
 

 

 University of Groningen

Helimagnon Resonances in an Intrinsic Chiral Magnonic Crystal
Weiler, Mathias; Aqeel, Aisha; Mostovoy, Maxim; Leonov, Andrey; Gepraegs, Stephan;
Gross, Rudolf; Huebl, Hans; Palstra, Thomas T. M.; Goennenwein, Sebastian T. B.
Published in:
Physical Review Letters

DOI:
10.1103/PhysRevLett.119.237204

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Weiler, M., Aqeel, A., Mostovoy, M., Leonov, A., Gepraegs, S., Gross, R., Huebl, H., Palstra, T. T. M., &
Goennenwein, S. T. B. (2017). Helimagnon Resonances in an Intrinsic Chiral Magnonic Crystal. Physical
Review Letters, 119(23), [237204]. https://doi.org/10.1103/PhysRevLett.119.237204

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://doi.org/10.1103/PhysRevLett.119.237204
https://research.rug.nl/en/publications/c2468dc2-1f58-4a9d-b843-bccbb06a7414
https://doi.org/10.1103/PhysRevLett.119.237204


Helimagnon Resonances in an Intrinsic Chiral Magnonic Crystal

Mathias Weiler,1,2,* Aisha Aqeel,3,† Maxim Mostovoy,3 Andrey Leonov,3,4 Stephan Geprägs,1 Rudolf Gross,1,2,5

Hans Huebl,1,2,5 Thomas T. M. Palstra,3,‡ and Sebastian T. B. Goennenwein1,2,5,6,7
1Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, 85748 Garching, Germany

2Physik-Department, Technische Universität München, 85748 Garching, Germany
3Zernike Institute for Advanced Materials, University of Groningen, 9700 AB Groningen, The Netherlands

4Center for Chiral Science, Hiroshima University, Hiroshima 739-8526, Japan
5Nanosystems Initiative Munich, 80799 Munich, Germany

6Institut für Festkörper- und Materialphysik, Technische Universität Dresden, 01062 Dresden, Germany
7Center for Transport and Devices of Emergent Materials, Technische Universität Dresden, 01062 Dresden, Germany

(Received 8 May 2017; published 6 December 2017)

We experimentally study magnetic resonances in the helical and conical magnetic phases of the chiral
magnetic insulator Cu2OSeO3 at the temperature T ¼ 5 K. Using a broadband microwave spectroscopy
technique based on vector network analysis, we identify three distinct sets of helimagnon resonances in the
frequency range 2 GHz ≤ f ≤ 20 GHz with low magnetic damping α ≤ 0.003. The extracted resonance
frequencies are in accordance with calculations of the helimagnon band structure found in an intrinsic chiral
magnonic crystal. The periodic modulation of the equilibrium spin direction that leads to the formation of
the magnonic crystal is a direct consequence of the chiral magnetic ordering caused by the Dzyaloshinskii-
Moriya interaction. The mode coupling in the magnonic crystal allows excitation of helimagnons with
wave vectors that are multiples of the spiral wave vector.

DOI: 10.1103/PhysRevLett.119.237204

Magnons are the fundamental dynamic excitations in
ordered spin systems. Spin waves in ferromagnetic materi-
als with a collinear magnetic ground state have been a
focus of extensive fundamental research [1–3]. The field
of magnonics deals with the integration of electronics
and magnons for data processing applications [4–7]. Key
questions and challenges in the field of magnonics relate to
dynamics of magnons in laterally confined magnonic
waveguides and magnonic crystals [8], where magnons
can display discrete wave numbers due to dipolar or
exchange interactions [9,10], and the magnon band struc-
ture can be tailored in analogy to photonic crystals [11,12].
Magnonic crystals can be artificially created in a top-down
approach by introducing an extrinsic periodic modulation
of a magnetic property to an otherwise uniform magnetic
crystal or thin film.
Interestingly, materials with chiral magnetic order feature

an intrinsic modulation of the equilibrium spin direction with
a periodicity of about 10 nm to 100 nm—most prominently
visible in the formation of a Skyrmion lattice [13]. Hence,
such materials should form a natural helimagnonic crystal
and provide a bottom-up strategy for fabrication of mag-
nonic crystals that go beyond nanolithographic possibilities
[14] by achieving magnetic unit cells in the sub 100 nm
range and excellent crystallinity over several millimeters.
Inelastic neutron scattering experiments studied the meV-
range band structure of Cu2OSeO3 arising due to the crystal
lattice constant of about 0.8 nm [15,16]. Remarkably, the
additional magnon bands caused by the finite pitch of about
60 nm [17,18] are in the GHz frequency range (< 0.1 meV),

making them inaccessible to inelastic neutron scattering
[19,20] but highly relevant for magnonic applications.
Magnonic crystals formed by chiral magnets will have great
impact on the emerging field of Skyrmionics [21–23],
which aims to exploit individual magnetic Skyrmions
[13,24,25] for information transport by ultralow current
densities [26–29].
Here, we provide conclusive experimental evidence for

the formation of a magnonic crystal caused by the finite
helix pitch formed at low temperatures within a Cu2OSeO3

single crystal by using broadband magnetic resonance
spectroscopy. The chiral magnetic insulator Cu2OSeO3 is
of particular interest due to its electrically insulating and
magnetoelectric properties [30–33]. Our findings go
beyond previous studies of dynamic microwave frequency
excitations of chiral magnets [34–36] and may spark further
studies of spin-wave excitation, propagation, and quanti-
zation in intrinsic chiral magnonic crystals. We furthermore
reveal small resonance linewidths of the helimagnons in
Cu2OSeO3 that suggest a damping of α ≤ 0.003 at a
temperature T ¼ 5 K, underpinning the potential merits
of Cu2OSeO3 for magnonic and spintronic applications
requiring chiral spin-torque materials with low magnetic
damping.
The energy of a magnon with a wave vector k (ka ≪ 1, a

being the spin-spin separation) in a ferromagnet with a
uniform collinear spin state is given by ℏω ≈ ℏω0 þDsk2,
where Ds is the spin-wave stiffness, and ℏ is the reduced
Planck constant. The momentum conservation implies that
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a spatially uniform ac magnetic field excites the magnon
with k ¼ 0 and energy ℏω0 (ferromagnetic resonance).
Dzyaloshinskii-Moriya interaction D transforms the

uniform ferrimagnetic state of Cu2OSeO3 into a helical
spiral with the wave vector Q, which, in zero field, is along
one of the cubic axes. Neglecting the small cubic anisot-
ropies, Q ¼ D=J [35] with the exchange integral J.
For Cu2OSeO3, the pitch is lH ¼ 2π=Q ≈ 60 nm [17,18].
When the applied magnetic field H0∥z exceeds a critical
value Hc1, the helical spiral turns into a conical spiral with
Q∥H0 as shown schematically in Fig. 1(a). Despite the
spatial inhomogeneity of the spiral states, one can still
define a conserved magnon wave vector k in the so-called
corotating spin frame, in which the magnetization vector is
constant. The ac magnetic field, which, in the corotating
spin frame, has components ∝ e�Q·z, excites spin waves
with k ¼ �Q as depicted in Fig. 1(b).
The magnetic anisotropy terms allowed by cubic sym-

metry, such as the quartic magnetic anisotropy m4
x þm4

yþ
m4

z , where m is a unit vector in the direction of the
magnetization, give rise to a nonuniform rotation of spins
and add higher harmonics with the wave vectors nQ (where
n is an integer number) to the spiral. Then the magnon
wave vector is not conserved even in the corotating frame.
Rather, it becomes a crystal wave vector in the magnonic
crystal formed by the distorted spiral whereQ plays the role
of the unit vector of the reciprocal lattice. This leads to
formation of magnon bands and opens small gaps in the
magnon spectrum. Importantly, since the magnon wave
vector is now defined up to a multiple of Q, the spatially
uniform ac magnetic field can excite magnons with the
wave vectors nQ (wavelength λH ¼ lH=n). Schematic spin

dynamics of the first two higher-order modes (n ¼ 2 and
n ¼ 3) are shown in Figs. 1(c) and 1(d), respectively (only
the þnQ modes are shown).
Neglecting the changes in the magnon spectrum due to

the spiral distortion and the effect of the magnetodipolar
interactions, which result in the energy splitting of the
n ¼ �1 (þQ and −Q) modes (see Supplemental Material
[37]), the energy of the magnon with the wave vector nQ
is [20,40]

ℏωn ¼ jnj gμBBc2

1þ Nχ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 þ ð1þ χÞsin2Θ
q

; ð1Þ

where μB is the Bohr magneton, cosΘ ¼ μ0H0=Bc2 is the
conical angle, N is the demagnetization factor along the
direction of the Q vector, μ0 is the vacuum permeability,
ωn ¼ 2πfn is the angular frequency, and

χ ¼ μ0
M2

s

DQ
ð2Þ

is the internal conical susceptibility [35] with the saturation
magnetization Ms. For n ≠ 1, the energy of the modes of
opposite chirality is degenerate also in the presence of
dipolar interactions (see Supplemental Material [37]). Note
that Eq. (1) does not depend on the sign of D because
Q ¼ D=J. In the helical phase, the equilibrium orientation
of all spins S on the helix is S⊥Q, and the net magneti-
zation is zero. This results in a multidomain state with
Q∥½100� directions [17]. Under an applied magnetic field,
the spiral wave vector may become field dependent, and the
evolution of Q with H0 depends on the domain and the
direction of H0 [41]. In the helical phase, no simple
analytical equation for fn similar to Eq. (1) can be derived.
Nevertheless, the helical spiral is a magnonic crystal, and the
arguments given above concerning the possibility to detect
magnon modes with the wave vectors nQ still hold. We note
that we also expect helimagnon quantization in the Skyrmion
phase, which can be understood as the superposition of three
spin helices at an angle of 120° to each other [42].
To experimentally verify the existence of an intrinsic

magnonic crystal resulting in quantized helimagnons in the
conical and helical phases of Cu2OSeO3, we performed
broadband helimagnon resonance measurements using a
Cu2OSeO3 single crystal cut to a cuboid shape with lateral
dimensions Lx¼4.4mm, Ly¼2.0mm, and Lz ¼ 0.8 mm.
The crystal was grown by a chemical vapor transport
method [43,44]. The Cu2OSeO3 crystal was oriented using
a Laue diffractometer and placed on top of a coplanar
waveguide (CPW) with a center conductor width of
100 μm as shown in Fig. 2(a). A vector network analyzer
(VNA) was connected to the two ports, P1 and P2, of the
CPW, and the CPW=Cu2OSeO3 assembly was inserted
into the variable temperature insert of a superconducting
3D vector magnet. The sample temperature was set to

FIG. 1. (a) Equilibrium spin arrangement in the conical phase,
showing the helix length lH ¼ 2π=Q. (b) Precessional mode of
the n ¼ 1 conical helimagnon at a snapshot in time. The
helimagnon wavelength is λH ¼ lH . The time evolution of the
spin precession is indicated by the transparency of the vectors.
The precessional phase depends on the spin position and is
represented by the color of the vectors. (c) First higher-order
(n ¼ 2) helimagnon with λH ¼ lH=2. (d) Second higher-order
(n ¼ 3) helimagnon with λH ¼ lH=3.
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T ¼ 5 K, and adjusting the static external magnetic flux
density B ¼ μ0H0 gave access to the helical (H), conical
(C), or ferrimagnetic (F) phases as shown schematically by
the dashed line in Fig. 2(b). In all three phases, we excited
and detected magnon resonances by measuring the com-
plex transmission S21 from P1 to P2 as a function of
frequency f with the VNAwith fixed microwave power of
1 mW and temperature T ¼ 5 K. In our measurements, H
was applied along x, y, and z directions, and the external
magnetic field strength −0.3 T ≤ μ0H0 ≤ 0.3 T was swept
in increments of μ0δH0 ¼ 0.5 mT from positive to negative
values.
The normalized field-derivative δS21ðf;H0Þ of S21

[37,45] is shown in Fig. 3 for all three investigated
orientations of H0. For clarity, only ReðδS21Þ is shown.
Contrast in ReðδS21Þ is caused by a change of ∂S21=∂H0

and is attributed to the excitation and detection of spin
waves at a frequency fres. In addition to the previously
observed [34,35] resonances at frequencies f < 6 GHz
(bottom row) in H, C, and F phases, we also detect
helimagnon resonances in both the C and H phases at
higher frequencies (middle and top row). No correspond-
ing resonances are detected in the F phase at these
elevated frequencies within the sensitivity of our setup,
in agreement with the k ¼ 0 selection rule in the collinear
state. We attribute the three sets of resonances in the C
andH phases to the excitation and detection of chiral spin
waves with wavelength quantized to integer fractions of
the helix pitch lH as discussed above. It is remarkable that
the n ≠ 1 modes can be excited by our CPW with center
conductor width exceeding the pitch by three orders of
magnitude. In principle, magnetoelectric coupling allows
us to excite the n > 1 modes by the electric field of the
CPW, though with vanishingly small efficiency (see
Supplemental Material [37] for a detailed calculation).
Hence, as argued in the context of Fig. 1, we attribute
the excitation of the higher-order modes to magnetic
anisotropy.
Within the frequency range of our VNA, the n ¼ 4mode

was not accessible (we anticipate f4 ≈ 30 GHz). Changing
the orientation of H0 only quantitatively influences the

spectra; the three distinct modes in the H and C phases are
always present. We repeated these experiments for
5 K ≤ T ≤ 60 K and found that the resonances gradually
broaden with increasing T such that we could not detect
the n ¼ 2 and n ¼ 3 modes for T ≳ 20 K, while the
spectra remained qualitatively unchanged. The critical
fields Bc1 and Bc2 of the phase transitions from H to C
and C to F phases, respectively, [cf. Fig. 2(b)] can be
deduced from the corresponding discontinuities in
∂fres=∂H0. The thus experimentally determined critical
fields are marked by the dashed (Bc1) and dotted (Bc2)
vertical lines in Fig. 3.
Multiple resonances are observed for all values ofH0 for

the n ¼ 1 mode. These multiple resonances continuously
connect across the C-F phase transition (see Fig. 3) and can
be attributed to magnetostatic modes [46–48]. We approx-
imately identify the uniform −Q resonance as the mode
with the lowest resonance frequency as shown in the
Supplemental Material [37]. Furthermore, the conical
n ¼ 1 modes extend slightly into the ferrimagnetic phase
(and vice versa), reminiscent of magnetic soft modes
[49,50]. In both the helical and conical phases, we observe
two sets of resonance for the n ¼ 2 and n ¼ 3 modes. This
is most easily visible for the n ¼ 2 helical modes in Fig. 3
and attributed to a multidomain state, as previously also
observed in the Skyrmion lattice phase of Cu2OSeO3 [51].
We extract the helimagnon resonance frequencies from
Fig. 3 by determining the zero crossings of δS21ðfÞ
(corresponding to an abrupt change in the contrast in
Fig. 3) for each value of H0. A single trace of δS21ðfÞ
at fixed μ0H0 ¼ 100 mT is exemplarily shown in Fig. 4(a).
The vertical dotted lines indicate the extracted resonance
frequencies for all n.

(b)(a)

FIG. 2. (a) Sketch of the experimental setup. The (111)-oriented
Cu2OSeO3 crystal is placed on top of a CPW. Application of an
ac current to the center conductor generates both electric (e) and
magnetic (h) microwave fields within the sample. (b) Schematic
depiction of the phase diagram of Cu2OSeO3. H ¼ helical,
C ¼ conical, S ¼ Skyrmion, F ¼ ferrimagnetic.

FIG. 3. Color-coded δS21 (see text) spectra recorded as a
function of f and H0 at T ¼ 5 K for three different orientations
of the external magnetic field H0. H0 was swept from positive to
negative values. Contrast in δS21 corresponds to the detection of
magnon resonances. Approximate phase transitions are marked
by the vertical lines.

PRL 119, 237204 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

8 DECEMBER 2017

237204-3



The thus extracted resonance frequencies fn are plotted
as open symbols in Fig. 4(b) for 0 ≤ μ0H0 ≲ Bc2. An
overlay of these fn on the data in Fig. 3 is shown in Fig. S1
(see Supplemental Material [37]). We then performed a
global fit of all data in Fig. 4(b) using Eq. (1) for n ¼ 2 and
n ¼ 3 modes. For the n ¼ 1 mode, we include the effect of
sample shape (demagnetization) in our calculations, result-
ing in a modification of Eq. (1) (see Supplemental Material
[37]). The free fit parameters are χ, Nx=Ny and Nz. We
enforce Nx þ Ny þ Nz ¼ 1 and use the extracted Bc1 and
Bc2 for each orientation of H0. For all fits, we use constant
g ¼ 2.1 [35]. The fit is restricted to data obtained in the C
phase, where Eq. (1) is appropriate. The resulting fits are
shown by the solid lines in Fig. 4(b). Very good agreement
between data and model is achieved, and the best fit
parameters determined by the Levenberg-Marquardt fitting
are summarized in Table I. The fitted χ ¼ 2.76� 0.01 is
somewhat larger than the previously reported value of χ ¼
1.76 [35]. We note that, when fitting data only for a single
orientation of H0, we actually find χ ≈ 2 with modified
demagnetization factors. Hence, the large value of χ might
be caused by neglecting any further anisotropies (cubic or
uniaxial) other than the shape anisotropy. This also explains
the slight systematic deviations between the fit and data in
Fig. 4(b). The fitted demagnetization factors N are in
excellent agreement with the calculated demagnetization
factors for a general ellipsoid of the sample dimensions

(Nx ¼ 0.665, Ny ¼ 0.085, Nz ¼ 0.250) [52] and in good
agreement with those for a corresponding rectangular prism
(Nx ¼ 0.619, Ny ¼ 0.117, Nz ¼ 0.265) [53]. Bc2 from
Table I increases for directions with larger demagnetization
field due to the decrease of the total conical susceptibility
caused by demagnetization [35].
We experimentally observe helimagnon resonances with

low linewidths at T ¼ 5 K in Figs. 3 and 4(a). It is hence
interesting to extract the damping of the helimagnons in
Cu2OSeO3 at this temperature. We carried out a corre-
sponding linewidth analysis of the helical resonances of the
n ¼ 2 and n ¼ 3modes forH0∥z, with μ0H0 ¼ 0.03 T (fits
are shown in the Supplemental Material [37]). Our analysis
suggests an upper bound for the magnetic damping of
α ≤ 0.003, which is compatible with the recently reported
low-temperature damping in the ferrimagnetic Cu2OSeO3

phase [54]. Because of radiative damping [55] or inhomo-
geneous broadening, the actual damping might be even
smaller. While still substantially larger than the damping
in yttrium iron garnet (α < 10−4 [56]), the damping in
Cu2OSeO3 is comparable to the record value recently
reported in a metallic ferromagnetic CoFe alloy at room
temperature [57].
We also performed experiments in the Skyrmion phase.

The data are shown in the Supplemental Material [37] and
allow us to identify clockwise, counterclockwise, and
breathing modes in agreement with earlier experiments
[34,35]. However, we were not able to resolve the higher-
order modes in the Skyrmion phase, presumably due to the
much larger linewidths of the magnetic resonances close
to Tc.
Taken together, the three distinct sets of resonances

observed in Fig. 3 for each orientation of H0 are well
described within the simple model given in Eq. (1). The
fits yield parameters for χ and N that are within the range
of expectations. We thus attribute the distinct set of three
helimagnon resonances visible for all investigated H0

orientations to the experimental observation of the n ¼ 1,
n ¼ 2, and n ¼ 3 helimagnon modes of a natural, intrinsic
magnonic crystal with low magnetic damping. The natu-
rally formed magnonic crystal in Cu2OSeO3 in conjunction
with the low magnetic damping in the helical and conical
phases of Cu2OSeO3 opens exciting perspectives for
spintronics in chiral magnets. Because chiral magnetic
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FIG. 4. (a) Raw δS21 data obtained at T ¼ 5 K with H0∥z and
μ0H0 ¼ 0.1 T. Vertical dotted lines indicate the resonance
frequencies extracted as the lowest-frequency dip-peak zero
crossing of δS21 for each mode. The data are scaled by the
factors above the curves. (b) Experimentally determined reso-
nance frequencies (open circles) plotted as a function ofH0 for all
three orientations of H0. The solid lines represent fits to Eq. (1).
Fitted parameters are given in Table I.

TABLE I. Critical fields, fitted internal conical susceptibility χ,
and demagnetization factor N at T ¼ 5 K for three different
orientations of H0. The errors represent fit uncertainties.

H0∥z H0∥x H0∥y

Bc1 (T) 0.055 0.027 0.032
Bc2 (T) 0.175 0.074 0.1
N 0.670� 0.001 0.089� 0.001 0.241� 0.001
χ 2.76� 0.01
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order can be found in many materials with a sufficiently
large intrinsic or interfacial Dzyaloshinskii-Moriya inter-
action, including room-temperature systems [58,59], we
expect that natural magnonic crystals exist in a wide range
of further materials. In addition to temperature, strain [60]
or doping [61] can be used to reconfigure these magnonic
crystals.
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