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Understanding the formation of skyrmions in centrosymmetric materials is a problem of fundamental
and technological interest. GdRu,Sis is a candidate material that hosts a variety of multi-Q magnetic
phases, including in zero-field. Here, inelastic neutron scattering is used to measure the spin
excitations in the field-polarized phase of GdRu,Si,. Linear spin wave theory and a method of
interaction invariant path analysis are used to derive a Hamiltonian accounting for the spectra. The
Hamiltonian, dominated by bilinear (Ruderman-Kittel-Kasuya-Yosida) Heisenberg exchange,
compares favorably to ab initio calculations. Dipolar interactions are a secondary energy scale to
consider, with Jp p~ 0.05Jrkky. However, it is shown that in the field-polarized phase the dipolar
interactions ‘self screen’ so that their effect is largely suppressed. No specific evidence for higher-
order exchange is found. These aspects are discussed in the context of the lower field multi-Q states

and the anisotropy of the system.

Materials with topologically protected properties are expected to prevail in
the next generation of electronics'. Magnetic skyrmions are a prominent
area of research within this field as these vortexlike spin configurations
feature remarkable properties, including field-driven skyrmion motion, the
topological Hall effect, and non-reciprocal response, which may find
applications in spintronics’™. Understanding how skyrmions may form in
ambient conditions is a key challenge in the drive to discover technologically
significant materials. In this regard, centrosymmetric systems are an
important class of materials as, in principle, it has been shown that sky-
rmions may be stabilized in zero-field™, and may also exhibit novel prop-
erties such as non-fixed helicity’™’.

A number of centrosymmetric skyrmion candidates based on Gd’*
and Eu*" intermetallics have been experimentally identified; magnetic ions
with weak anisotropy are an important attribute for skyrmion spin-textures.
These materials include Gd,PdSi;'*"%, Gd;Ru,Al,"™", GdRu,Si,” ™,
GdRu,Ge,”, EuAl,”*" and EuAl,Ga, ,”**". The latter four systems form in
the widely studied ThCr,Si,-type parent structure. Aside from the diverse
range of emergent physics originating from this structure-type’', the broad
chemical tunability of this simple structure makes appealing grounds for
theoretical and material discovery initiatives™. Putatively, in these materials,
the Fermi surface topography and, in turn, long-ranged Ruderman-Kittel-
Kasuya-Yosida (RKKY) interactions act to form the multi-Q spin
structures”. However, there are several differences between the phase

diagrams and magnetic structures of each material. This is most clear in the
case of GdRu,Si,, which, unlike the other candidates, has a multi-Q
incommensurate ground state in zero field, which is a highly unusual
property'”***. Hence, understanding how the ground state of GdRu,Si,
forms may provide evidence as to how zero-field skyrmions may be realized.
For systems with one magnetic site per primitive unit cell, a key implication
of zero-field multi-Q states is the inclusion of anisotropic or higher-order
exchange terms in the Hamiltonian (such as biquadratic or four-spin
interactions), as the Luttinger-Tisza method stipulates that models with
only bilinear Heisenberg exchange terms stabilize single-Q structures™ . A
second unresolved aspect of magnetism in GdRu,Si, is the large degree of
anisotropy between H-T phase diagrams for different directions of applied
field'>”. Naturally, this would imply single-ion anisotropy or anisotropic
bilinear exchange interactions entering the Hamiltonian. However, these
terms ordinarily arise due to spin-orbit coupling, which ostensibly in an
§=7/2, L =0 system is not present.

In view of gauging the magnetic interactions in GdRu,Si,, inelastic
neutron scattering measurements of excitations frequently provide strin-
gent and comprehensive tests of magnetic models. However, the application
of this method to incommensurate order is in general limited; the magnetic
Brillouin zone is very confined and there are a large number of excitation
bands, so that there are many closely spaced excitations beyond the reso-
lution capabilities of modern spectrometers' ™. Nevertheless, studying
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various magnets in the simplified case of the field-polarized phase frequently
proves to be an effective method to gain insights into the key magnetic
interactions of a system***.

In this paper, the spin waves of GdRu,Si, in the field-polarized state are
examined using inelastic neutron scattering. Analysis of the magnon band is
implemented using linear spin wave theory and a method of interaction
invariant path analysis. The spectra are accounted for using a set of bilinear
Heisenberg exchange interactions up to the eighth nearest neighbor, indi-
cative of the long-range RKKY interactions. Qualitatively, the model agrees
well with ab initio calculations™. Following this, the effect of dipolar inter-
actions on the magnon dispersion is investigated. It is shown that in the
field-polarized phase, the dipolar interactions ‘self-screen’ so that their effect
is suppressed. However, it is argued that in the non-collinear phases, this
‘self-screening’ may not necessarily occur, and in this case, dipolar inter-
actions are a secondary energy scale to consider, with Jpp ~0.05/rkky-
Higher-order exchange interactions are not required to model the excitation
spectra. The implications of the derived Hamiltonian are discussed within
the context of the multi-Q phases and anisotropic phase diagrams of
GdRw,Si,.

Analysis

An overview of the inelastic neutron spectra is provided in Fig. 1. The
observation of a single band is consistent with Gd’* being the only magnetic
ion within the primitive unit cell. In addition to the magnon band, there are
several low-energy spurious signals originating from the sample environ-
ment (e.g., Fig. 1a at iw ~0.8 meV), which, since the excitation signal from
the sample is intrinsically low due to the absorption, appear comparatively
strong. So that the magnon band signal could be systematically extracted,
median kernel filtering was applied; this methodology is described in detail
in the Supplementary Note 1.
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To model the magnon band, we start by assuming a Hamiltonian with
bilinear Heisenberg exchange, Zeeman coupling, and single-ion anisotropy,

H=Y {188} +> {euB s, +K(s)°}.
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Applying the Holstein-Primakoff transformation provides the linear spin-
wave dispersion for a ferromagnet,

)

ho(q) = S[J(q) — J(0)] — guyB — 2KS, (2)
where J(q) is defined as,
J(@ =Y Jsexpliq - d). 3)
820
Here, & is the interaction vector (r; — r;) between the magnetic ions

expressed in lattice units, and q is a reciprocal space vector (in r.L.u.)*’. Note,
that with the experiment taking place at approximately half of the ordering
temperature, we have considered the effects of interaction renormalization
due to finite temperature. We have calculated, following the Hartree-Fock
approximation, as set out in Lovesey™, that the renormalization is in a
Q-independent regime, and that the rescaling of the interactions is limited to
<4%, such that it does not qualitatively affect the interpretation of the
results, and that linear spin wave theory is appropriate to model the
excitations. All of this indicates that higher-order magnon processes are not
prevalent throughout the system at 25 K, and this is corroborated by the fact
that the dispersion is characteristically sharp within our instrumental
resolution. Initial attempts at fitting the magnon dispersion revealed that J,
(with & = [1/2, 1/2, 1/2]) is the dominant interaction, but that multiple
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Fig. 1 | Various momentum-resolved inelastic neutron scattering spectra of
GdRu,Si, at T =25 Kand B = 8.8 T in the field-polarized phase (E; = 7.52 meV).
A single magnon band is observed throughout. a An overview of the inelastic
neutron scattering data. b Corresponding calculation of the magnon dispersion
model implemented in the Su(n)ny code**". ¢ An out-of-plane magnon dispersion
along the (1, —1, ) path. ], is active and dominant along this cut. d A J, invariant cut
onthe (1, —0.5, %) path; a flat band is observed and this indicates J, is negligible. e A J,
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invariant cut along the (1, — 0.5, 0.25) path; the magnon band is dispersive and
therefore several in-plane interactions are required in the model. f A cut along (1, 7,
0), which passes directly over a zone center (1, —1, 0). The ‘w’ shape at the bottom of
the dispersion curve is indicative of the incommensurate order stabilized at lower
fields. In (c-f) the white/black line superimposed on the data is calculated using the
spin-wave model described in the text. The complete set of cuts used for fitting the
linear spin wave model is shown in Supplementary Note 2 (Figs. S2, S3, and S4).
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interactions were required to account for the dispersion character,
consistent with long-ranged RKKY interactions. To gauge which interac-
tions are active in the system we have developed a method of interaction
invariant path analysis. In this technique, reciprocal space cuts of S(Q, w) are
chosen so that a specified interaction is inactive; i.e., the spin-wave theory
pertaining to the interaction is non-dispersive along the reciprocal-space
path. By isolating certain interactions, weaker, but nevertheless significant
exchange interactions may be refined. In particular, we make use of J,
invariant paths. The linear spin wave theory for the J, interaction is given by,

hw(q) = 85J,{cos(mq,) cos(nqy) cos(nq,) — 1}. (4)

Cancellation of the cosine terms in Eq. (4) is provided when g,, g, or g, = 1/2
so that the J, term will only manifest as a constant in the dispersion relation.
For instance, consider the (1, —1, #) cut shown in Fig. 1c. A strong parabolic
dispersion dominated by the J, interaction is evident. Conversely, the (1,
—0.5, %) cutin Fig. 1d isa J, invariant cut with g, = — 1/2. This invariant path
is effective for constraining out-of-plane interactions, such as J, (8 = [0, 0,
1]). Since a flat band is observed this implies that J; is negligible, and
therefore it is not included as a parameter in the model. Similarly, the (7,
—0.5, 0.25) cut of Fig. le is a J, invariant, and this path is effective for
constraining interactions with § = [r,, ,, 7, = 0], which includes J; and J5 (see
Table 1). Since the magnon band along this path is dispersive, these
parameters are included in the model. Additional notes for this new
methodology are provided in the Supplementary Note 3.

The measurement did not contain sufficient intensity to reliably fit S(Q,
w); hence, an Aw(q) fitting was implemented instead using a least-squares
minimization routine with the LMFIT package”. In total, seven bilinear
Heisenberg exchange interactions and a constant parameter (C) were used
to fit the magnon band (see Table 1). We define B = —8.8 T with the field
applied along the z direction in this model. Only including J; to J; resulted in
dispersions with global minima coinciding with zone centers, which would
be consistent with an intrinsic ferromagnet. With a J; to Js model, the
dispersion relation adopted global minima surrounding the zone center at
incommensurate positions, but these minima were along the [1, 1, 0]
direction, which would be inconsistent with the direction of the magnetic
propagation in the lower-field phases. By including a Jg interaction, the
dispersion relation adopts global minima at q = [0.15, 0, 0], which is the
correct direction for magnetic propagation. Conceivably, if the magnetic
field was lowered, then the magnon band would lower, and where the
minima coincide with /w = 0 a field-polarized — incommensurate phase
transition would take place. Models including further exchange interactions
were found to marginally increase the quality of the fit; however, this came at
the expense of higher correlation between parameters. With a preference for
a minimal effective model that captures the salient features of the spin-wave
dispersion, the J; to J (J; _.s) model suffices. The constant term in the model
was refined to C = 0.94 + 0.01 meV. Noting that — gupB = 1.02 meV, we
consider the refined value C to be broadly consistent with — gugB when

Table 1| A list of bilinear Heisenberg interactions and the
experimentally derived interaction energies of the J;_ g model

Interaction (ueV) [ Multiplicity
J1=-339x1.0 [1,0,0] 4
Jo=—65.1+0.7 [1/2,1/2,1/2] 8
J3=13.6£0.7 [1,1,0] 4
Jy=—1.12£04 [3/2,1/2,1/2] 16
J5=10.8 £0.8 [2,0,0] 4
Js=6.0+0.5 [1,2,0] 8

J7=0 [0,0, 1] 2
Jg=3.0+0.4 [3/2,3/2,1/2] 8

& is the vector in lattice units over which each interaction acts (not including symmetry equivalents).
The multiplicity of the interaction counts symmetry equivalent é vectors for each interaction.

demagnetization effects would be expected to slightly lower the contribution
of the field. Implicitly, from Eq. (2), it is not possible to disentangle constant
contributions to the dispersion relation; i.e., — gugB, — 2KS, and any
unaccounted interaction terms. Indeed, depending on the number of
exchange terms included in the model, the refined value of C varied between
0.88 ~ 0.99 meV, generally increasing with the number of exchange terms
included. Therefore, we attribute the difference § = — gugB — C as likely
arising from small unaccounted exchange terms, and consider C to be
consistent with that of the applied magnetic field with negligible single-ion
anisotropy in the Hamiltonian.

We also evaluate the effect of dipolar interactions within the system.
The Hamiltonian for a pairwise dipolar interaction is given by,

Hpp = 4‘;—0},3 [.”a = 3(p, - 1)y, - f')]' (5)

Here u,;, denotes a magnetic moment on a given site (a or b), and r is
the vector between these sites. An approximate energy scale for these
interactions can be ascertained from the nearest neighbor (#n) interaction as
Hp, p,(any~ 0.4 K. This can be compared to the largest RKKY interaction /,S*
~8.8 K. Given that both the dipolar and RKKY interactions decay as >, it is
reasonable to estimate that the dipolar interactions act at approximately 5%
of the RKKY energy scale (Jp p~0.05/rkxy)- This indicates that although the
dipolar interactions are small, they are not irrelevant. Following this we
calculate the effect of dipolar interactions on the spin-wave model of the
system. These calculations were implemented with Ewald summation using
the Su(n)ny code**’ and are presented in Fig. S6 of Supplementary Note 4.
We find that in the field-polarized phase, the dipolar interactions have an
almost imperceptible effect on the spin-wave calculations. On further
investigation, it appears that in the field-polarized phase of this system, the
dipolar interactions largely ‘self-screen’ each other’™'. For instance, in
performing truncated calculations it is apparent that the most significant
nearest neighbor and next nearest neighbor dipolar interactions almost
perfectly cancel each other out in the dispersion relation. Therefore, it is clear
that in the field-polarized phase dipolar interactions are of limited relevance.
However, where the magnetic structure is non-collinear, this may not be the
case; the second term in Eq. (5) will project more frequently, and this is a
pathway through which momentum-dependent anisotropic exchange
interactions may enter the Hamiltonian"”.

Discussion

A comparison between the ab initio model derived by Bouaziz et al.,”* and
the J;_,g model is shown in Fig. 2. In most aspects it is clear that both models
are qualitatively consistent and there is a remarkable likeness between the
dispersion shapes which substantiates the veracity of the ab initio calcula-
tions by Bouaziz et al.” This conclusion is consistent with the recent zero-
field powder study of GdRu,Si, by Paddison et al.””. From Fig. 2a, the two
main points of difference between the models are at the top and bottom of
the dispersions. The maximum of the dispersion model of Bouaziz et al.
underestimates the measured magnon band and does not fit the data.
However, at the bottom of the band, the model of Bouaziz et al. is likely more
representative of the underlying incommensurate physics than the J; g
model. This is since the global minimum of the ab initio model is at (0.18, 0,
0), which is closer to the magnetic propagation vector of q, = [0.22, 0, 0] as
determined by high-resolution diffraction experiments'*'*'*”. Likely, the
reason the location of the global minimum of the J; g model is substantially
less than |q,| is since the bottom of the magnon band is not directly resol-
vable in the measurement, as the strong tail of elastic scattering obscures
these details for iw < 0.8 meV (see Fig. 1f). Without this information, the
determination of the global minimum of the magnon band is somewhat
uncertain, and the fitted model can only infer these minima from higher
energy portions of the measured dispersion relation. Following this, given
that at 25 K the system enters the field-polarized phase at 7.36 T, then with
the applied magnetic field of 8.8 T, we would estimate that the bottom of the
dispersion curve should sit at — gugAB =~ 0.17 meV. Again, the minimum of
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Fig. 2 | Comparisons between the experimentally derived effective model and the
ab initio model derived by Bouaziz et al.”. a The dispersion of the ab initio
model™ (using J; to Jso) is represented by the orange line and the J; . effective
model is represented by the blue line. b Comparison of the experimentally
determined Heisenberg exchange terms in GdRu,Si, with those of the ab initio
model”. Note that a cube root scale is used along the y axis for approximate RKKY

scaling (Jrxxy ~ 7).

the dispersion for the model of Bouaziz et al. is closer to this calculation.
With regards to the J;_,3 model we adduce that additional exchange
interactions would be required to recover more realistic global minima in
the dispersion relation. Indeed, this was a key aspect of the model derived by
Bouaziz et al., which found that a long-range tail of RKKY interactions had
to extend up to ten unit cells”’; the point being, that it was the cumulative
effect of these weak interactions which was central in determining a pro-
pagation vector in reasonable agreement with experiment. However,
without directly measuring the bottom of the magnon band below 7w <
0.8 meV it is not possible to fit more interactions, and in any case, fitting a
long-range tail of interactions within ten unit cells would introduce an
intractable number of parameters. Supposing that there are unaccounted
interactions in the J;_,g model, we calculate a mean-field estimation of the
Curie-Weiss temperature for the model: ® = —@ J(0) = 30.5K.
Comparing this to the experimental value of 42.3 K (see Supplementary
Note 5: Fig. S7) indicates that our model accounts for 72% of net ferro-
magnetic interactions in the system. This conclusion is corroborated by Fig.
1d which shows that the flat-band is slightly underestimated in the spin-
wave model. Finally, Fig. 2b directly compares the values of the exchange
terms in both models. There is very good agreement between exchange
values for the first few parameters, but there is clear departure between the
models for J5 and J;. The omission of J; in the effective model has been

motivated by the flat band in Fig. 1d. The reason that J5 is required to be
antiferromagnetic in the J; s model is so that the global minimum of the
band lies at incommensurate positions; this particular difference between
the ab initio model of Bouaziz et al,, is likely due to not including the long-
range exchange parameters (J,,» ) in the effective model.

More generally, the model Hamiltonian can be considered in the
context of the lower-field multi-Q states and the anisotropy in the phase
diagrams'*”’. We have determined that the magnon band is dominated by a
set of bilinear (RKKY) Heisenberg interactions. Crucially, to model the
magnon band, higher-order exchange interactions are not required. This is
consistent with the calculations of Bouaziz et al.” which found negligible
evidence for these types of interactions. We have discussed that dipolar
interactions, as an intrinsic source of anisotropic exchange, may be an
important secondary energy scale to consider in this system'”. Indeed this
could have significant physical consequences as anisotropic exchange
interactions can, in principle, induce multi-Q magnetic structures without a
magnetic field”. In addition, they also couple the spins to the anisotropy of
the lattice, and, therefore may be an important consideration for the ani-
sotropic phase diagrams. Aside from these aspects, another form of aniso-
tropy could arise from the RKKY interaction and the Fermi-surface
topography. The RKKY interaction develops as a feedback effect between
valence electrons at the Fermi surface and the order on the localized 4f
magnetic moments. Tacitly then, it is a function of both temperature and
magnetic field (ie., J;; (B, T)), as through Neumann’s principle the C,
symmetry of the system will be broken (or preserved) according to the
direction of the applied field, which should manifest in the Fermi surface
topography and RKKY potential. The notion of an evolving Fermi surface
between magnetic phases in this system is consistent with the nesting
conditions which have been identified in angle-resolved photoemission
spectroscopy studies™* and the quantum oscillations study of Matsuyama
et al, that associated a Fermi surface reconstruction with a change in
oscillation frequency in measurements between the field-polarized and
lower-field multi-Q state”. One final feature of the multi-Q phases to
consider, is the intricate coupling between magnetic and charge density
wave order. In the field-polarized phase of GdRu,Si, it has been shown that
charge density waves do not exist, whereas in the multi-Q phases con-
comitant charge density waves propagate at even harmonics of the magnetic
propagation'®. Currently, the precise details of the symmetry breaking of the
spin-lattice distortions are not fully understood. Irrespective of these details,
the incommensurate charge density will act to modulate the Heisenberg
exchange network across the system. In some cases, this can give rise to more
complex magnetic ordering in zero magnetic field**”". Experiments which
are able to determine the nature of the charge density wave symmetry
breaking in these types of systems are certainly of future interest™”.

In conclusion, a magnon band in the field-polarized phase of GdRu,Si,
has been measured using time-of-flight inelastic neutron scattering. A
Hamiltonian accounting for the dispersion relation has been derived with
linear spin wave theory. The model, using eight free parameters, is in good
accordance with ab initio calculations™, and captures the salient features of
the magnon dispersion, including global minima at incommensurate
positions, which are characteristic of the lower-field magnetism. There are a
few indications that more exchange interactions are present in the system,
with the cumulative effect of long-range RKKY interactions being sig-
nificant. However, we do not find any specific evidence for higher-order
exchange interactions. We have shown that in the field-polarized phase,
dipolar interactions act to ‘self-screen’ each other. At lower fields with non-
collinear magnetic structures, we posit that this may not be the case”’, and
hence dipolar interactions are a secondary energy scale to consider with
Jp.p~ 0.05]rkky- Conceivably, the introduction of these anisotropic terms in
the Hamiltonian could lift degeneracies between single and multi-Q mag-
netic structures. This conclusion may well have implications for other
§=7/2, L =0 centrosymmetric skyrmion intermetallics, which frequently
have lower ordering temperatures, and therefore, presumably the dipolar
interactions are an even more relevant energy scale”. We have also high-
lighted the role of spin-lattice distortions in this system'® and an evolving
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Fig. 3 | Structure and phase diagram of GdRu,Si,. a Conventional unit cell of
GdRu,Si,, which forms in the I4/mmm space group (with a = 4.16 Aandc=9.59A)
with the Gd moments depicted in a field-polarized state. b H-T phase diagram of
GdRu,Si, with H applied along the c axis. The position of the LET Horace scan is
marked at (25 K, 8.8 T).

Fermi-surface as a function of applied field-direction and temperature™.
Future experimental efforts will focus on investigating the coupling between
magnetic and charge density wave order so that the origin of the multi-Q
zero-field ordering may be understood.

Methods

To enable neutron scattering, 98.1% isotopically enriched '*Gd was used.
The '"GdRu,Si, single crystal boule, 17 mm in length and ~2.3 mm in
diameter, the same as that used in ref. 19, was mounted on an aluminum
strip holder. Single-crystal inelastic neutron scattering measurements were
performed on the LET spectrometer (a direct geometry time-of-flight
instrument) at the ISIS Neutron and Muon Source®’. Measurements were
taken at 25 K with an 8.8 T magnetic field applied along the c axis so that the
sample was in the forced ferromagnetic state (see Fig. 3) with a’-b" as the
primary scattering plane. A principal incident energy of E; = 7.52 meV was
used with a percentage resolution of 3.7% at the elastic line. With the
multiplexing capability of LET, three other incident energies were available
(E; =2.2,3.7 and 22.80 meV). The two lower incident energies would have
been useful for resolving the dispersion at the lowest energies. However, the
absorption of the sample at these lower energies was more severe and no
magnon signal was perceptible. Note that despite the 'Gd enrichment, the
sample is very absorbing with ¢, (E; = 7.52 meV) & 1736 b and hence the
signal-to-noise ratio of the measurement throughout is low. A 90° Horace
scan was taken with 0. 5° steps and ~13 minutes of counting per step
(~8 uA h). The Mantid software was used for data normalization, and the
Horace package was used to construct four-dimensional S(Q, w) datasets®"*.

Data availability

Professor Geetha Balakrishnan et al. (2023): Magnon Dispersions in the
Centrosymmetric Skyrmion Host GdRu2Si2, STFC ISIS Neutron and
Muon Source, https://doi.org/10.5286/ISIS.E.RB2310357. Analysis code is
available on request from the corresponding author.
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