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Dispersionless Propagation of Ultrashort Spin-Wave Pulses in Ultrathin Yttrium
Iron Garnet Waveguides
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We study experimentally the propagation of nanosecond spin-wave pulses in microscopic waveguides
made of nanometer-thick yttrium iron garnet films. For these studies, we use microfocus Brillouin light-
scattering spectroscopy, which provides the possibility to observe propagation of the pulses with high
spatial and temporal resolution. We show that, for most spin-wave frequencies, dispersion leads to broad-
ening of the pulse by several times at propagation distances of 10 um. However, for certain frequency
interval, the dispersion broadening is suppressed almost completely resulting in a dispersionless pulse
propagation. We show that the formation of the dispersion-free region is caused by the competing effects
of the dipolar and the exchange interaction, which can be controlled by the variation of the waveguide
geometry. These conclusions are supported by micromagnetic simulations and analytical calculations. Our
findings provide a simple solution for the implementation of high-speed magnonic systems that require
undisturbed propagation of short information-carrying spin-wave pulses.
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I. INTRODUCTION

Recent developments in fabrication of nanometer-thick
films of low-loss magnetic insulator—yttrium iron garnet
(YIG) [1-3]—significantly advanced the emerging field
of magnonics [4—7], which aims to utilize spin waves
in nanoscale magnetic-film structures for transmission
and processing of information [8—11]. Due to their small
thickness, these films enable fabrication of nanopatterned
spin-wave guiding elements with submicrometer lateral
dimensions [12—15]. Simultaneously, due to the very small
magnetic losses, they allow one to achieve large propaga-
tion distances of spin waves [16—23] significantly exceed-
ing those in conductive ferromagnetic nanostructures [24].
Additionally, ultrathin YIG films can be efficiently driven
by spin-orbit torques, which enables efficient electrical
control of propagation characteristics of spin waves [25],
as well as excitation of magnetic auto-oscillations [26,27]
and spin waves [28] by pure spin currents.

Although the propagation of spin waves in magnetic
waveguides based on ultrathin YIG has become a topic
of intense research in recent years [12—23], the majority
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of these studies focuses on the continuous-wave prop-
agation regime or addresses propagation of relatively
long spin-wave pulses with a duration of several tens
of nanoseconds. These works provide useful fundamental
information about the propagation characteristics. How-
ever, since magnetic materials are strongly dispersive
media for spin waves [29], the utilization of YIG-based
nanostructures for competitive state-of-the-art technical
applications requires knowledge about the propagation of
short spin-wave pulses with a duration down to a few
nanoseconds. Indeed, the information capacity of transmis-
sion lines and the operation speed of wave-based computa-
tion components are generally limited by dispersion effects
resulting in a distortion and temporal overlap of short
pulses carrying information, which causes the loss of the
latter (see, e.g., Ref. [30]). Therefore, a deep understand-
ing of these phenomena, as well as finding approaches,
which allow one to overcome them, is a necessary step in
the development of high-speed magnonic nanocircuits.
The present lack of experimental information about
the propagation of nanosecond spin-wave pulses in YIG
waveguides is largely explained by the absence of a simple
experimental technique for their generation. Such pulses
can be excited, for example, by using ultrafast laser sys-
tems [31-36], broad-spectrum pulses of magnetic field
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[37-40], or spin-torque nano-oscillators [41]. The main
limitation of all these techniques is the lack of controlla-
bility of the carrier frequency of the excited spin waves,
which did not allow the systematic analysis of the disper-
sion effects on the propagation of spin waves with different
frequencies and wavelengths.

Here, we study the propagation of spin-wave pulses,
which are generated by modulating a continuous-wave
high-frequency signal by using ultrafast commercially
available solid-state switches. This provides the oppor-
tunity to generate microwave pulses with a well-defined
carrier frequency and a duration down to 2.5 ns, limited
by the characteristic rise and fall time of the devices. This
approach allows us to systematically study the propagation
of ultrashort spin-wave pulses in a microscopic 50-nm-
thick YIG waveguide. We show that such pulses generally
exhibit a strong dispersion broadening up to a factor of 3
at the propagation distances of 10 um. More importantly,
we find that, within a certain frequency interval, the pulses
can propagate without noticeable change of their shape,
so that their temporal width remains almost constant. We
associate these behaviors with the minimization of the
group-velocity dispersion, which is caused by the com-
peting effects of the dipolar and the exchange interaction
on the dispersion characteristics of spin waves. This con-
clusion is supported by analytical calculations, as well as
by micromagnetic simulations, showing good agreement
with the experimental data. These calculations additionally
demonstrate that the spin-wave frequency and wavelength
corresponding to the nondispersive propagation can be
controlled by varying the thickness of the YIG film. These
findings pave the way for implementation of high-data-rate
magnonic circuits that do not suffer from the detrimental
dispersion effects.

II. EXPERIMENT

Figure 1(a) shows the schematics of the experiment. The
test device is based on a 50-nm-thick YIG film grown
by liquid phase epitaxy on a gadolinium gallium sub-
strate [42]. The values of the saturation magnetization of
the film 47M=1.75 kG and the Gilbert-damping con-
stant & =2 x 10~ are measured by using the standard
ferromagnetic resonance (FMR) technique. The 1-um-
wide YIG waveguide is defined by e-beam lithography
using 300-nm-thick PMMA A4 resist, and Ar ion milling
through an Au(10 nm)/Al(60 nm)/Ti(45 nm) hard mask
fabricated by liftoff. The sputtered gold layer acts as an
oxygen barrier, preserving the YIG stoichiometry from
the evaporated Al and Ti layers. After the etching, the
remaining Au and Al are removed using selective chem-
ical etching (MF-319 developer for Al and KI/I, for Au).
The waveguide is magnetized to saturation by a static mag-
netic field Hy applied in its plane perpendicular to the
long axis. The excitation of spin waves is performed using
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FIG. 1. (a) Schematics of the experiment. (b), (c) Snapshots
of the normalized BLS intensity recorded at different delays rel-
ative to the start of the driving microwave pulse, as labeled.
(b) f/=4.8 GHz. (c¢) f=4.5 GHz. The data are obtained at
Hy=1000 Oe.

a 400-nm-wide and 80-nm-thick Au microstrip inductive
antenna [43] also defined by e-beam lithography using
PMMA A4 resist. To excite ultrashort spin-wave pulses,
we pulse modulate the continuous-wave microwave sig-
nal at frequency f by using a high-speed solid-state switch
characterized by a rise and fall time of about 1.5 ns. The
switch is controlled by voltage pulses with a fixed period of
300 ns produced by a reference pulse generator. Due to the
finite reaction time of the switch, the shortest microwave
pulses, which can be generated in this way, have a temporal
width of about 2.5 ns.

We study the propagation of the spin-wave pulses in
the YIG waveguide with spatial and temporal resolution
by using microfocus Brillouin light scattering (uBLS)
spectroscopy [24]. We focus the probing light with the
wavelength of 473 nm and the power of 1 mW produced
by a single-frequency laser into a diffraction-limited spot
on the surface of the YIG film [Fig. 1(a)]. Due to the
interaction with the magnetization in YIG, the probing
light is modulated with the frequency equal to that of
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spin waves. This modulation is analyzed by a six-pass
Fabry-Perot interferometer. The resulting signal—the BLS
intensity—is proportional to the intensity of the spin wave
at the position of the probing spot. By rastering the probing
laser spot over the sample surface, we record spatial maps
of the spin-wave intensity with the submicrometer spatial
resolution. By synchronizing the light detector with the
reference pulse generator and using a stroboscopic detec-
tion technique, we perform time-resolved measurements,
which allow us to record temporal dependences of the spin-
wave intensity at every spatial location with a temporal
step size of 0.2 ns.

III. RESULTS AND DISCUSSION

Figures 1(b) and 1(c) show snapshots of the BLS inten-
sity recorded at three different time delays relative to
the start of the driving microwave pulse, illustrating the
propagation of spin-wave pulses with two different carrier
frequencies. To better visualize the propagation of the spin-
wave pulses, each BLS map shown in Figs. 1(b) and 1(c)
is normalized to the maximum value. As seen from the
data of Fig. 1(b) obtained at f=4.8 GHz, the spin-wave
pulse with this carrier frequency exhibits typical behaviors
expected for the propagation of a short pulse in a strongly
dispersive medium. During propagation, the width of the
pulse increases by about a factor of 3, which is known to
be caused by the difference in the velocities of its spectral
components. In strong contrast, the pulse with the carrier
frequency f=4.5 GHz [see Fig. 1(c)] experiences signifi-
cantly less pronounced dispersion-induced broadening. At
the same propagation distance, its width changes by about
30% only. This indicates that the dispersion effects in the
YIG waveguide are strongly dependent on the carrier fre-
quency of spin-wave pulses and can be controlled by the
proper choice of the latter.

To characterize these effects in detail, we fit tempo-
ral profiles of the spin-wave pulse recorded at different
distances from the antenna [Fig. 2(a)] by a Gaussian
function, and determine the spatial dependences of the
temporal width of the pulse for different carrier frequen-
cies [Fig. 2(b)]. As seen from these data, the spin-wave
pulse at f=4.5 GHz (point-up triangles) experiences a
moderate broadening from about 2.5 ns at x=0 to about
3.3 ns at x=10 um, which corresponds to an increase
of about 30%. With the increase of the carrier frequency
to f=4.8 GHz [circles in Fig. 2(b)], dispersion effects
become much stronger: the temporal width of the spin-
wave pulse increases threefold upon propagation over a
distance of 10 um. However, further increase of the fre-
quency to f=5.2 GHz [point-down triangles in Fig. 2(b)]
leads again to a strong weakening of the dispersion-
induced broadening. Remarkably, the temporal width of
the pulse with the carrier frequency f=5.2 GHz remains
practically unaltered over the entire measured distance,
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FIG. 2. (a) Temporal profiles of the spin-wave pulse with a

carrier frequency f=4.8 GHz recorded at different propagation
distances, as labeled. The spin-wave intensity is integrated over
the transverse section of the waveguide. Symbols are experi-
mental data. Curves are the results of the fitting by a Gaussian
function. (b) Spatial dependence of the temporal width of the
spin-wave pulse for different carrier frequencies, as labeled.
Symbols are experimental data. Curves are guides for the eye.
(c) Frequency dependence of the broadening factor, defined as
the ratio of the temporal widths of the pulse at x=10 um and
x = 0. Experimental error is smaller than the size of symbols. The
data are obtained at Ay = 1000 Oe.

indicating that a nearly nondispersive propagation regime
is reached.

Figure 2(c) summarizes the results obtained for differ-
ent carrier frequencies in the range f=4.5-5.2 GHz, where
spin waves can be efficiently excited by the used inductive
antenna [43]. As can be seen from these data, the disper-
sion broadening factor, defined as the ratio of the temporal
widths of the pulse at x = 10 gm and x = 0, exhibits a rapid
increase in the interval f'=4.5-4.8 GHz, reaches the max-
imum value of 3 at f=4.8 GHz, and decreases again at
larger frequencies approaching 1 at f=5.2 GHz [44].
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FIG. 3. (a) Spatial dependence of the propagation delay for
different carrier frequencies, as labeled. Symbols are experimen-
tal data. Lines are linear fits of the experimental data. (b) Group
velocity as a function of the carrier frequency. Symbols are
experimental data. The curve is a guide for the eye. Experimental
error is smaller than the size of symbols. The data are obtained at
Hy=1000 Oe.

As is known from the theory of waves in dispersive
media [30], the strength of dispersion-induced broadening
is determined by the rate of change of the group velocity v,
with the variation of the frequency f, i.e., dv,/df. We exper-
imentally determine v, (f) by analyzing the spatial depen-
dences of the propagation delay of the spin-wave pulses
[Fig. 3(a)] obtained from the Gaussian fits of the temporal
profiles [Fig. 2(a)]. As seen from Fig. 3(a), the propaga-
tion delay exhibits a well-defined linear spatial dependence

J

enabling an accurate determination of the spin-wave group
velocity v, for different frequencies [Fig. 3(b)] [44]. The
obtained data show that the group velocity monotoni-
cally decreases with increasing frequency. However, the
rate dv,/df depends on /' nonmonotonically. In the fre-
quency range f=4.5-4.6 GHz, the group velocity changes
slowly, which results in the relatively weak dispersion-
induced broadening at these frequencies [Fig. 2(c)]. In the
range f=4.6-5.0 GHz, the group velocity changes most
quickly, which results in the enhanced broadening. Finally,
at > 5.0 GHz, the dependence v, (f) begins to plateau and
hence the dispersion effects become very weak.

To address the peculiarities of the v, (f) dependence in
more detail, we experimentally determine the dispersion
relation for spin waves f (k), where k is the spin-wave
wave vector. For this, we perform phase-resolved uBLS
measurements [24], which allow one to record spatial maps
of the spin-wave phase ¢ corresponding to a particular
frequency f. These measurements are performed by using
long microwave pulses with a duration of 160 us, for
which the effects of dispersion can be neglected. Figure
4(a) shows a representative phase map recorded at the fre-
quency f=4.8 GHz. As seen from these data, the phase
does not change across the transverse section of the waveg-
uide (z axis) and cos(¢) exhibits well-defined single-period
oscillations in the direction along the waveguide axis (x
axis). This indicates a single-mode propagation regime of
spin waves and allows precise determination of the spin-
wave wavelength, which is equal to the spatial period of
the oscillations of cos(¢). By repeating the described mea-
surements at different frequencies and performing Fourier
analysis of the phase maps, we determine the spin-wave
dispersion relation f (k) [symbols in Fig. 4(b)]. According
to the theory of Ref. [45] modified for the case of a stripe
waveguides [24], the spin-wave dispersion relation for the
fundamental waveguide mode can be written as

2

f k) = \/ |:H0 + 47 MF + kfot} |:Ho + 4an—(1 —F)+ 24 kfot] (1)

Here, y is the gyromagnetic ratio (y/2r = 2.8 MHz/Oe),

= [1—exp(—kiotd)/(—kiotd), d is the film thickness,
kiot> =k 2 + (r/w)? is the total spin-wave wave vector, w
is the waveguide width, and 4 is the exchange constant.

We emphasize that the experimental data show very
good agreement with calculations based on the analyti-
cal theory [solid curve in Fig. 4(b)]. This allows us to use
the calculated dependence for the analysis in a broad fre-
quency range extending to frequencies, which cannot be

Ko

(

addressed experimentally due to the limited efficiency of
inductive excitation of spin waves with short wavelengths.

By differentiating the calculated dispersion relation
f(k), we obtain the frequency dependence of the group
velocity vo(f) [solid curve in Fig. 4(c)], which shows
good agreement with the experimental one [Fig. 3(b)].
The calculations demonstrate that v, (f) exhibits a non-
monotonous behavior resulting in the appearance of a
maximum at f=f " =4.55 GHz and a broad minimum at
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FIG. 4. (a) Representative spatial map of the spin-wave phase

recorded at f= 4.8 GHz. (b) Spin-wave dispersion relation. Sym-
bols are data obtained from the Fourier analysis of phase maps.
Solid curve is the analytically calculated dispersion relation of
spin waves. (c¢) Solid curve is the calculated frequency depen-
dence of the spin-wave group velocity. f™* and /™" mark
the frequencies of the maximum and the minimum of v (f),
respectively. Dashed (dash-dotted) curve is the frequency depen-
dence of the group velocity calculated taking into account
the dipolar (exchange) interaction only. All data correspond to
Hy=1000 Oe.

f=f™in=515 GHz. This nonmonotony arises as a result
of the competition of the dipolar and the exchange interac-
tion, whose contributions to the dispersion of spin waves
have different frequency (wavelength) dependence. In par-
ticular, the long-range dipolar interaction dominates at
small frequencies (large wavelengths), while the exchange
interaction is dominant at large spin-wave frequencies
(small wavelengths).

This is demonstrated by the dashed and the dash-dot
curve in Fig. 4(c), which show the frequency dependences
of the group velocity, calculated by taking into account
only dipolar and only exchange interaction, respectively.
According to Eq. (1), in the absence of the exchange

interaction (4 = 0), the dispersion relation is given by

f (k) = L\/[Ho + 4T MF] [Ho + 47rMé(l — F)}.
2 k

tot

By differentiating this relation, we obtain the frequency
dependence of the spin-wave group velocity shown in
Fig. 4(c) by the dashed curve. This dependence exhibits
a maximum close to the frequency /™, which depends
on the ratio between the film thickness and the waveguide
width. At frequencies above f™¥*, the group velocity
quickly decreases reflecting the decrease of the contri-
bution of the dipolar interaction at small wavelengths.
In contrast, the contribution to the group velocity of the
exchange interaction, which can be described by the simple
analytical expression vg* = (4yA4/M)kio, is negligible at
small frequencies (large wavelengths) and monotonously
increases with the increase of the frequency [dash-dot
curve in Fig. 4(c)]. As a result of the competition of these
effects, a broad minimum of the group velocity is formed
at f: fmin.

Since dvg/df ~0 for the frequencies in the vicinity of
f™M* and f™", the related dispersion broadening effects
are weak for spin-wave pulses with these carrier fre-
quencies [Fig. 2(c)]. Note that the minimum at ™" is
significantly broader than the maximum at f ™**, and hence
short spin-wave pulses excited at frequencies close to
f™in exhibit weaker, almost negligible dispersion broad-
ening. We emphasize that the group velocity starts to
change rapidly again at frequencies / > f™" [Fig. 4(c)].
Therefore, one can expect that, at high frequencies, the
dispersion-induced broadening comes into play again. Due
to the strong reduction of the excitation efficiency, we
cannot prove this hypothesis experimentally. To gain infor-
mation about the propagation of short spin-wave pulses at
large frequencies, we perform micromagnetic simulations
using the software package MuMax3 [46].

We consider a computation domain with dimensions
of 50 x 1 x 0.05 um? discretized into 10 x 10 x 10 nm?
cells. The standard value for the YIG exchange constant
of A=3.66 x 1077 erg/cm is used [47]. Spin-wave pulses
are excited by applying a 2.5-ns-long Gaussian pulse of
the out-of-plane dynamic magnetic field with the ampli-
tude of 0.1 Oe in the center of the computational domain,
and the propagation of the pulse is analyzed in the same
way, as it is done in the experiment. Figure 5 shows the
frequency dependence of the broadening factor, which is
defined above, obtained from the simulations. The results
of calculations for f=4.5-5.2 GHz show reasonable agree-
ment with the experimental data of Fig. 2(c). Additionally,
at /> 5.2 GHz, we observe an increase of the broadening
factor, which confirms our hypothesis that the frequency
f=f™n corresponds to an optimal propagation regime,
where the detrimental dispersion effects are minimized.
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FIG. 5. Frequency dependence of the broadening factor of the

spin-wave pulse obtained from micromagnetic simulations. The
simulations are performed at Hy = 1000 Oe.

Since the optimum frequency is governed by the com-
petition of the dipolar and the exchange interaction, it can
be controlled by tuning the geometrical parameters of the
waveguide, which influence the dipolar magnetic fields.
The most efficient control can be achieved by varying the
thickness of the YIG film d. This is illustrated in Fig. 6(a)
showing frequency dependences of the group velocity cal-
culated for YIG waveguides with different thicknesses. As
can be seen from Figs. 6(a) and 6(b) (solid circles), the
increase of the thickness results in the shift of /™" towards
higher frequencies corresponding to smaller wavelengths.
This shift is explained by the increase of the contribution
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FIG. 6. (a) Frequency dependences of the group velocity

calculated for YIG waveguides with different thicknesses, as
labeled. (b) Dependences of the frequency /™" and of the relative
deviation of the group velocity over a 400-MHz-wide frequency
interval on the thickness of the YIG waveguide. All calculations
are performed at Hy = 1000 Oe.

of the magnetic dipolar interaction in thicker films: with
the increase of the thickness, the maximum of the dipole-
dominated group velocity [see dashed curve in Fig. 4(c)]
increases, while the exchange contribution [dash-dot curve
in Fig. 4(c)] remains unchanged, resulting in the shift of
f™in_In particular, at d = 30 nm, the optimum corresponds
to the wavelength of 1 um, while, at d =70 nm, it corre-
sponds to the wavelength of 0.45 um. This indicates that
the YIG waveguide can be easily optimized to achieve
the optimum propagation for the spin-wave wavelength
required for the particular application. We also note that
the shift of the optimum is not expected to be accompanied
by a significant increase of the dispersion-induced broad-
ening under the optimum conditions. This is illustrated by
Fig. 6(b) (open circles) that shows the relative deviation
of the group velocity Av, = 2(1);,“‘”‘ - vg‘i“) / (vg"“x + vgin)
in a 400 MHz-wide frequency interval approximately cor-
responding to the width of the frequency spectrum of
a 2.5-ns-long spin-wave pulse. As seen from this data,
the deviation Av, remains below 10% within the entire
interval d =30-70 nm.

IV. CONCLUSIONS

In this study, we show that the detrimental disper-
sion broadening of nanosecond-long spin-wave pulses
propagating in ultrathin YIG waveguides can be avoided
by using the competitive effects of the dipolar and the
exchange interaction on the spin-wave dispersion. This
competition results in a formation of the dispersion-free
region, where short spin-wave pulses propagate without
changing their shape. The region can be efficiently con-
trolled by varying the geometry of the waveguide, which
allows one to achieve the dispersionless propagation at dif-
ferent frequencies and wavelengths of spin waves depend-
ing on the requirements of the particular application. Our
findings should facilitate the implementation of high-speed
magnonic circuits capable of handling high-data rates.
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