η31 normalized to their values at 20 K
(above the magnetic ordering temperature). Upon cool-
ing into the magnetically ordered phases, the charge-
order parameter η10 increases by about 20%, while η20
exhibits a 50% enhancement. This in turn reveals a 30%
enhancement of charge localization measured by η21. By
contrast, η31 remains essentially constant, independent
of temperature.

Uniaxial pressure application: Uniaxial pressure ap-
plied along an in-plane principal tetragonal axis ϵb =
−0.2% reverses the above-mentioned trend. Both η10
and η21 are partially suppressed inside the magnetically
ordered phases (Fig. 2), while again η31 is temperature
independent. This observation is likely linked to pressure
effects on the magnetically ordered phases as discussed
later.

Application of mild (-0.5%) compressive c-axis strain
produces striking results. First, in contrast to b-axis
strain that has little effect on the ordering vector, c-axis
strain enhances the charge incommensurability by about
6% (Fig. 2d). To put this into perspective, similar strain
application produced a maximum 2% shift of the stripe
order incommensurability in a cuprate compound [33].
Our observation of a large shift in charge-order incom-
mensurability under modest uniaxial pressure further un-
derscores the fact that even marginal strains can gener-
ate giant electronic responses [34]. A second remarkable
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FIG. 2. Charge localization inside the magnetic phases of EuAl4. (a-c,e,f) Temperature dependence of η10, η20, η30,
η21 and η31 for strains (see method section) as indicated, normalized to their respective values at 20 K in the normal state.
An increase (decrease) in η21 and η31 corresponds to stronger (weaker) charge localization. (d) Charge incommensurability, in
reciprocal lattice units (r.l.u.), as a function of temperature for the applied strain as indicated in (a). The arrows show the
temperatures where the system enters specific magnetic phases (see main text for description). Solid lines are guides to the
eye. Error bars denote the standard error of the mean (SEM) extracted from averaging across Brillouin zones.

c-axis strain effect is observed upon entering the magnet-
ically ordered phases: the charge order parameter η10 is
partially suppressed, while the charge localization ratios
η21 and η31 are enhanced by as much as 70% at the lowest
measured temperature (see Fig. 2).

Magnetic field dependence: Finally, we discuss the
magnetic field dependence in the absence of strain (see
Fig. 3). For these experiments a small crystal was used;
consequently only η10, η20 and η21 could be extracted. In
the paramagnetic phase (PM), η10, η20 and η21 all display
a weak, linear magnetic field dependence. The charge or-
der parameter η10 and the charge localization η21 increase
slightly upon application of magnetic field. By contrast,
within the magnetically ordered phases, η10 and η21 dis-
play a much stronger and non-linear magnetic field effect
before saturating in the ferromagnetic state (Fig. 3). The
charge order incommensurability also displays a magnetic
field effect. In the paramagnetic state, the incommensu-
rability is weakly reduced upon application of magnetic
field, whereas a much stronger decrease of incommensu-
rability is observed across the low-temperature magnetic
phases.

To summarize our results, we plot in Fig. 3e and 3f

the charge order parameter η10 and the incommensura-
bility δ across the low-temperature magnetic phase dia-
gram, where eight different magnetic phases have been
identified [35]. The false color scale is in both cases ref-
erenced to the zero-magnetic field paramagnetic state at
20 K. Generally, the low-field magnetic phases partially
suppress charge order, indicating a competing interac-
tion. By contrast, the high-field phases, including the
paramagnetic phase, display an enhancement of charge
ordering.

A similar evolution is observed for the incommen-
surability δ, although with the opposite sign. At
low fields, phases I and IV are characterized by an
enlarged incommensurability which is not observed
in phases II and III. At low temperature, the incom-
mensurability decreases significantly with increasing
magnetic field across phases IV-VIII, before becoming
essentially field independent in the high-field normal
state (Fig. 3f). Moreover, in the high-temperature
normal state, the field effect is much weaker. The strong
sensitivity of the ordering vector to the magnetic phase
suggests a direct coupling between spin and charge order.
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FIG. 3. Coupling of spin and charge order under magnetic field. (a-c) Magnetic field (B ∥ c) dependence of the
charge localization parameter η10, η20 and η21 at representative temperatures of 3 K and 20 K. (d) Field evolution of the charge
order incommensurability δ for temperatures as indicated. Error bars in (a-d) represent the standard error of the mean. The
vertical dashed line marks the onset of the ferromagnetic ground state. (e,f) display the charge ordering η10 and the charge
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established phase boundaries [35] separating the various modulated phases. Dashed lines are phase boundaries suggested from
this work. In addition to the separation of ferromagnetic (FM), and paramagnetic (PM) states, we propose a separation of the
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Discussion
Both uniaxial c-axis pressure and chemical substitution
tune the tetragonality parameter a/c. Substituting Ba
into EuAl4 or SrAl4 reduces the ratio of in-plane to out-
of-plane lattice parameters, an effect that is most pro-
nounced in BaxEu1−xAl4 [6]. It has also been estab-
lished that the charge-order incommensurability is in-
versely correlated with both the onset temperature and
the tetragonality ratio [6]. These systematics are con-
sistent with our observations under compressive c-axis
strain, which naturally reduce tetragonality: we find a
reduced onset temperature (see Supplementary Informa-
tion) alongside an enhanced charge incommensurability.
The key advantage of the c-axis strain experiment is that
it is possible to tune the charge order while keeping the
Eu-content — responsible for the magnetic phases — un-
changed. This makes it possible to study the coupling
between complex charge and spin ordering while tuning
the charge order.

The magnetic phase diagram of EuAl4 (Fig. 3e,f) con-
tains at least eight different phases [24]. Among these
are spiral and skyrmion phases that are presumably re-
sponsible for intriguing transport properties such as the
anomalous Hall effect [36]. The magnetic phases are char-
acterized by in-plane ordering vectors and are generally
understood to be driven by the Eu S = 7/2 spins. The in-
tensity modulation of the charge-order reflections across

Brillouin zones leads us to conclude that the charge or-
dering also involves the Eu site, and the diffraction signal
further demonstrates that the charge ordering involves
in-plane atomic distortions. The coupling between mag-
netism and charge order is therefore likely rooted in the
charge and spin degrees of freedom residing on the same
Eu site. A first conclusion is therefore that charge order-
ing in EuAl4 goes beyond conventional electron-phonon
coupling mechanisms [37–39].

In-plane b-axis uniaxial strain is known to stabilize a
spiral magnetic phase with ordering vector (δm, 0, 0) [40],
and increasing strain enhances both the magnetic order
parameter and its incommensurability. Our x-ray
diffraction experiments show that this evolution is
accompanied by a weakening of the charge order pa-
rameter and a reduction in charge localization (Fig. 2),
pointing to competing ground-state energetics between
the spiral magnetic phase and the charge-ordered state.
By contrast, compressive c-axis strain enhances charge
localization within the magnetically ordered phase,
strongly suggesting that certain magnetic structures are
compatible with — and possibly cooperative with —
charge order. In such phases, charge and spin degrees
of freedom act collaboratively rather than competitively.
Determining whether this cooperative magnetic phase is
chiral will require Hall effect [36], neutron scattering [40],
or polarised light scattering [25] measurements under
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c-axis strain. More broadly, our results establish a
framework in which the relationship between charge
and spin order in EuAl4 is not invariant, but depends
sensitively on the symmetry of the applied perturbation
— a finding with direct implications for the control of
topological magnetic textures in this family of materials.

Methods
Single crystals of EuAl4 were grown using a self-flux
method. High-purity Eu (4N, vacuum-distilled) and Al
(4N) were loaded into pre-baked alumina crucibles in a
molar ratio of Eu:Al = 1:10 and sealed in a quartz tube.
The mixture was heated to 1030 ◦C, with occasional
shaking to ensure homogenization. It was then cooled
to 700 ◦C at a rate of 2 ◦C/h, after which the remaining
flux was removed by centrifugation, yielding shiny, well-
faceted single crystals. Phase purity and crystal struc-
ture were confirmed by powder x-ray diffraction, shown
in the supplementary.

High-energy x-ray diffraction experiments were car-
ried out at the P21.1 beamline [41] at the PETRA-III
synchrotron using 102 keV photons. A horizontal 10-
T cryomagnet [42, 43] was used to apply magnetic field
along the c-axis. A uniaxial pressure cell [33, 44] al-
lowing strain application perpendicular to the horizon-
tal scattering plane was employed. Single crystals of
EuAl4 were aligned so that pressure is applied either
along the crystallographic b- or c-axis. Compressive
strain ϵb = (b − b0)/b0 and ϵc = (c − c0)/c0 along the
b- and c-axis are derived from the lattice parameters b
and c obtained from the fundamental Bragg points τ
(see Supplementary Information). The zero-strain lat-
tice parameters a0 = b0 = 4.38 Å and c0 = 11.19 Å
are consistent with previous reports [37]. In this study
(due to limited beam time allocation), we use magnetic
field and uniaxial pressure as separate external tuning
parameters, applying them individually rather than in
combination. Diffracted intensity was recorded using a
Pilatus3 X CdTe 2M x-ray detector.

Crystal growth and x-ray diffraction methodology for
the Ir0.95Pt0.05Te2 results are described in Ref. [14].
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Supplementary Text

Supplementary Note 1: Strain Calibration
To quantify the applied uniaxial strain on the EuAl4 samples, we determined the shift of structural
Bragg peaks using X-ray diffraction. The scattering angle, 2θ, for each reflection was extracted
from two-dimensional detector images by converting the radial distance R of the peak from the
beam center using the relation tan(2θ) = R/D, where D is the sample-to-detector distance. The
interplanar spacing d was subsequently calculated using Bragg’s law, λ = 2d sin(θ), with the X-
ray wavelength λ. This procedure was first performed on an unstrained sample across multiple
reciprocal space indices along the k and ℓ directions. As shown in Fig. S1, 2 sin(θ) was plotted as a
function of the corresponding Bragg indexes. The measurement was then repeated for the sample
under applied uniaxial pressure. The relative strain ε was calculated by comparing the interplanar
spacings of the strained state (d) to the unstrained reference state (d0) using the relation ε = d−d0

d0
,

providing a direct measure of the lattice deformation along the targeted crystallographic axis.

Figure S1: Strain calibration of EuAl4. (a,b) 2 sin(2θ/2) versus Bragg index measured for the
unstrained sample (black) and the sample under uniaxial pressure along b- (blue) and c- (orange)
axis directions. The data of the strained sample is shifted down for better visual presentation. The
solid lines are linear least-square fits. Lower panel shows the residuals in percentage.

Supplementary Note 2: Onset Temperature of the CDW Phase
We also investigated the effect of uniaxial strain on the onset temperature (TCDW) of the charge
density wave (CDW) phase. Figure S2 tracks the temperature evolution of a representative CDW
satellite peak across the transition under various strain conditions. In the unstrained crystal, the
CDW satellite emerges via a sharp, well-defined transition between 132 K and 134 K. Applying
uniaxial pressure along the c-axis suppresses the structural transition, lowering TCDW to between
120 K and 125 K. Notably, the phase transition becomes significantly broadened under this strain,
exhibiting diffuse scattering that persists up to 134 K. Similarly, compressive strain along the b-axis
slightly reduces TCDW to between 130 K and 132 K while inducing peak broadening that remains
visible up to at least 136 K. Overall, these observations demonstrate that the application of uniaxial
strain not only lowers the critical temperature of the CDW but also introduces spatial fluctuations
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or structural domain fragmentation, in contrast with the abrupt, homogeneous transition observed
in the zero-strain state.

Figure S2: Temperature dependence of the diffraction satellite peaks under varying uniaxial strain.
The isolated ROIs span a temperature range of 100 K to 136 K, comparing measurements taken
with strain applied along the c-axis (top row), no applied strain (middle row), and strain applied
along the b-axis (bottom row).
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Figure S3: Powder X-ray diffraction data were collected at room temperature using Cu Kα radiation
on a crushed single crystal. Rietveld refinement was performed using the Profex graphical interface
with the BGMN refinement engine [1]. No traces of secondary phases were detected.
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