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Local Dzyaloshinskii-Moriya Interactions Driving Quasi-2D Magnetism
in a Centrosymmetric Nanoskyrmion Material
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The unabating discovery of nanoskyrmions in centrosymmetric magnets challenges the conventional
Dzyaloshinskii-Moriya (DM) skyrmion stabilization mechanism. We investigate Gd,PdSi; using polarized
resonant x-ray scattering and find that the low-field incommensurate modulations are elliptical helices,
evolving into spin-density waves at higher fields. Quasi-2D magnetism arises via local DM interactions
generated by inversion symmetry breaking around Gd-Gd bonds, which we characterize using atomistic
simulations. Our findings suggest a prominent “hidden” role of DM interactions even in centrosymmetric

skyrmionic hosts.

DOI: 10.1103/td2c-dxgj

The growing interest in topological and emergent phe-
nomena across various areas of condensed matter physics is
expanding our understanding of fundamental physical
principles while driving innovations in next-generation
devices and applications [1,2]. One such phenomenon is
the skyrmion, a topologically nontrivial, spatially localized
entity emerging in systems with complex competing inter-
actions [3-5]. In magnetic systems, skyrmions manifest as
solitonic whirls of magnetization, with a topological vortex-
like arrangement of spins conferring protection against their
destruction [5-8]. This distinct topology engenders emer-
gent behavior and exceptional dynamical responses, making
skyrmions promising candidates for spintronic devices,
including neuromorphic, stochastic, and reservoir comput-
ing architectures [9—15].

In bulk noncentrosymmetric materials, the competing
energies that permit skyrmion formation are the symmetric
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exchange and antisymmetric Dzyaloshinskii-Moriya (DM)
magnetic interactions. This competition results in solitonic
solutions for the magnetization, with the relative strength
of these interactions determining the length scale of the
magnetic textures. The dominating symmetric exchange
leads to the formation of long-wavelength (approximately
100 nm) skyrmions, which have been seen in various
systems such as B20 helimagnets [16-21], Cu,0SeO;
[22-26], and Co-Zn-Mn compounds [27,28]. In these
materials, the DM interaction is determined by the symmetry
of the crystal, imposing a fixed bulk chirality and configu-
ration to the spin textures [29-31].

Exploring alternative interactions that can stabilize sky-
rmions is gaining significant momentum. Several theoretical
studies predict skyrmion lattices of various morphologies
stabilized by the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction combined with frustration effects on triangular
lattices [32-36]. Additionally, skyrmionic solutions have
been found by examining the role of biquadratic exchange
and four-spin interactions [37-40], which lead to higher-
order terms in spatial derivatives reminiscent of the original
Skyrme model [3]. These studies are motivating the explo-
ration of 4 f-ion candidate materials, leading to the discovery
of nanoscale skyrmions (2-3 nm) in compounds such
as Gd,PdSi; [41], Gd;Ru AL 2 [42], GdRu,Si, [43],
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FIG. 1. Characterizing the magnetic textures in Gd,PdSi;.

(a) Magnetic phase diagram in H-T space, derived from the in-
phase component of the ac susceptibility, showing phase regions
corresponding to the incommensurate (IC-I/II) magnetic textures,
the skyrmion lattice (SkL), and paramagnetic (PM) phase. (b) The
reported crystal structure with space group P6/mmm (No. 191).
(c) Magnetic field dependence of the magnetic susceptibility (v,.)
and heat capacity (cy ) at 8 K. (d) Polarization-dependent resonant
x-ray energy scan of a magnetic satellite reflection, highlighting
the presence of a charge-scattering contribution away from
resonance. (¢) REXS field dependence at 8 K for the integrated
intensity and the magnitude of the magnetic wave vector.

Eu(Ga;_,Al,), [44-47], and EuNiGe; [48]. However, the
complexity of these crystallographic systems and their
subsequent magnetic structures presents challenges in
isolating the key interactions responsible for skyrmion
stabilization.

In this Letter, we study the paradigmatic centrosymmetric
nanoskyrmion-hosting material, Gd,PdSi; [41], exhibiting a
complex magnetic phase diagram as seen in Fig. 1(a). At
temperatures below 18 K and intermediate magnetic fields,
the hexagonal material [Fig. 1(b)] stabilizes a lattice of
magnetic skyrmions (SkL) [41]. The SkL is flanked by two
other incommensurate (IC) phases: IC-I in lower fields and
IC-II at higher applied fields, with clear signatures appearing
in susceptibility and heat capacity data at the magnetic
transition [Fig. 1(c)]. The nature of these phases remains
debated, with the zero-field ground state IC-I being attrib-
uted to either spatially separated helical domains [36,41], a
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FIG. 2. Determining the magnetic structures in Gd,PdSis.
(a) Polarization of the scattered beam, P/ (teal) and P/ (orange),
for different incoming linear x-ray polarization at 8 K, under
applied magnetic fields of 0 T (triangles), 0.55 and 0.65 T
(squares), and 1.5 T (circles). Solid lines represent fits with both
incoherent charge and magnetic scattering processes. (b) Real-
space schematics of the three modes associated to the different
irreducible representations, mSMn, along with the real-space
fitted incommensurate single-g modulation composed of the
complex mixing coefficients c; 3 at 0 T. (c) Intensity as a function
of analyzer rotation, 7y, for circular left (CL) and circular right
(CR) incoming x-ray polarization at 0 T. Solid lines show
sinusoidal fits to the data. Dotted lines show the simulation of
a right-handed helix. (d) Reciprocal space scans of the magnetic
satellite along the [ (gray) and & (purple) directions.

lattice of merons and antimerons [41,49,50], or screw-type
elliptical helices [51], whereas IC-I1 is proposed to consist of
a magnetic fan, conical, or spin-density-wave (SDW) states
[41,50,52]. Resolving the debate on which magnetic inter-
actions are responsible for stabilizing these incommensurate
textures first requires a strong understanding of the exact
nature of these spin textures. [36,53-57].

To elucidate the relevant physics in Gd,PdSis, we inves-
tigate the magnetic structures within a single-crystalline
sample (see Ref. [58] for growth information) using resonant
elastic x-ray scattering (REXS) at the Gd L;; edge at the
I16 (Diamond Light Source [59]) and P09 (Deutsches
Elektronen-Synchrotron [60]) beamlines, focusing on the
magnetic [3 4 ¢,-gq, 0] reflection and magnetic fields along
the crystalline ¢ axis. The clear presence of both magnetic
and charge-scattering contributions is seen in Fig. 1(d). By
performing a full linear x-ray polarization analysis within
each phase, we separate these mixed components to
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TABLEI. Magnetic structure refinement. Fitted parameters and
quality of fit (Rpg, more detail in SM [62]) of the single-¢
components of the magnetic structure model of Gd,PdSi; from
the MagStREXS software. The mixing coefficients c,, are associated
with basis modes mSMn, respectively. The value a accounts for
noncoherent charge scattering, and represents the ratio of the
charge and magnetic scattering powers, multiplied by their
respective scattering populations. Note: these parameters char-
acterize the modulation component at a single wave vector that
may be superimposed to form multi-g states, like the SkL.

H (T) Phase cy 3 Cy a Rpg
0 IC-1 +i0.715(10) 1 0 20.6(11) 545
0.55 SkL +i0.589(7) 1 0 13.9(13) 4.99
0.65 SkL +i0.633(14) 1 0 14.5(16) 7.81
1.50 IC-I1 0 1 0 2709) 5.11

unambiguously determine the magnetic modulations that
form the building blocks of the phases. Specifically, the
single-g components that may superpose to form the multi-g
magnetic structures suggested for this material.

In Fig. 2(a), we present full linear x-ray polarization
analysis measurements at 8 K under three different applied
fields corresponding to the three magnetic phases [distin-
guishing features shown in Fig. 1(e)]. Indicative of the
compound nature of the scattering processes, the Stokes
parameters (P}, P}) characterizing the outgoing x-ray polari-
zation vary smoothly as a function of the incident x-ray
polarization (#;) in each magnetic phase. Using MagStREXS
[61], we separately refine the weights of the charge scattering
(o) with the coefficients (c,_; 3 4) corresponding to the basis
function associated to each magnetic irreducible representa-
tion (mSMn) obtained from representational analysis. These
three modes are SDWs with moments aligned along one
single direction [Fig. 2(b)]. See Supplemental Material (SM)
[62] for further information and Refs. [63-68].

The optimal parameters for each magnetic phase, sum-
marized in Table I, yield excellent agreement with the data in
Fig. 2(a). All observed phases exhibit concomitant charge
and magnetic scattering with no mSM4 component. In both
the IC-I and SkL phases, the single-g magnetic modulations
consist of dominant real in-plane mSM3 components and
weaker imaginary out-of-plane mSM?2, indicating a dis-
torted elliptical helix with a larger magnetic moment fraction
confined to the ab plane. Increasing the magnetic field, we
observe a reduction in the overall weight at the IC wave
vector, accompanied by the emergence of a ferromagnetic
magnetization as more spins align with the external field, as
indicated by the increasing net magnetization seen in
magnetometry measurements. Concurrently, the ellipticity
of the single-q modulation increases, highlighting complex
field-induced distortions of nanoskyrmions. A quantitative
analysis of these distortions requires a detailed study that
accounts for both quadrupolar and interference resonant
scattering terms in the REXS cross section, which is beyond
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FIG. 3. Crystallographic superstructure and the potential for

local Dzyaloshinskii-Moriya (DM) interactions. (a) Crystal struc-
ture of Gd,PdSi; showing triangular planes of Gd ions (teal)
interleaved with a honeycomb network of Pd (orange) and Si
(gray). This forms a crystalline superstructure with eight unit cells
stacked along the ¢ axis [69], though only four layers, A-D, are
depicted here for clarity. (b) A local DM vector is allowed due to
the locally noncentrosymmetric environment surrounding many
Gd-Gd bonds. (c) Schematic of a single Gd-Gd layer with an
A-type Pd-Si layer above, and a B-type Pd-Si layer below.
(d) Resultant symmetry-allowed DM vectors in the Gd-Gd layer.
Blue arrows indicate a vector component toward the bottom
Pd-Si layer, while green arrows indicate a component toward
the top layer.

the scope of this Letter. Comparing across the field-driven
magnetic phase transitions, we observe increases in the
ellipticity of the single-g modulations, evolving into a SDW-
like form in the IC-II phase (in-plane mSM3 only). This
transformation is driven by the Zeeman interaction, sup-
pressing modulated spin components to stabilize a ferro-
magnetic component along the applied magnetic field
instead.

By analyzing the scattered beam intensity from circularly
polarized incident x-rays, we can determine the overall
chirality of the magnetism [Fig. 2(c)] in the IC-I phase.
Simulating the expected intensities of a right-handed helix
(dashed lines) shows a clear difference in the diffracted
signal between the circular left (CL) and circular right (CR)
polarizations. For a left-handed helix, the behavior of the
scattered intensity between the two polarization channels
would reverse. Experimentally, negligible dependence is
observed upon switching the incident circular polarization,
with the intensity lying approximately between the simu-
lated results for CL. and CR. This can only be explained by
assuming a near equal volume fraction of spatially
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separated domains of opposite helix chirality within the
sampled volume.

Next we investigate the real-space ordering of the IC-I
domains through the reciprocal space scans shown in
Fig. 2(d), which display the diffracted intensity as a
function of the in-plane (%) and out-of-plane (/) directions.
The real-space magnetic correlation lengths, defined as
&=[1/7](FWHM)™!, are determined to be £, = 30(8) A
and &,, = 320(30) A for the two directions, respectively.
These values align well with a zero-field neutron scattering
study [36], where a quadratic-in-/ broadening term was
required to accurately describe the magnetic Bragg peaks.
We see that the correlation length along the crystalline ¢
axis is over an order of magnitude shorter than that in the
hexagonal plane, corresponding to roughly the size of a
single superstructure cell.

The significance of the anisotropic correlations suggests
a quasi-2D nature to the magnetic structures. However,
neutron scattering measurements indicate a strong inter-
layer exchange coupling along the ¢ axis [36], in contrast to
the short correlations observed here. Naturally, this raises
the question as to the origin of the reduced dimensionality,
and suggests a further unexplored mechanism that may
provide substantial interlayer frustration.

The role of the ubiquitous crystallographic superstruc-
ture in R,PdSi; systems (R is rare earth) has so far been
overlooked in most theoretical frameworks. Four layers of
distinct Pd-Si ordering are possible, shown in Fig. 3(a).
Ab initio density functional theory and neutron diffraction
studies reveal the optimal stacking sequence comprises
alternating layers arranged in a 2 x 2 x 8 superstructure,
giving rise to additional crystallographic Bragg reflections
[69,70]. Despite the overall centrosymmetric crystal struc-
ture, the stacking of different Pd-Si layers results in locally
noncentrosymmetric environments surrounding the bond
centers between Gd>* ion pairs. This manifests a local DM
interaction, characterized by a DM vector, D;;, usually
oriented orthogonally to the vector r;; between the ion pair
[71]. An example environment is demonstrated in Fig. 3(b).
Various noncentrosymmetric environments exist across a
single triangular plane of Gd** ions between two layers, as
shown for one layer (AB) in Fig. 3(c). Depicted in Fig. 3(d),
the direction of the DM vectors changes depending on the
specific Gd-Gd pair and the stacking configuration, vanish-
ing at bonds surrounded wholly by palladium. See SM [62]
for a complete list of all layer combinations and their
corresponding DM vectors.

We propose that these local DM interactions drive the
observed quasi-2D magnetic ordering, favoring planes of
alternating magnetic chirality depending on the specific
layer pairing in the superstructure elements, and frustrating
the magnetic texture, limiting the out-of-plane magnetic
correlation lengths. To test this scenario, we consider a 2D
superstructure element with representative AB-layer
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FIG. 4. Two-dimensional atomistic simulations showing the
role of the DM interactions. (a) A triangular lattice of Gd®* ions
displaying the real-space magnetization texture of the IC-I state.
The color represents the out-of-plane component. (b) Magnetic
energy of an IC-I spin texture with different handedness as a
function of the wave vector along the a* direction. (c) Magnetic
energy of an IC-I spin texture with the D = 0 minimum-energy
wave vector, plotted as a function of helical helicity, y. (d) Mag-
netic energy about the minimum wave vector for different
strengths of the DM interaction. (¢) Minimum-energy magnetic
wave vector as a function of the DM interaction.

stacking (others are shown in SM [62]) using atomistic
simulations with an anisotropic spin Hamiltonian,

H==)7;8;-S;+ ) D;-(S;x8;), (1)
(i) (i)

where (i, j) denotes pairs of Gd*" ions. We go beyond
previous models by including not just experimentally
determined nearest-neighbor interactions up to fourth order
1, Jo, J3, and J4, = 0.31, 0.19, 0.27, and —0.21 K [36]),
but also bond-dependent DM interactions constrained by
local symmetry. The atomistic simulations are performed
by simulating a helical texture [Fig. 4(a)] on a 2D 100 x
100 Gd** ion lattice, excluding edge sites with incomplete
neighbor configurations and demagnetization effects.
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The simulations offer invaluable insights into the role of
DM interactions within each superstructure element. In
Fig. 4(b), we confirm the dominant role of the RKKY
interaction in stabilizing the incommensurate magnetism
by identifying an energy minimum at ¢ = 0.138(2) r.lL.u.,
comparable to the experimentally observed value [Fig. 1(e)].
Introducing DM interactions lifts the degeneracy between
opposite helical chiralities, resulting in a preferred handed-
ness across the entire superstructure layer. Secondly, the DM
interactions determine the plane of the spiral winding
(Helicity, y). In an isotropic-exchange-only model, the
helical plane remains entirely degenerate, permitting both
Bloch-type (moments perpendicular to the wave vector,
x = 0) and Néel-type (moments parallel, y = 90°) configu-
rations. However, including DM interactions lifts this degen-
eracy, energetically favoring Bloch-type helices over Néel-
type [Fig. 4(c)] in full agreement with our experimental data
in Fig. 2(a).

This chiral preference within individual layers underpins
the magnetic frustration observed in the system. Namely,
certain layers within the superstructure strongly favor a
particular chirality. Reversing the local stacking sequence
(e.g., from AB to BA), inverts the in-plane orientation of
the DM vectors, favoring the opposite chirality for
any combination of superstructure layers. However, the
global centrosymmetry of the material ensures that both
chirality-favoring environments appear in equal propor-
tions throughout the bulk (see SM [62]). As a result,
regions of the sample favor opposite-handed configura-
tions, leading to equal chiral-domain volume fractions with
the cancellation of any in-plane magnetization summed
along the ¢ axis. This cancellation suppresses contrast in
Lorentz microscopy, making it ineffective for directly
probing the chiral structure. Instead, depth-resolved, sur-
face-sensitive techniques such as resonant elastic x-ray
scattering (REXS) at the Eu My, edge would be particularly
valuable for testing this proposal, as they selectively probe
only a few atomic layers.

The local DM interactions also affect the periodicity of
the magnetic structures, favoring a tighter winding with an
increased wave vector. By refining the DM interaction
strength, D, such that the simulated wave vector matches
the experimental data (i.e., from 0.138 to 0.143 r.lLu.),
we constrain the DM interaction to a maximum value of
0.17(1) K within our minimal model, as shown in Figs. 4(d)
and 4(e). Although this value is relatively small when
compared to the magnetic ordering temperature of 21 K, it
significantly influences the magnetism when evaluated
relative to J;. Such a large ratio of D/J; ~0.56 is not
unprecedented (for example, in Niz TeOg [72]). Furthermore,
since the strength of J; is determined by the RKKY
interaction, the lattice spacing could align J; near a nodal
point of the RKKY interaction, effectively suppressing J;
and inflating the apparent D/J, ratio. Additional experi-
ments, such as inelastic neutron scattering on isotopically

enriched single-crystalline samples or electron spin reso-
nance measurements will be essential for confirming this
hypothesis quantitatively. Finally, we note that while dipolar
interactions are always present, we propose the DM inter-
action to be the more significant interaction, since the DM
scales DS(S + 1) ~ 2.7 K, compared to the dipolar energy,
~0.5 K, in Gd,PdSi; [73].

Our experimental findings provide new insights into the
nature of the magnetic states in centrosymmetric skyrmion
hosts. Notably, the ellipticity of the single-g components
states implies an inherent real-space variation in the
moment, which is unexpected given the localized nature
of the Gd*" moment. While itinerant effects or thermal
averaging could play a role, the lack of temperature
dependence in the ellipticity [51] suggests an alternative
explanation: the formation of a triple-q state, where
individual single-g components (elliptical helices) super-
pose to form a 2D lattice [74]. The “missing” x-ray
intensity arising from the ellipticity can be accounted for
by higher-order diffraction peaks at relevant locations for a
2D magnetic lattice, normalizing the magnitude of the
magnetic moment, and consistent with the suggested IC-1
ground state in Gd,PdSi; based on anisotropic spin
dynamics [50]. This scenario is further supported by the
reduction in hexagonal symmetry due to Pd-Si ordering,
which lifts the degeneracy of in-plane wave vectors and
provides a potential mechanism for meron-antimeron
lattice formation.

In conclusion, using REXS, we have determined that the
individual single-g components of the magnetic modulations
in the multi-g IC-I and SKL phases of Gd,PdSij; are elliptical
Bloch-type helices, while those in the IC-II phase take the
form of transverse SDWs. These helical modulations are
consistent with separated domains of meron-antimeron and
skyrmion lattices. We find that the modulations are chiral,
which we attribute to local Dzyaloshinskii-Moriya (DM)
interactions induced by the stacking of inequivalent Pd-Si
layers in the superlattice structure. Using atomistic simu-
lations, we highlight the role of local atomic environments in
stabilizing complex topological spin textures. An intriguing
open question is whether similar locally chiral DM inter-
actions play a role in other centrosymmetric nanoskyr-
mion hosts.
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