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Double-Q ground state with topological charge stripes in the centrosymmetric
skyrmion candidate GdRu,Si,
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GdRu,Si, is a centrosymmetric magnet in which a skyrmion lattice has recently been discovered. Here, we
investigate the magnetic structure of the zero-field ground state using neutron diffraction on single crystal and
polycrystalline 'GdRu,Si,. In addition to observing the principal propagation vectors q; and q,, we discover
higher-order magnetic satellites, notably q; + 2q,. The appearance of these satellites is explained within the
framework of a double-Q constant-moment solution. Using powder diffraction, we implement a quantitative
refinement of this model. This structure, which contains vortexlike motifs, is shown to have a one-dimensional

topological charge density.
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Skyrmions and merons are two-dimensional (2D) vor-
texlike spin textures which have integer and half-integer
topological charge, respectively [1]. These noncollinear spin
textures exhibit a range of emergent phenomena such as
the topological Hall effect, and these properties are antici-
pated to find use in low-power spintronics [2,3]. Magnetic
skyrmion research has principally been focused on noncen-
trosymmetric materials such as MnSi and Cu,0SeO3, where
the Dzyaloshinskii-Moriya interaction plays a key role in the
stabilization of skyrmions in a magnetic field [4,5].

In contrast, the interactions stabilizing skyrmions in cen-
trosymmetric materials are varied and in general less well
understood. Notably though, experiments have determined the
formation of skyrmions in a set of centrosymmetric Gd/Eu-
based intermetallics: Gd,PdSi; [6], Gd;RusAl;; [7], EuAly
[8], EuGa,Al, [9], and of focus to this Letter GdRu,Si,
[10-12]. Here, Eu*" and Gd** ions have long been es-
tablished as prototypical Heisenberg spin systems (S = %,
L = 0); these ions are therefore an important inclusion in this
class of materials, although not essential [13]. In Gd,PdSis
and Gd;RusAly,, geometrical frustration is expected to be a
key consideration for the formation of the skyrmion lattices,
whereas for GdRu,Si,, EuAly, and EuGa,Al,, which crystal-
lize in the 14/mmm space group, this cannot be the case.
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For a consistent theory of the magnetism in GdRu,Siy, it is
necessary to establish the magnetic structures across the phase
diagram shown in Fig. 1. Resonant elastic x-ray scattering
(REXS) studies reported two incommensurate propagation
vectors, denoted as q; and q, along the a and b axes, re-
spectively [10,12]. Initially, Phase 1 was suggested to be a
single-Q helix state and Phase 2 the square skyrmion lat-
tice, composed of two superimposed orthogonal helices [10].
An ab initio study predicted that the incommensurate he-
lical state was due to Fermi surface nesting, reproducing
propagation vectors and a critical temperature (7¢) in close
accordance with experiments. Moreover, that study predicted
that the skyrmion lattice could be formed with just first-order
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions, mag-
netic anisotropy, and Zeeman coupling [14]. Subsequently,
a spectroscopic scanning tunneling microscopy experiment
identified double-Q incommensurate ordering in Phase 1, de-
tecting q; + q; and 2q , distortions [11]. The identification
of incommensurate electron density coincident with the mag-
netic order strengthens arguments for RKKY exchange [14],
as opposed to alternative mechanisms which had previously
been suggested [15]. Following the indications of 2D ordering
across the phase diagram, phases 1 and 3 were assigned as
meron lattices with Phase 1 constructed from a helix on q; and
a spin-density wave (SDW) along q. To stabilize this ground
state, biquadratic exchange terms are required, as shown in
the REXS/Monte Carlo annealing study [12]. No microscopic
description has been given for Phase 4; however, the phase
boundaries are detectable using magnetometry. The lack of
information regarding this phase is probably due to the mag-
netism being weak with increased disorder in proximity to 7
(45 K) and is a topic of further study.

In this Letter, the zero-field ground state of GdRu,Si;
is examined using time-of-flight neutron diffraction. Within
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FIG. 1. (a) Crystal structure of GdRu,Si,, space group: 14/mmm.
(b) H-T phase diagram of GdRu,Si, with H || ¢. Phase boundaries
have been established using a combination of longitudinal resis-
tivity (pxx), DC magnetometry (My.), and AC susceptibility (x,c)-
This phase diagram is consistent with previous determinations [16].
Phases 1 and 3 have been nominally designated as meron lattices
and Phase 2 the skyrmion lattice, with no current interpretation of
Phase 4 [12].

the (h, k, 0) diffraction plane, magnetic satellites of the form
qi, q2 and q; + 2q, are found. Furthermore, the principal
propagation vectors q; and q, are shown to be inequivalent
in magnitude. These aspects taken together allow the ana-
lytical construction of a double-Q constant-moment solution
which is entropically favorable. This model is used in the
quantitative refinement of the powder diffraction, giving a
complete magnetic structure solution. The topological charge
density (TCD) of this phase is particularized and shown to
have one-dimensional (1D) topological charge stripes. Finally,
the implications of this magnetic structure on the Hamiltonian
are discussed.

To reduce neutron absorption, isotopically enriched '°*Gd
was used. Polycrystalline '*°Gd Ru,Si, was prepared by arc
melting stoichiometric quantities of the constituent materials.
A single crystal of isotopically enriched '°Gd Ru,Si,, 17 mm
in length and 2.3 mm in diameter, was grown by the floating
zone method.

Polycrystalline and single-crystal neutron diffraction mea-
surements were taken on the WISH diffractometer at the ISIS
Neutron and Muon Source, U.K. [17]. The measurements
were taken in Phase 1 in zero magnetic field and at 1.5 K
to maximize the magnetic scattering signal. Polycrystalline
160Gd Ru,Si, was ground into a fine powder and placed in a
vanadium can. The single crystal was aligned so that (k, k, 0)
was the principal scattering plane.

Magnetic satellites surrounding the (1, 1, 0) nuclear peak
are shown in Fig. 2. Attention was given to this peak, in part
as it was convenient to access the sets of magnetic satellites,
and also the small scattering vector ensured that the magnetic
form factor was large. The magnetic diffraction shown is due
to two orthogonal magnetic domains; however, this is only
clear in subsequent measurements (Fig. 3) which resolve the
inequivalence between the q; and q, propagation vectors. The
two domains are denoted with A and B subscripts, respec-
tively. The set of satellites observed is (1 g, 1,0)4, (1,1 £
q2,0)4, (1 £q1,1£24¢5,0)4, (1,1 £g1,0)p, (1 £, 1,0)3,
and (1 +2¢,, 1 £ g1, 0)p. See Fig. S1 in the Supplemental
Material [18] for a schematic of how each magnetic domain
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FIG. 2. Single-crystal neutron diffraction data in the (h, k, 0)
plane showing magnetic satellites surrounding the (1, 1, 0) nuclear
peak at 1.5 K. Intensity has been scaled so that the nuclear peak and
sets of incommensurate satellites of the form q;, q, and q, + 2q,
(circled in black) can all be simultaneously observed. The arcs are
Al powder diffraction lines from the sample holder.

contributes to the diffraction plane. While the existence of
and q, satellites had been well established, q; + 2q; satellites
have not been previously observed in a diffraction experiment.
We note that, surrounding other nuclear peaks, satellites of the
form q; + q, were infrequently observed (see Fig. S2 in the
Supplemental Material [18] for an example). The presence of
q: + q and q; + 2q, satellites is independent proof of the
double-Q magnetic structure, coming from the evaluation of
the possible free-energy coupling terms [19]. The associated
distortions (q; + q»> and q; + 2q;) are produced by the two
principal arms of the star (q; and q,) being coupled together in
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FIG. 3. Single-crystal neutron diffraction data showing the split-
ting between inequivalent q; and q at 1.5 K. The peaks have been
fit with a pseudo-Voigt function. These measurements are of the
0+ ¢1,0,0) and (0 + g3, 0, 0) satellites.
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the ground-state magnetic structure. Moreover, the translation
and time-reversal symmetries require a third power invariant
for the q; + q» and a fourth power invariant for the q; + 2q,
distortions. This in turn implies that the former is of structural
origin, and the latter is magnetic.

Additionally, the existence of these higher-order satellites
indicates that the magnetic structure may have a constant-
moment solution, whereas the magnetic structure solutions
described in this material hitherto have varying spin density.
Strongly motivating this notion, the saturation magnetization
of GdRu,Si, has been shown to be 7 uz [10,16]. This substan-
tiates that the magnetism is formed of the localized f-electron
moments of Gd** which interact via valence electrons at
the Fermi surface. This model is inconsistent with a system
of varying spin density, as this would incur a significant
entropic cost due to disorder and increased kinetic energy,
which is not expected in the zero-field ground state. Indeed,
established SDW systems ordinarily have particular reasons
for how the SDW is stabilized. In itinerant magnets, this is
due to wave-vector nesting in the Fermi surface [20], or in
insulators, frustrated exchange interactions can generate these
unusual states [21-23]. However, GdRu,Si, is in neither of
these categories of materials.

Before the constant-moment solution can be constructed,
it is necessary to establish the inequivalence in magnitude
between q; and qp [12]. This is shown in Fig. 3, which
shows measurements of satellites surrounding the Brillouin
zone center: (0 + ¢, 0, 0) and (0 + ¢», 0, 0). These satellites
are observed in the same region of reciprocal space due to
the ground state forming in two mutually orthogonal domains,
reducing the symmetry of the parent tetragonal structure. By
the Curie principle, this induces (so far undetected) nuclear
distortions with identical domain formation.

Having established the q; + 2q; satellites and the inequiv-
alence between q; and q, the constant-moment solution can
be fully described. The ground state of GdRu,Si, has been
previously proposed to comprise a helix and an orthogonal
SDW propagating along q; and q, respectively [12]. The
construction of a constant-moment solution includes the same
helix and SDW with the addition of a second helix, coplanar
with the first, but propagating along q; + 2q, as an ansatz.
The magnetic moment m,, at a position vector r, is then
given by

0 my Sil’l(kz)
m, = | mycos(ky) | + 0
m sin(kl) 0
0
+ | ms cos(k; + 2ky) |. ()
ms sin(k; + 2k»)
Here, k;» = —2mq > -1, and m; 3 are scalar amplitudes.

Note that Eq. (1) holds for any choice of two propagation
vectors and that these planar waves can be defined on an
arbitrary orthonormal basis. For a constant-moment solution,
m, - m, is evaluated

m, -m, = mf + m% + dmym; COS2(k2)

— 2myms + m3 sin(ky), )
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FIG. 4. Rietveld refinement of GdRu,Si, at 1.5 K. Red points
are the data, the black curve is the model, and the blue line is the
difference curve. Green and purple bars indicate the nuclear and
magnetic Bragg peaks, respectively. This pattern is from the high-
resolution bank of the WISH diffractometer, where q; and q, can be

resolved, as highlighted in the inset. Ry, = 15.3% and R, = 8.73%
and GOF = 1.75.

with the condition m3 = m% /4m;. Hence, a constant-moment
solution can be provided in the form of Eq. (1) with an appro-
priate moment condition.

Quantitative evaluation of the above model was imple-
mented by analyzing the powder neutron diffraction (Fig. 4)
using FULLPROF [24]. The most appropriate choice of basis
was found to be 4 = [1, 0, 0], b= [0,1,0],and ¢ = [0, O, 1],
with q; = [0.22540(2),0,0] and q, = [0, 0.22014(3), 0].
The scalar magnitudes were found to be m; = (6.49 £ 0.10)
Ug, My = (5.44 £ 0.16) ug, and m3 = (1.14 &= 0.09) ug. Note
that, in the powder data, there were insufficient statistics to
independently fit the q; + 2q, satellite peaks, and therefore,
the value of mj3 is implicit through the derived moment con-
dition. From Eq. (2), this gives a total moment size of |m,| =
(7.6 £0.1) ug. The discrepancy between the measured mo-
ment size and the 7 g of Gd>* is caused by a systematic error,
attributed to the high levels of absorption in the sample, which
is heavily correlated to the scale factor and in turn the refined
moment size. This magnetic structure is illustrated in Fig. 5,
where periodic vortexlike motifs are observed.

The topological charge structure is now examined. Our
analysis is based in the continuous field limit, but we note
that, in the more discrete limit of a small unit cell such as in
this system, the notion of TCD is less clear. TCD is given by

. om, ony
Q =i, - X —, 3
dx ay
where mi, = m,/|m;|. Substituting Eq. (1) into Eq. (3) yields
(27 )*4q1gamimy
Q= W COS(—ZT[qzy). (4)

Here, the Cartesian axes are associated with the a, f), and
¢ directions. Hence, the TCD is locally nontrivial, 1D, and
oscillates in the same direction as the SDW component of
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FIG. 5. A model of the magnetic structure, shown over 8 x 8 unit
cells. The out-of-plane component of the magnetic moment m, is
shown with the blue-red color scale. The topological charge density
is represented with the black-white color scale, showing the topolog-
ical charge stripes.

the magnetic structure. We refer to this defining feature as
topological charge stripes. Additionally, this establishes that
the spin texture of this ground state cannot be compatible
with a periodic meron or skyrmion lattice. This is because
these spin textures would have a 2D periodic TCD structure,
over which a 2D integral to evaluate the topological charge
can be well defined with periodic boundary conditions. With
the TCD structure given in Eq. (4), a 2D integral to evaluate
the topological charge over this scalar field would be arbi-
trary, given there is only periodicity in a single direction. We
expect that these topological charge stripes may produce un-
usual transport phenomena in which there may be significant
anisotropy perpendicular and parallel to the propagation of the
TCD due to the topological Hall effect.

A first-principles analysis of the Fourier transform of the
magnetic interactions in GdRu, Si, assuming fourfold symme-
try (without magnetostriction effects) reveals the presence of
peaks at four characteristic wave vectors ; = (£¢max, 0, 0)
and qp = (0, £gmax, 0) [14]. This indicates the possibility

of stabilizing single-Q states at multiple wave vectors. The
inclusion of multiple-spin interactions leads to the stabiliza-
tion of multiple-Q states [25]. Particularly, the biquadratic
interactions play an important role in the stabilization of
anisotropic double-Q states [12]. We postulate that the bi-
quadratic interactions together with other more complex
isotropic multiple-spin interactions, such as three-site, four-
spin interactions [26] and ring exchange [27] can generate
the complex magnetic structure reported here [28]. These
higher-order spin interactions derive from the feedback effect
on the valence electrons from the development of the complex
magnetic order of the Gd local moments [29].

In conclusion, the zero-field ground state of GdRu,Si, has
been studied using time-of-flight neutron diffraction. In addi-
tion to observing the principal magnetic satellites q; and q»,
we discover satellites of the form q; + 2q,. These magnetic
satellites allow the analytical construction and quantitative re-
finement of a constant-moment solution, which is entropically
favorable. The principles upon which the constant-moment
solution is constructed are expected to be helpful in deter-
mining the complex nature of multi-Q magnetic structures.
The TCD of this magnetic structure is shown to be locally
nontrivial, 1D, and it is not consistent with either meron or
skyrmion lattices. We speculate that these topological charge
stripes may give rise to unusual magnetoelectronic coupling,
such as producing electronic nematicity. These results estab-
lish that GdRu,Si; has a wealth of topologically nontrivial
spin textures and is therefore an ideal setting in which phase
transitions between distinct topological structures can be ex-
perimentally probed. An interpretation of the in-field phases
and particularly Phase 4 remains a topic of further study.
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