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ABSTRACT
Time-resolved scanning transmission x-ray microscopy has been used for the direct imaging of spin-wave dynamics in a thin ﬁlm yttrium
iron garnet (YIG) with sub-200 nm spatial resolution. Application of this x-ray transmission technique to single-crystalline garnet ﬁlms was
achieved by extracting a lamella (13  5  0:185 μm3 ) of the liquid phase epitaxy grown YIG thin ﬁlm out of a gadolinium gallium garnet
substrate. Spin waves in the sample were measured along the Damon-Eshbach and backward volume directions of propagation at gigahertz
frequencies and with wavelengths in a range between 200 nm and 10 μm. The results were compared to theoretical models. Here, the widely
used approximate dispersion equation for dipole-exchange spin waves proved to be insuﬃcient for describing the observed Damon-Eshbach
type modes. For achieving an accurate description, we made use of the full analytical theory taking mode-hybridization eﬀects into account.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5121013

I. INTRODUCTION
Spin waves are collective magnetic excitations in ferro-, ferri-,
and antiferromagnetic materials and an active research area in the
ﬁeld of magnetism. Recently, it was demonstrated that their quanta,
magnons, show speciﬁc fundamentals of bosonic behavior such as
Bose-Einstein condensation and superﬂuidity.1,2 Also, even black
hole scenarios have been predicted to occur in magnon gases.3
Besides the fundamental impact of this topic, there has also been
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increasing interest in potential applications of spin waves as information carriers. This has led to the emergence of the ﬁeld of magnonics. Compared to electromagnetic waves, spin-wave wavelengths
are smaller by several orders of magnitude, which ﬁts perfectly to
the lateral dimensions of 10 nm  1 μm achievable by modern
nanotechnology. Spin waves excellently cover the Gigahertz-regime
of frequencies, which is common in today’s communications
devices, allowing their creation and detection via well-developed
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microwave techniques. Furthermore, and in contrast to conventional electronics, spin waves can carry information without power
dissipating charge currents. Therefore, spin waves are actively discussed as high-speed and short-wavelength information carriers for
novel spintronic/magnonic devices,4,5 in particular with respect to
quantum eﬀects and computing at low temperatures.6,7
Magnetic thin ﬁlm systems exhibit three basic geometries for
lateral spin wave propagation in their spectrum (cf. Fig. 1). For
in-plane magnetized ﬁlms, there is the backward volume (BV)
geometry with waves propagating along the equilibrium magnetization direction, as well as the Damon-Eshbach (DE) geometry, in
which the waves propagate perpendicular to it. Forward volume
waves occur in ﬁlms magnetized out-of-plane propagating isotropically in any direction in the ﬁlm plane.4,8–11 Finally, in addition to
the fundamental modes with a quasiuniform amplitude proﬁle over
the ﬁlm thickness, all three geometries possess higher order thickness modes with amplitude proﬁles in the form of perpendicular
standing spin waves (PSSW) between the two ﬁlm surfaces.12 The
relevant energy contributions that determine the dispersion relations f (k ¼ 2π=λ) of the spin waves in these geometries are the
magnetostatic and exchange interactions, which dictate the longand short-wavelength regimes, respectively.12
The insulating ferrimagnet yttrium iron garnet (YIG) is one
of the most prominent and extensively studied materials in the ﬁeld
of magnonics due to its exceptionally low magnetic damping and
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high spin-wave propagation length, making it ideal as a model
system13–15 and for possible applications.4,9,16–18 Studies become
sparse, however, for wavelengths and spatial features below 250 nm,
despite the importance of this regime for potential nanoscale spintronic devices and the open questions it holds. Factors such as
surface eﬀects, crystal defects, grain sizes or spin diﬀusion become
more inﬂuential on this scale19,20 and can change spin-wave behavior compared to the well-studied microscale. For example, an
increase in spin wave damping as well as the emergence of frequency dependent damping19,20 are expected at the nanoscale. The
main reason for this region being less well studied lies in its experimental accessibility. The direct imaging of spin-wave dynamics is
conventionally performed by optical techniques like Kerr microscopy21,22 and Brillouin light scattering,4,5,23 which are typically
limited to a spatial resolution of about 250 nm and the scattering of
corresponding optical wavelengths,24,25 respectively. Therefore,
optical methods are unable to access nanoscale waves and devices
—with the partial exception of a near-ﬁeld approach.26,27 Another
commonly used experimental technique for studying spin waves is
all electrical spin-wave spectroscopy using vector network analyzers.28,29 While this method is not directly limited by the wavelength, it does not allow for a direct imaging of spin waves. It also
needs comparably large samples to achieve suﬃcient signal to noise
ratio,30 limiting its access to nanoscale devices. Thus, from both a
fundamental and applications perspective, there is a clear need for
the spatially resolved detection of sub-250 nm spin waves.
Time-resolved scanning transmission x-ray microscopy
(TR-STXM) is a technique that is able to meet these
requirements.31–42 Magnetic phenomena can be routinely studied
with spatial and stroboscopic temporal resolutions down to 20 nm
and 50 ps, respectively. Spin waves in metallic samples prepared as
thin ﬁlms on x-ray transparent silicon nitride (SiN) membranes
have already been imaged successfully.43–47 But the lack of x-ray
transparency in the bulk substrates of single-crystalline systems like
YIG ﬁlms on gadolinium gallium garnet (GGG) requires an appropriate thinning route for STXM investigations.48,49 Therefore, in
the present work, a thin sheet of YIG of 185 nm thickness has been
sliced out of a YIG thin ﬁlm and its GGG substrate. The lamella
was subsequently put onto an x-ray transparent SiN membrane
(cf. Sec. II). We present TR-STXM measurements in YIG, which
provide a new view on the rich and complex scenario of the
spin-wave characteristics, their interactions, and coexistence in the
nanometer range of this pivotal model system for design and
understanding of future magnonic/spintronic applications.
II. METHODS

FIG. 1. Overview of the basic spin-wave mode geometries in a magnetic thin
ﬁlm of thickness d. Green arrows symbolize the magnetization vector M, while
the black ones show the wave vector k.
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A YIG ﬁlm of (185 + 1) nm thickness, as measured by a
prism coupler, was grown by liquid phase epitaxy (LPE) on the
(111)-oriented GGG.50 Ferromagnetic resonance measurements
showed a saturation magnetization of MS ¼ (143 + 2) kA=m and a
Gilbert damping coeﬃcient of α ¼ 3  105 at an inhomogeneous
line broadening of μ0 ΔH0 ¼ 0:13 mT, which agree well with typical
values for YIG ﬁlms in the literature.4,50–52 The particular YIG ﬁlm
thickness of 185 nm was chosen in order to allow for a suﬃcient soft
x-ray transmission on the one hand side, while sustaining a Gilbert
damping value close that of corresponding bulk systems on the other
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hand. The ﬁlm was further processed using a “FEI Dual
Beam System Helios NanoLab 460F1” focused ion beam (FIB). A
dedicated Gaþ ion milling routine53 resulted in a lamella of
13  5  0:185 μm3 of YIG with less than 150 nm GGG attached to
it. Afterward, an “Omniprobe” micromanipulator was used to transfer the lamella to a standard SiN membrane, where it was centered
on a copper microstrip antenna (2 μm width and 200 nm thickness)
and ﬁxated with carbon. The copper microstrip was fabricated prior
to the ﬁxation of the lamella by a combination of electron beam
lithography, thermal copper evaporation, and lift-oﬀ processing.
Measurements have been carried out at the MAXYMUS end
station located at the UE46-PGM2 beam line at the BESSY II synchrotron radiation facility of Helmholtz-Zentrum Berlin. Circularly
polarized x-rays were focused to 20 nm by a Fresnel zone plate. The
X-ray magnetic circular dichroism (XMCD) eﬀect54 was used as
the magnetic contrast mechanism for imaging. For the x-ray
energy, the iron L3 -absorption edge was chosen, where the
maximum magnetic signal ﬁdelity was found at (708 + 0:3) eV as
a balance between the XMCD strength and the transmitted intensity.55 The sample was mounted in the normal incidence geometry,
sensitive to the out-of-plane magnetization component. A quadrupole permanent magnet system provided an in-plane magnetic bias
ﬁeld in the range of +250 mT.37 Spin waves were excited by the
magnetic ﬁeld of an RF-current ﬂowing through the copper strip
line (cf. Fig. 2).
Time-resolution has been achieved by using a stroboscopic
pump-and-probe technique that reaches a resolution of around
50 ps during the synchrotron’s regular multibunch mode operation.38 The raw movies from TR-STXM were normalized to
enhance the dynamics. A pixel-wise fast Fourier transform (FFT)
in the time domain was subsequently used to obtain the local spinwave amplitude and phase,56,57 which were then used to visualize
the waves in HSV (hue, saturation, value) color space (cf. Fig. 2). A
two-dimensional FFT in space was utilized to determine the corresponding wave vectors. See also the paper of Groß et al.47 for more
details on this.
III. RESULTS
A. Experimental results
As a ﬁrst step, a continuous RF-current in the frequency range
of 1:4 to 3:0 GHz was used for excitation. Figure 2(a) shows the
sample architecture and images of dynamics measured at diﬀerent
frequencies with an external magnetic ﬁeld of μ0 Hext ¼ 25 mT
applied parallel to the strip line. The picture on the left in part (b)
shows the raw x-ray intensity image of the lamella. Next to it are
the frames from a time-resolved normalized movie at 1:6 GHz excitation frequency arranged in a time series. The frames show
dynamic changes in the normal magnetization component as gray
scale contrast. The vertical wavefronts of the BV type waves can
clearly be seen, as well as their horizontal propagation between the
time frames (available also as animation M1 in the supplementary
material for a better visualization). From such movies, the visual
representation shown in the images in part (c) have been obtained,
showing the color coded Fourier amplitude and phase at each pixel
(cf. Sec. II). As expected for spin waves in a thin ﬁlm, a transition
from phase-front orientation normal to the external ﬁeld
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(BV geometry) toward orientation parallel to the external ﬁeld
(DE geometry) can be observed when the frequency is raised, with
intermediate phase-front orientations in between.12 As is apparent
in the ﬁrst image (1:4 GHz) of the sequence, for the lowest frequencies, the spin waves were conﬁned to the sample edges due to the
locally reduced eﬀective ﬁeld because of demagnetization eﬀects as
previously described in the literature58–60 and further discussed in
the supplementary material (3) and Fig. S2. The region of conﬁnement extended from the edges to about 0.5 μm into the sample. In
the second image (1.6 GHz), which corresponds to the time series
above, two coexisting BV waves of diﬀerent wavelengths
(λ1 ¼ 1:9 μm and λ2 ¼ 0:37 μm) are visible. Likewise, in the last
two images (2.5 and 2.7 GHz, respectively), where the waves are
fully in DE orientation, two DE modes of diﬀerent wavelengths
appear, coexisting at the same frequency (at f ¼ 2:7 GHz:
λ1 ¼ 2:8 μm and λ2 ¼ 0:53 μm). At intermediate frequencies of
2.0 GHz and 2.3 GHz, waves with diagonal phase fronts in between
the two fundamental orientations can be observed.
In a second step, excitation was changed from continuous sine
wave to short bursts [cf. Fig. 3(a)]. These bursts excited a broad
spectrum of frequencies and, thus, a multitude of spin-wave modes
simultaneously [one such normalized movie (M2) is attached as
supplementary material M2]. The center frequency of f ¼ 2 GHz
was chosen corresponding to the previously identiﬁed modes and
thereby to cover a rich spin-wave spectrum. The length of the burst
was set to one sine period, or τ ¼ 480 ps, while the downtime to
the next burst was set to 31 sine periods, or approximately
τ 0 ¼ 15 ns. Single frequency components were isolated by a Fourier
transform and, as previously, visualized in Fig. 3. The behavior is
very similar to the continuous wave experiments shown in Fig. 2,
especially for the direct comparison with the series in row (c) measured at the same ﬁeld strength (μ0 Hext ¼ 25 mT). A transition
from the BV to the DE propagation geometry at higher frequencies
via diagonal intermediate orientations can be seen at all three magnetic bias ﬁeld strengths. In agreement with theory,4,8 the spinwave spectra, and hence the transition point, shift toward higher
frequencies for increasing external ﬁelds.
As the antenna was oriented for DE geometry excitation, its
ﬁeld is unlikely to be the primary source of the non-DE modes in
the lamella. This point is reinforced by the observation that those
waves do not originate in the antenna’s vicinity but are rather
excited at the lamella’s edges, making the aforementioned edge
demagnetization ﬁelds the probable cause for their existence. This
mechanism, in which the localized edge ﬁeld acts as a quasiantenna
for spin-wave excitation, was originally suggested by Schlömann61
and was supported by several experimental studies.62–64 In particular for the BV geometry waves, the observed transition from edge
conﬁned modes to sample-wide BV modes hints at the edge ﬁelds
as a source of the short-wavelength excitation. Here, the low
k-value BV waves appear with outward propagating phase (negative
group velocity) from both edges, while high k-value waves exhibit
inward propagating phases. The aforementioned short-wavelength
DE mode also appears to originate from the upper and lower
sample edge rather than from the antenna region. This is presumably a consequence of the dynamically induced edge demagnetizing
ﬁelds resulting from the antenna-emitted long DE-waves arriving
at these edges.64
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FIG. 2. (a) Schematics of the sample used for the experiments. Gray: silicon nitride membrane (Silson Ltd.). Red cuboid: YIG Lamella, dimensions: 13  5  0:185 μm3 .
The magnetic bias ﬁeld Hext was oriented in the sample plane parallel to the copper strip line (x-direction). Red boxes: TR-STXM measurements of the sample at
μ0 Hext ¼ 25 mT and frequencies from 1:4 to 2:7 GHz. Left picture in (b) shows a raw x-ray image of the lamella (dark gray rectangle) and the strip line. The image series
next to it displays the frames of a time-resolved movie at 1:6 GHz, showing the normalized (see Sec. II) out-of-plane magnetization in arbitrary units. The color images in
(c) have been obtained from such movies by gaining the local Fourier amplitude and phase (cf. Sec. II) of each pixel’s time-evolution and visualizing it in the HSV color
space (color code on the lower left). Wave fronts visibly change from backward volume orientation, through diagonal intermediate states, to the Damon-Eshbach direction
as the frequency increases. Wave vector directions are indicated in the images with the corresponding wavelengths λ stated above.

B. Analytical theory
To identify the speciﬁc spin waves that have been measured,
their dispersion f (k), where f is the frequency and k ¼ 2π=λ is
the magnitude of the wavevector k, was determined by a
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two-dimensional FFT (cf. Sec. II). The focus was put on the two
fundamental wave orientations, namely, the BV geometry (θ ¼ 0 )
and the DE geometry (θ ¼ 90 ), with θ being the angle between k
and the equilibrium magnetization. A quantitative analysis of the
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FIG. 3. (a): RF-burst signal used for the excitation of the sample (Duration: 480 ps, repetition time: 15.4 ns, voltage amplitude: 2V). Red box: Results of burst measurements analog to Fig. 2(c) at three different magnetic bias ﬁelds Hext [(b): 12.5 mT, (c): 25 mT, (d): 40 mT]. Spin waves shift from the backward volume to the
Damon-Eshbach propagation geometry as the frequency is raised, the transition point and general spectrum shifting to higher frequencies at greater ﬁeld strength.

dispersion of the diagonal modes with intermediate angles
(0 , θ , 90 ) was omitted in the scope of this work, yet in principle their dispersion can be analogously calculated using the
theory discussed below [see Eq. (4)]. From a qualitative point of
view, such diagonal waves are predicted to occur at frequencies in
between those of the BV and DE geometries which is in agreement
with our experimental observations. Proceeding with the analysis,
pairs of f and k were accordingly sorted by their θ-values (0 , 90 )
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and compared to analytical models of basic spin wave modes in
thin YIG ﬁlms. A model for spin waves in a thin ferromagnetic
layer can be found in the work of Kalinikos and Slavin,12 taking the
following approach.
An isotropic ferromagnetic ﬁlm is considered that is laterally
inﬁnite and of ﬁnite thickness d along the z axis
(z [ ½d=2, d=2). The ﬁlm is magnetized in-plane by a magnetic
bias ﬁeld. A plane spin wave with a nonuniform vector amplitude
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m(z) is assumed to propagate in the ﬁlm plane in the arbitrary ζ
direction,
m(z, ζ, t) ¼ m(z)exp½i(ωt  kζ),

(1)

where t is time and ω ¼ 2πf . The amplitude m(z) is then expanded
into an inﬁnite series of complete orthogonal vector functions. For
this, the eigenfunctions of the second-order exchange diﬀerential
operator satisfying the appropriate exchange boundary conditions
are chosen. For zero surface anisotropy (unpinned surface spins),
which will be assumed from here on, this gives
m(z) /

X
n

 

d
,
mn cos κn z þ
2

(2)

where κn ¼ nπ=d, n [ N0 , represents a standing wave component
perpendicular to the ﬁlm plane. Using Eq. (2), the following
inﬁnite system of algebraic equations can be obtained from the
well-known Landau-Lifshitz equation of motion,
i

X
ω
^ nn0 mn0 ,
mn ¼
W
ωM
n0

(3)

where ωM ¼ γMS , γ is the gyromagnetic ratio [assumed
1:76  1011 rad/(sT) in calculations], and MS is the saturation magnetization. This corresponds to Eq. (22) in the source paper,12
^ can also be found. The
where details on the square matrix W
eigenvalues of this system give the frequency of the in-plane propagating spin-wave modes of the ﬁlm. The mode order n here represents a standing spin-wave component along the ﬁlm thickness
given by κ n . For k ¼ 0, the mode coincides with the nth order
PSSW. This results in the amplitude proﬁle m(z) having n nodes
^
along the ﬁlm thickness. If only the diagonal parts (n ¼ n0 ) of W
are considered, which means that interactions between modes of
diﬀerent orders are neglected, an approximate dispersion equation
can be explicitly formulated,12
fn (K) ¼

ωH
2π


 

MS 2 2
MS 2 2 MS
1=2
1þ
lex K  1 þ
lex K þ
Fnn
H
H
H
(4)

with
K 2 ¼ k2 þ κ2n , ωH ¼ γH, the exchange length
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2A=(μ0 MS2 ) and the element of the dipole-dipole matrix,
Fnn ¼ 1  Pnn cos2 θ þ Pnn (1  Pnn )sin2 θ

MS
,
2 K2
H þ MS lex

lex ¼

(5)

where H is the magnitude of the magnetic ﬁeld, μ0 is the vacuum
permeability, A is the exchange constant, and θ is the angle
between the magnetization and k. For the fundamental zero-order
mode (uniform thickness proﬁle, no PSSW-component),
kd
P00 ¼ 1  1ekd (see the Appendix of the original paper12). The
zero-order equation gives the dispersions of the fundamental DE
and BV modes at θ ¼ 90 and θ ¼ 0 , respectively.65
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C. Comparing theory and experimental data
In Fig. 4, the spin-wave dispersion relation, as deduced from
the experimental data of both continuous wave and burst excitations for μ0 Hext ¼ 25 mT, is shown representatively. Analogous dispersion diagrams for the other two ﬁelds [Fig. 3(b)
(μ0 Hext ¼ 12:5 mT) and (d) (μ0 Hext ¼ 40 mT)] can be found in the
supplementary material. As Figs. 2 and 3 already suggested, it is
not possible to distinguish between the dispersions measured for
the two diﬀerent excitation schemes, as the two data sets almost
perfectly overlap. In a ﬁrst step, the corresponding theoretical dispersion curves based on the approximate equation (4) were calculated (MS given in Sec. II, A ¼ 0:36  1011 J=m66) and plotted in
Fig. 4 as dashed lines. The θ ¼ 0 -waves ﬁt very well with the calculated fundamental BV dispersion curve (dashed black line). The
inﬂuence of the exchange interaction becomes clear by means of
the curve changing to a positive slope beyond k  1  107 rad/m
(compare to exchange free curves in Refs. 4 and 8). In the underlying Eq. (4), the exchange-related terms are quadratic in K. These
terms are becoming larger than the terms related to the dipoledipole interaction starting from the point where the spin wave dispersion has a minimum. Beyond this point, exchange is becoming
dominant and determines the overall quadratic dispersion for
suﬃciently large values of K. It might be of note that this happens
already at wavelengths more than an order of magnitude higher
than the material’s exchange length lex . The fact that the dispersion
curve has a minimum explains the appearance of two coexisting
BV-like waves shown in Fig. 2. These two waves originate from the
dispersion regions with negative and positive group velocity at the
left and right sides of the dispersion minimum. Thus, it appears
that Eq. (4) is a valid approximation for BV waves in this sample,
at least in the wavelength range covered here. There seems to be no
signiﬁcant hybridization with higher order BV modes and or
inﬂuence of the conﬁned sample geometry besides them originating
from the lateral edges. The edge modes, shown by the green dots,
come close to the BV dispersion with a downward frequency shift
of about 200 MHz. In order to explain this diﬀerence through edge
demagnetization eﬀects, a reduction of the eﬀective ﬁeld to about
15 mT would be necessary. According to micromagnetic simulations of the lamella’s demagnetizing ﬁeld, this is a reasonable value
at the edges, cf. supplementary material (3) and Fig. S2.
The θ ¼ 90 -waves, on the other hand, appear to belong to two
separate dispersion branches that coexist in the area between f ¼ 2:5
to 2:9 GHz. As mentioned earlier (cf. Fig. 2), two modes at θ ¼ 90
can be seen simultaneously in the last images (f  2:5 GHz), which
already hints at this behavior. While the analytically approximated
fundamental DE dispersion (dashed red line) ﬁts the longer wavelength mode, the shorter wavelength one has to belong to a diﬀerent
spinwave mode featuring the same propagation direction. Obvious
candidates for this are DE modes of higher orders. The dashed blue
line in Fig. 4 represents the diagonal approximation for the ﬁrst
order thickness mode (n ¼ 1) by Eq. (4). It is apparent that this
approximation, i.e. neglecting hybridization between diﬀerent mode
orders, is insuﬃcient to describe the DE ﬁrst order thickness mode
in this particular system.
Thus, in a second step, numerical calculations of the zero and
ﬁrst order DE dispersions have been carried out using the more
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FIG. 4. Plot of experimental dispersion data at μ0 Hext ¼ 25 mT for both continuous wave experiments (cf. Fig. 2) and the RF-burst experiment (cf. Fig. 3). Dots represent
measured data sorted by propagation direction of the waves. Black and green dots show backward volume (BV) propagation (θ ¼ 0 ) with the green dots marking those
conﬁned to the sample edges. The red-blue dots represent Damon-Eshbach(DE) propagation (θ ¼ 90 ). Dashed lines show theoretical dispersion calculated using the
approximate Eq. (4) (no hybridization). The red and blue lines show the zero and ﬁrst order DE dispersions, while the black line stands for the BV mode. The solid lines
represent DE dispersion based on numerical calculations according to Eq. (3), taking into account the hybridization of modes. The inset shows a magniﬁcation of the
avoided crossing region of the two branches.

accurate equation system (3) and considering the nondiagonal
terms n = n0 of the matrix. The results are shown as solid lines
(red and blue) in Fig. 4 and they notably diverge from the dashed
analytical curves, while they agree very well with the experimental
data. This strongly suggests that the two modes indeed hybridize. A
closer look at the modes’ crossing point (inset in Fig. 4) supports
this, as the presence of hybridization eﬀects results in a band splitting. However, comparing the dashed and solid curves, it can be
seen that the inﬂuence of the modes’ mutual interaction reaches
well beyond the crossing point. This agrees with observations made
previously in 80 to 100 nm thick permalloy ﬁlms.43 Due to this,
even the dispersion of the fundamental DE wave clearly diverges
from the approximation of Eq. (4) below wavelengths of 600 nm.
This stresses the importance of using the extended calculation
when going below 1 μm wavelength.
Note that from an experimental point of view, the ﬁrst order
DE mode can only be observed by TR-STXM because hybridization
eﬀects are even more signiﬁcant for the proﬁle of the dynamic
magnetization over the ﬁlm thickness. A fully antisymmetric
proﬁle, as indicated in Fig. 1(e) for the k ¼ 0 (ferromagnetic resonance) case, would render TR-STXM insensitive to the corresponding magnetization dynamics, because the signal it collects is
integrated over the ﬁlm thickness. However, mode hybridization
causes the nodal line of the perpendicular dynamic magnetization
component to shift away from its initially central position at higher

J. Appl. Phys. 126, 173909 (2019); doi: 10.1063/1.5121013
© Author(s) 2019

frequencies, thereby providing a net contrast of dynamic magnetization given by the dominating fraction of perpendicular dynamic
magnetization.43
Further note that conﬁnement eﬀects from the ﬁnite lateral
size of the lamella are signiﬁcant only for the occurrence of the
edge-type modes discussed above as well as for a slight lateral variance of the dispersion, stemming from a lateral variation of the
local demagnetization ﬁeld, as can be seen in Figs. 3(b) and 5
(upper panel, 1.6 GHz) (cf. also supplementary material (3) and
Fig. S2). Although laterally standing modes were partially
observed in the experiments in combination with dominating
propagating waves (supplementary material, movie M1), they did
not have a signiﬁcant inﬂuence on the corresponding spin-wave
dispersion. This is mainly for two reasons: (i) the inhomogenous
line-broadening of the YIG thin ﬁlm of ΔH0 = 0.13 mT limits the
spin-wave lifetime to about 100 ns, and the corresponding BV
propagation lengths to the order of 10 μm, respectively. Thereby,
standing wave patterns are substantially reduced in amplitude.
(ii) A possible frequency discretization of propagating waves58,67
and hybridization of waves of higher lateral order turns out to be
negligible in our experimental scales. As further discussed in the
supplementary material (4), Fig. S3, at k ¼ 5 rad/μm, such a discretization would be of the order of 25 MHz and reducing to
higher k-values, which is below the experimental grid of investigated frequencies.
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qualitatively. One notable aspect conﬁrmed by the simulation is
that the phase fronts of the BV waves at 1.6 GHz vary along the
lamella’s y axis (cf. Fig. 5, upper panel), which is a consequence of
the local eﬀective magnetic ﬁeld distribution in this direction. Note
that this eﬀect scales with the ﬁeld dependence of a particular spinwave frequency. Quantitative results for the dispersion along the
main directions θ ¼ 0 and θ ¼ 90 are depicted in the lower part
of Fig. 5 and show reasonable agreement with the physical measurements (dots) and theory accounting for hybridization (dashed
lines). This gives a reason to assume that the simulation is a good
representation of the experiment and that the simulation results
beyond the experimentally covered region represent a viable extrapolation. The agreement of simulation and theory in such advanced
regions further supports the theoretical approach taken.
The simulation also highlights another important point. As
Fig. 5 shows, the dispersion curves in theory and simulation continue beyond the experimentally observed data range. This is especially apparent for the DE-waves, which stay well below the
wavenumbers measured in the BV geometry, that themselves reach
a limit at k  3  107 rad/m (λ  200 nm). Physically, for every
antennalike spin-wave source, there is a sharply diminishing
eﬃciency of excitation for wavelengths below the source’s width.
This limits the wavevectors that can be excited by the source at a
given energy input. Since the BV waves are likely excited by the
demagnetization ﬁelds on the lateral edges, which featured narrow
peaks of less than 0.5 μm width [cf. supplementary material (3) and
Fig. S2], the limit for them is lower than for the zero-order
DE-waves, which are excited by the 2 μm wide copper antenna,
hence, the occurrence of much shorter waves in the BV geometry.
IV. CONCLUSIONS

FIG. 5. Upper part: Direct comparison of Fourier images of the experiment
and the micromagnetic simulation at μ0 H ¼ 25 mT. Lower part: Heatmap of the
spatial Fourier transform of the simulation for the two main directions θ ¼ 0
and θ ¼ 90 with the corresponding experimental data (dots) and theoretical
dispersion relations (dashed lines) for the Damon-Eshbach modes of order zero
and one based on Eq. (3), as well as for the backward volume mode based
on Eq. (4).

D. Micromagnetic simulation
Finally, a micromagnetic simulation was carried out using the
“MuMax 3” software developed by Vansteenkiste et al.68 For the
simulation, the same material parameters as for the dispersion calculations were used. The discretization size of the simulations was
set to 10 nm in all three dimensions, which is suﬃciently below the
exchange length of YIG (approximately 16.7 nm). An external ﬁeld
of μ0 H ¼ 25 mT was considered together with an RF-burst excitation similar to the experimental one with a ﬁeld amplitude of
3 mT. Figure 5 shows direct comparisons of Fourier images from
the simulation and experiments at two diﬀerent frequencies. It can
be seen that the simulation reproduces the experimental dynamics
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In summary, spin waves of wavelengths down to 200 nm have
been directly imaged in YIG using TR-STXM. For this, a nearly
freestanding lamella was fabricated from a YIG ﬁlm by focused ion
beam preparation. Spin-wave modes of various directions in the
sample plane have been recorded as a function of frequency and
external magnetic ﬁeld. TR-STXM enabled the simultaneous determination of their spatial properties, like wavefront shape, propagation direction or conﬁnement to certain regions (e.g., the edge),
and of the waves’ time domain features. Dynamics were excited by
continuous single frequency RF-ﬁelds as well as by broadband
RF-bursts. The observed BV waves agree very well with a simple
diagonal approximation of the analytical expression for the dispersion relation.12 This approach still held reasonably for the zeroorder DE mode up to k  6  106 rad/m. However, a second DE
dispersion branch was observed, leading to the coexistence of two
DE modes with strongly diﬀerent wavelengths in the frequency
range between 2.5 and 2.9 GHz. The diagonal approximation does
not correctly describe the second mode, neither as DE zero order
nor as its ﬁrst higher order thickness mode. A more rigorous
numerical calculation based on the full set of equations12 was necessary and provided an excellent match with the experimental
ﬁndings. It can be concluded that hybridization between diﬀerent
mode orders plays a major role in this system for the formation of
spin waves propagating in the DE geometry. Micromagnetic simulations have been done and ﬁt well with the experimental data and
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the calculated dispersions, indicating their potential to predict the
observed magnonic scenario in the system studied. While all analytic calculations assumed a laterally inﬁnite ﬁlm, it appears that
the measured wavelengths were suﬃciently small compared to the
dimensions of the sample to still warrant this assumption.
The presented work demonstrates that TR-STXM is a powerful and versatile tool for high resolution imaging of magnetization
dynamics in real space and time domain. It clearly demonstrates its
applicability to YIG thin ﬁlms, making these accessible to space
and time-resolved spin-wave studies beyond optical resolution
limits. We have furthermore shown a way to isolate high-quality
YIG ﬁlms from their growth-required GGG substrates, a prerequisite to avoid parasitic electron paramagnetic resonance losses at low
temperatures for quantum computing applications. Our study
opens up a pathway to directly image nanoscaled spin dynamics in
YIG and other single-crystalline materials, and it will have an
important impact for fundamental magnonic research and applications in nanodevices.
SUPPLEMENTARY MATERIAL
See the supplementary material for the original video ﬁles of a
selection of the experimental measurements shown in Figs. 2 and 3
with some additional information on the measurement parameters.
It also contains the dispersion diagrams for the experiments at
μ0 Hext ¼ 12:5 and 40 mT analogous to Fig. 4. Furthermore, calculations of the internal magnetic ﬁeld of the lamella along the
x-direction, supposedly responsible for the Schlömann-like excitation of the BV modes, are presented to support this conclusion.
Finally, the eﬀects of the lateral conﬁnement on the spin-wave dispersion are discussed in more detail and calculated dispersion
curves are presented that show these eﬀects to be minor.
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