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Tuning the directionality of spin waves generated by femtosecond laser pulses
in a garnet film by optically driven ferromagnetic resonance
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Excitation of spin waves of a required frequency and directional spectrum is among the crucial tasks in
optomagnonics. Here we investigate the generation of spin waves in an iron garnet thin film by a train of
femtosecond laser pulses with ultimately high repetition rate of up to 10 GHz and compare it with the case
of 1-GHz repetition rate. The periodic optical excitation with repetition rate close to the frequency of the
ferromagnetic resonance amplifies spin waves with particular phase velocity and wavelength, which are tunable
across a wide range by small variations of the frequency detuning, and can be adjusted by the magnitude of
the applied external magnetic field. For pulses of the same fluence, the 10-GHz pulse rate provides a significant
resonant increase of the spin-wave amplitude by 11.5 times with respect to single-pulse excitation while the
1-GHz pulse rate provides only a 1.5 times advancement. Moreover, variation of the detuning frequency provides
different regimes of the spin-wave propagation: short- and long-distance propagation along the magnetic field
direction and appearance of an “X” line shape in the directionality pattern, making the considered optical
approach of spin-wave generation promising for designing magnonic devices.

DOI: 10.1103/PhysRevB.107.064415

I. INTRODUCTION

Ultrafast magnetization dynamics in ferromagnetic mate-
rials under excitation with femtosecond (fs) laser pulses was
first demonstrated in Ni thin films at the end of the previous
century, when the phenomenon of ultrafast demagnetization
was revealed [1]. Although the impact of light had a thermal
character in this case, it exhibits a fast magnetic response on
timescales of subpicoseconds and, moreover, it provided the
basis of ultrafast all-optical magnetic switching, demonstrated
shortly after [2–5]. On the other hand, a nonthermal optical
impact on spins was demonstrated almost two decades ago in a
magnetic dielectric crystal of DyFeO3 [6] and a magnetic thin
film of iron garnet [7], where circularly polarized femtosecond
laser pulses were used to induce a precession of the magne-
tization. Later, excitation of magnetostatic spin waves by fs
laser pulses was also demonstrated in Refs. [8–15], taking
place due to optomagnetic effects, in particular the inverse
magneto-optical Faraday effect, which can be considered as
an effective magnetic field induced by circularly polarized
light while it propagates through a magnetic medium [16–18].
The effective magnetic field exists in a magnetic film only in
presence of the optical field, the time dependence of which
is limited by the laser-pulse duration of about 100 fs. This

timescale is three orders of magnitude shorter than the period
of magnetization precession, and, therefore, the impact can be
considered as instantaneous.

Coherent control of magnetization precession was further
performed by excitation with two pump-laser pulses, which
were delayed with respect to each other by a half or a full pre-
cession period of magnetization. This allowed one to obtain
either destructive or constructive interference for the excita-
tion of spin precession in magnetic media [7].

Optical methods for excitation of spin waves by laser
pulses are appealing as compared to conventional microwave
techniques since they provide a local impact on the magnetiza-
tion within a spot size limited only by the Rayleigh criterion.
The laser spot can be easily controlled and varied: one can
move it all over the sample, change its size, and modify the
optically induced effective magnetic field by adjusting the
pump polarization. At the same time, laser pulses excite a
rather broad spectrum of spin waves in case of tight focusing.

The next step toward all-optical generation of spin waves
in magnetic media was taken in Refs. [10,19–21] where an
approach based on excitation with multiple pulses was im-
plemented. Thereby, a sample was illuminated by a comb of
pump pulses, which trigger the magnetization at a repetition
rate of 1 GHz, comparable with the magnetization precession
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frequency, i.e., the frequency of magnetic resonance. At such
a high repetition rate, the subsequent pump pulse arrives be-
fore decay of the magnetization precession that was launched
by the previous pulse, so that an accumulation effect takes
place. Spin-wave emission is sustained continuously then. As
a result, the periodic pumping allows one to keep locality
of the impact and, at the same time, makes the spin-wave
spectrum narrower. The multiple pump-pulse regime provides
spin-wave directionality with respect to the magnetic field
orientation [10].

Recently, such periodic pumping at 1-GHz rate was also
applied to a permalloy thin film, where selective spin-wave
mode excitation [22] and X-shaped caustic spin-wave pat-
terns [23] were demonstrated. Due to the metallic character
of the permalloy system, optical generation of spin waves
was achieved via ultrafast demagnetization and consequent
thermal energy transfer to magnons in the ferromagnetic
layer [24]. This is in contrast to magnetic dielectrics such
as iron garnet films where the inverse Faraday effect has a
direct impact on the magnetization as mentioned above. In
those experiments (Refs. [10,19]), the repetition rate of the
pumping pulses allowed us to excite relatively large num-
bered precession harmonics. At the same time, the excitation
efficiency for lower-numbered harmonics should be higher.
Moreover, the first-order harmonic, corresponding to the fer-
romagnetic resonance, was not attained. Optical excitation of
the ferromagnetic resonance is quite crucial for extending the
capabilities of ultrafast optical triggers for magnonics.

In this work, we investigate the impact of multiple-pulse
excitation further and consider optical pumping of an iron
garnet film with a train of femtosecond laser pulses with a very
high repetition rate of 10 GHz. At such high repetition rate,
it is possible to have only one precession cycle in between
two consecutive laser pulses, which corresponds to the regime
of optically driven ferromagnetic resonance. The amplitude
of the excited spin waves is resonantly increased when their
frequency is tuned to the pulse repetition rate by an exter-
nal magnetic field, corresponding to the resonance condition
between the repetition rate frep and the frequency of ferromag-
netic resonance ν. By variation of the external magnetic field
we change the detuning frequency � = (ν − frep)/ frep and
compare the spin-wave directionality diagram for three cases
in which the external magnetic field strength is below the
resonant one (negative detuning � < 0), equal to it (resonant
case), and exceeds that field (� > 0). We find that the spin-
wave propagation and directionality pattern are quite different
in these three cases showing either short- or long-distance
propagation mainly along the external field direction or an
X-shape directionality pattern.

II. MATERIALS AND METHODS

The experimental studies were performed on a transpar-
ent monocrystalline ferrimagnetic film of bismuth-substituted
iron garnet (Bi0.9Lu1.4Tm0.4Y0.2Sm0.1)(Fe4.4Ga0.6)O12. The
film was grown on a gadolinium gallium garnet substrate with
crystallographic orientation [111] by liquid-phase epitaxy.
The film thickness is 5 µm, the saturation magnetization is
4πMs = 480 G, the uniaxial anisotropy constant is Ku = 5 ×
103 erg

cm3 , the cubic anisotropy constant is K1 = 2 × 103 erg
cm3 ,

and the Gilbert constant is α = 0.01. The saturation mag-
netization and the cubic anisotropy constant were estimated
from the film composition [25], while the uniaxial anisotropy
constant and the Gilbert damping were found from the fer-
romagnetic resonance spectra. The sample was placed in a
quasiuniform external magnetic field H created by an electro-
magnet. The direction of the magnetic field was in the sample
plane [Fig. 1(a)]. All measurements were performed at room
temperature.

We study the excitation and detection of spin waves
using time-resolved pump-probe Faraday rotation with asyn-
chronous optical sampling. In this case two synchronized
Ti:sapphire oscillators are used as sources of the pump and
probe pulses with a duration of �t = 50 fs. The probe beam
with 1-GHz repetition rate is supplied by the master oscillator
(Gigajet TWIN 20c/20c from LaserQuantum), while the pump
beam is emitted by one of two slave oscillators with either 1-
or 10-GHz (Taccor ×10 from LaserQuantum) repetition rate.
Each of the slave oscillators is synchronized to the master
oscillator with an offset frequency of 2 kHz, which allows us
to acquire the pump-probe transients using a fast photodiode
in combination with a digitizer card giving an overall time
resolution around 1 ps. The pump wavelength is set to 810 nm.
The center wavelength of the probe is set to a value around
760 nm, which allows us to filter spectrally the stray light by
a bandpass interference filter placed in the detection path.

Both beams are focused on the sample using a reflective
microscope with 15× magnification to a spot size of approx-
imately 8 μm in diameter (full width at half maximum). The
incidence angle for both the pump and probe beams was about
17 ° relative to the normal, with incidence planes oriented
orthogonal to each other. The pump beam is directed into
the objective via a piezomirror, which enables scanning the
distance between the pump and probe spots in the xy plane.
Before focusing on the sample, the pump beam passes through
a Glan prism and a quarter-wave plate to obtain circularly
polarized pulses. Circular polarization of the pump pulses is
required for an effective action on spins through the inverse
Faraday effect (IFE) [26]. In this case, the impact of the
illumination can be described in terms of pulses of an effective
magnetic field HIFE induced via the inverse Faraday effect and
directed along the wave vector of the excitation beam, which
is close to normal. In our sample with a thickness of only a
few micrometers, the effective field is homogeneous along
the direction perpendicular to the sample plane and its time
duration is the same as that of the optical pulse.

Observation of the excited spin dynamics is accomplished
via the Faraday effect of the probe pulses in transmission
geometry. Before focusing on the sample, the probe pulses are
linearly polarized by passing through a Glan prism. The probe
pulses transmitted through the sample are then collected and
collimated by an identical objective. As the Faraday effect is
determined by the component of the magnetization parallel
to the light wave vector, the probe pulses are sensitive to
the out-of-plane z component of the precessing magnetization
[see Fig. 1(a)]. The oscillating out-of-plane magnetic com-
ponent is directly proportional to the Faraday rotation angle
ψ of the transmitted probe pulses. The angle of rotation is
measured using a differential scheme based on a Wollaston
prism and a balanced photodiode. The differential signal from

064415-2



TUNING THE DIRECTIONALITY OF SPIN WAVES … PHYSICAL REVIEW B 107, 064415 (2023)

FIG. 1. (a) Scheme of the experiment. (b) Calculated dependence of the magnetization precession amplitude θ0 on the magnetic field for
two repetition rates of the laser pump pulses: 1 and 10 GHz. When the precession frequency is a multiple of the pump repetition rate, numerous
resonant peaks appear. All experimental data are normalized for the pump fluence 15 µJ/cm2. (c) Magnetization precession measured for the
pump repetition rate of 1 GHz in the range of magnetic fields of 1.56–1.89 kOe, which corresponds to the fourth resonant peak in (b) (red
curve). An increase of the precession amplitude is seen for the magnetic field of 1.72 kOe. (d) Magnetization precession for the pump repetition
rate of 10 GHz in the range of magnetic fields of 3.3–3.6 kOe, which corresponds to the first resonant peak (black curve) in (b). A noticeable
increase of the precession amplitude is seen for the magnetic field of 3.46 kOe. (e), (f) Dependence of the precession amplitude on the magnetic
field for the pulse repetition rates of 1 GHz (e) and 10 GHz (f), respectively. Dotted red lines show the amplitude calculated from the model
given by Eq. (1a) and the black lines represent the experimental amplitudes.
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the photodetector, amplified by a factor of 1000, was fed into
a high-speed digitizer card, triggered by the synchronization
unit (TL-1000 LaserQuantum).

III. RESULTS

Since the effective magnetic field of the inverse Faraday
effect HIFE is directed close to the film normal and the mag-
netization in the ground state is oriented in the film plane,
the spins are subject to a torque generated by the pump
pulses. The torque initiates their precession around the to-
tal magnetic field [Figs. 1(c) and 1(d)]. As shown in our
previous works [10,23,27,28], if the frequency of the spin
dynamics is a multiple of the pump-pulse repetition rate,
a cumulative effect occurs, leading to a resonant increase
of the precession amplitude. This condition can be met by
changing the in-plane external magnetic field H since the
precession frequency depends on H as ν = γ

2π

√
H (H + Ha),

where Ha = 4πMs − 2Ku/Ms, and γ is the gyromagnetic ra-
tio. Here, we neglect the cubic anisotropy since K1 is three
times smaller than Ku. Note that ν corresponds to the fre-
quency of ferromagnetic resonance. Indeed, the behavior of
the spins is described by the Landau-Lifshitz equation, and
the initial conditions take into account the instant impact of
HIFE(t ) = h�t

∑+∞
m=0 δ(t − mT ), where δ(t ) is the Dirac delta

function, h is the amplitude of HIFE, and �t is the pulse
duration. As a result, in between two successive laser pulses
the magnetization precession is given by a decaying harmonic
function: θ (t ) = θ0e(−t/τ )sin(2πνt + ζ ), where τ is the decay
time, θ0 and ζ are the initial amplitude and phase of the
precession, respectively, given by

θ0 = γ 2Hh�t

2πν
(1 − 2e−T/τ cos 2πνT + e−2T/τ )−(1/2), (1a)

ζ = atan{e(−T/τ ) sin 2πνT [1 − e−T/τ cos2πνT )}, (1b)

It follows from Eq. (1a) that if νT = n, where n is an
integer, then the amplitude is maximized. The matching val-
ues of the precession frequency can be obtained by adjusting
the external magnetic field strength. At resonance, the initial
phase ζ = 0 [see Eq. (1b)]. If the external magnetic field leads
to a precession frequency right in the middle between two
resonant values, so that νT = n − 1/2, then the antiresonance
case takes place where the precession amplitude is minimized
to θmin. The factor K of the amplitude enhancement with
respect to single-pulse excitation θSP is found as

K = θmax

θSP
= (1 − 2e−(T/τ ) + e−(2T/τ ) )−1/2. (2)

Experimental studies confirm such a behavior of the pre-
cession amplitude when varying the external magnetic field.
The excited magnetization precession is traced by the probing
Faraday angle ψ (t ) ∼ θ (t ), so that the measured signal is
ψ (t ) = �e(−t/τ )sin(2πνt + ζ ). The experimental data were
thus approximated by this expression for ψ (t ), from which
the signal amplitude � was found [Figs. 1(e) and 1(f)].

For the repetition rate of the laser pulses of frep = 1 GHz
(T = 1 ns) the maximum amplitude �max is achieved at H =
1.72 kOe [Figs. 1(c) and 1(e)]. The resonance corresponds
to n = 5. On the other hand, for frep = 10 GHz (T = 0.1 ns)
the amplitude resonance is of first order (n = 1) and appears

at H = 3.46 kOe [Figs. 1(d) and 1(f)]. The figures below
show the normalized results. Initially, the energy density of
the pump pulse was 15 µJ/cm2 for the excitation frequency
of 10 GHz and 160 µJ/cm2 for the excitation frequency
of 1 GHz.

Usually, for iron garnets τ > T and it is not possible to
directly measure τ . Nevertheless, the decay time can be found
from the ratio of the maximal and minimal amplitudes of
precession, κ = θmax/θmin:

τ = T ln−1 κ + ξ

κ − ξ
, (3)

where ξ = 1 − 1/2n. As follows from Fig. 1(e), for T = 1
ns and n = 5: κ = 2.3, which, in accordance with Eq. (3),
gives τ = 1.1 ns. Therefore, Eq. (2) provides the enhancement
coefficient K = 1.7 for T = 1 ns. If the repetition rate of the
pulses is ten times higher, T = 0.1 ns, the enhancement factor
is much larger and reaches K = 11.5.

To trace multiple resonances across a wide range of ex-
ternal magnetic fields we performed micromagnetic modeling
using the MUMAX3 platform [21] [Fig. 1(b)]. It is seen that
when the magnetic field is swept, the resonances for T =
1 ns excitation appear ten times more frequently than for
T = 0.1 ns, while their amplitude is seven times smaller.
Here, we assumed that in both cases the pulses carry the same
energy, have the same duration, and are focused in spots of
equal diameter, so that they therefore produce equal HIFE. The
latter corresponds well with the data from experiment.

As one could see above, excitation of the spin dynamics
with a laser pulse train of higher repetition rate is more ef-
ficient if pulses of the same fluence are used. This fact might
turn out to be crucial in case of some constrictions on the max-
imum applicable laser power, e.g., due to sample overheating.

Also, it should be more advantageous for spectral selectiv-
ity of the spin waves and therefore provide lower dephasing.
Consequently, in what follows we concentrate on the excita-
tion of spin waves with the ultimately high repetition rate of
frep = 10 GHz (T = 0.1 ns).

The observed spin dynamics is the result of excitation and
propagation of magnetostatic spin waves (MSWs). Since the
external magnetic field is applied in the film plane (along the x
axis) [Fig. 1(a)], backward-volume MSWs and surface MSWs
are expected to contribute. The amplitude of magnetization
precession is strongly anisotropic as seen from Fig. 2 where
signal strengths measured as function of the distance between
the pump and probe beams are summarized for the resonant
case with � = 0 [panel (b)], as well as for negative � < 0
(a) and positive � > 0 (c) detuning. The decays of the sig-
nal along the x- and y axes are shown in the corresponding
panels (d)–(f) at the bottom. In the resonant case, the scan
along the X axis (along the magnetic field) shows signal up to
20 µm, while for the scan in the orthogonal direction no signal
is detected for distances larger than 5 µm [Figs. 2(b) and 2(e),
red and black curves]. This observation indicates that in our
case the backward-volume MSWs which propagate mostly
along the magnetic field are predominantly excited by the
pump. The absence of surface MSWs is due to the relatively
large pump beam diameter [8].

Periodic pumping can also lead to peculiar spatial dis-
tributions of the MSW amplitude, which is sensitive to the
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FIG. 2. (a)–(c) Color maps of the measured spatial distribution of the amplitude of the out-of-plane magnetization component of MSWs,
accessed through the amplitude of the Faraday rotation angle � of the probe for three different values of the external magnetic field: (a) below
the resonance, � < 0–H = 3.33 kOe, (b) at the resonance, � = 0–H = 3.46 kOe, and (c) above the resonance, � > 0–H = 3.66 kOe. (d)–(f)
Dependence of the amplitude of the spin waves on the coordinate along (X axis, red symbols) and perpendicular (Y axis, black symbols)
to the external magnetic field for H = 3.33 kOe (d), H = 3.46 kOe (e), and H = 3.66 kOe (f). Corresponding solid curves show fits to the
experimental data by Gaussian functions (see the text). Laser pulse repetition rate is 10 GHz.

detuning and consequently to the magnetic field. For this
reason, we recorded the precession signals not only along the
coordinate axes but also at other points around the pumped
area (Fig. 2). If the external magnetic field is below resonance,
i.e., � < 0 (H = 3.33 kOe), then the amplitude is rather small
and, moreover, the MSWs marginally propagate away from
the pumped area [Fig. 2(a)]. Even along the X axis the signal
can hardly be traced beyond the pump spot on the sample.

However, if the external field is set to the resonance, i.e.,
� = 0 (H = 3.46 kOe), then the distribution is modified
drastically [Fig. 2(b)]. Indeed, the precession amplitude gets
three times larger and, most importantly, the oscillations can
be traced well along the X axis for much longer distances,
meaning that the propagation distance of the excited MSW
wave packet is enhanced. Such an increase of the MSW prop-
agation distance is explained by the narrowing of the MSW
spectrum, which diminishes the dephasing rate due to the
interference of the different spectral components of excited
MSWs. Since the main reason for the MSW wave-packet de-
cay is dephasing, the dependence of its amplitude on a spatial
coordinate should be well described by a Gaussian function:
θ (r) = θ0e−r2/2σ 2

MSW , where σMSW is the Gaussian standard de-
viation, which in our case determines the propagation distance
of the MSW wave packet L = 2σMSW.

However, the experimentally observed spatial dependence
of the MSW wave-packet amplitude �(r) is a convolution of
θ (r) with the Gaussian profile of the probe beam:

�(r) = �me−r2/2σ 2
, (4)

where σ 2 = σ 2
pr + σ 2

MSW, and σpr = 3 µm is the Gaussian
parameter for the probe beam. Thus, approximating the ex-
perimentally measured dependence of the MSW wave-packet
amplitude with Eq. (4) [see the solid curves in Figs. 2(d)–2(f)]
allows us to quantify the notable increase of the propagation
distance along the X axis. It gives the MSW wave-packet
propagation length L for optical excitation of the ferromag-
netic resonance, i.e., L = 12 μm for � = 0, while for � < 0
(H = 3.33 kOe) and � > 0 (H = 3.66 kOe) one gets L =
4 µm and L = 10 µm, respectively. Therefore, the MSW wave
packet propagates much farther along the magnetic field when
matching the resonance condition and moderately long for not
too large positive �. The propagation along the Y axis remains
unchanged at the previous level so that a kind of unidirectional
MSW emission is achieved.

An additional degree of freedom appears for magnetic
fields exceeding the resonant one. While at H = 3.66 kOe the
amplitude diminishes, the propagation diagram modifies its
shape to an X-like shape [Fig. 2(c)] and pronounced diagonal
components appear.

Actually, a kind of MSW caustics establishes similarly to
the caustics observed earlier on a permalloy thin film [28].
However, in the current case the scales of the caustics are
larger as compared with propagation length in Ref. [17].

The special feature of our experimental approach is the
applied spatially- and time-resolved pump-probe technique,
which allows us to monitor the evolution of the magnetiza-
tion precession phase and consequently to measure directly
the phase velocity of the spin wave for a given direction.
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FIG. 3. Color maps of measured Faraday rotation angle showing the oscillations of the out-of-plane magnetization component in time and
space. The scans are measured along the X axis (a) and Y axis (b). The panels in (c) give the phases of the probe signals for three different
strengths of the external magnetic field. In each row three situations are shown: below the resonance, � < 0 (� = −3.8 × 10−2)–H = 3.33
kOe [(a)i, (b)i, (ci)], at resonance, � = 0–H = 3.46 kOe [(a)ii, (b)ii, (c)ii], and above the resonance, � > 0 (� = 5.5 × 10−2)–H = 3.66 kOe
[(a)iii, (b)iii, (c)iii]. Laser pulse repetition rate is 10 GHz.

The observed signals plotted for different distances between
the pump and probe beams along the X and Y axes are
shown in Figs. 3(a) and 3(b), which visualize the evolution
of the precession phase ζ (ξ ), where ξ is the displacement
between the pump and probe beams [Fig. 3(c)], and readily
give the average phase velocity of the MSW wave packet,
vph = 2πν( ∂ζ

∂ξ
)−1 for different detunings. For the shift along

the X axis we find: below the resonance (� = −3.75 × 10−2),

at H = 3.33 kOe, vph = −1.75 × 103 km/s, at the resonance
(� = 0), at H = 3.48 kOe, vph = −0.48 × 103 km/s, and
above the resonance (� = 5.53 × 10−2), at H = 3.66 kOe,
vph = −0.18 × 103 km/s. Since ∂ζ

∂ξ
< 0 [see the red curves in

Fig. 3(c)] the phase velocity is negative, which is due to the
backward character of the MSW, and its modulus decreases
with increasing �, i.e., for larger magnetic fields. The MSW
wavelength drops for increasing field from 175 µm at H =
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FIG. 4. (a) Color maps of the calculated spatial and temporal distribution of the amplitude of the out-of-plane magnetization component
of the MSWs, represented by the amplitude of the Faraday rotation angle of the probe for three different values of the external magnetic
field: (i) below the resonance � = −3.8 × 10−2–H = 3.33 kOe, (ii) at resonance � = 0–H = 3.46 kOe, and (iii) above the resonance � =
5.5 × 10−2–H = 3.66 kOe. (b) Instant spatial distribution of the out-of-plane magnetization component of the MSWs at H = 3.66 kOe.
Isophases are shown with the dashed curves. Normals to the isophase curves give the direction of the phase velocity. Laser-pulse repetition
rate is 10 GHz.

3.33 kOe to 18 µm at H = 3.66 kOe. The scans along the
Y axis give a similar behavior but with a positive detuning
∂ζ

∂ξ
> 0 at � > 0, so that the phase velocity gets positive

[Fig. 3(c),iii] which turns out to be essential for the formation
of the X shape at � > 0, as will be discussed further in the the-
oretical section. Therefore, a small variation of the detuning
� under periodic pumping of a magnetic sample allows one
to control the phase velocity and wavelength of the generated
spin waves.

IV. THEORETICAL CALCULATIONS AND
MICROMAGNETIC MODELING

In order to understand the mechanisms responsible for
the observed directionality patterns, we perform an additional
micromagnetic modeling which we consider as reliable.

Let us start from calculation of the signals spatially dis-
tributed along the X axis and Y axis [Fig. 4(a)]. They are
in excellent agreement with the corresponding experimental
signals in Figs. 3(a) and 3(b), and also confirm the neg-
ative (positive) phase velocity for the X displacement (Y
displacement) at � > 0. The sign of the phase velocity can
be understood if one plots the instant distribution mz(x, y)
of the out-of-plane component of MSW for the resonant
case [Fig. 4(b)]. The normal vectors to the isophase curves
represent the direction of the phase velocity vector vph at
different points. Due to the peculiar dispersion of the MSW
the isophases have rather complex shape and the distribution
of vph is anisotropic. Thus, at the points along the X axis, vph is
directed oppositely to the X axis, which explains the negative
sign of vph observed in Figs. 3(a)i–iii and 4(a)i–iii.

In order to understand the spatial distribution of the mag-
netic oscillations for different magnetic fields (Figs. 3 and 4),
let us consider the dispersion of the backward-volume MSWs,
which is given by [29]

ν(k) = γ

2π

√
H[H + HaF (kx, ky)], (5)

where F (kx, ky) = 1 + P(k)[1 − P(k)]( Ha
H )( ky

2

k2 ) − P(k)( kx
2

k2 ),

P(k) = 1 − 1−exp(−kl )
kL , and k =

√
k2

x + k2
y , l is the film thick-

ness. This dispersion relation is valid in the long-wavelength
approximation kl < 1/2. The dispersion curves for MSWs
propagating along the X axis in the sample for the three con-
sidered strengths of the magnetic field are shown in Fig. 5(a).

Focused pump pulses of radius r excite MSWs with
momenta k < 2

r = 0.5 µm−1 [15]. On the other hand, the ef-
ficiency of excitation of magnetization precession depends on
its frequency and in accordance with Eq. (1) maximizes at
ν = 10 GHz. In Fig. 5(a) the excitation efficiency is shown by
gradient blue color, where a more intense color corresponds to
a higher efficiency. At � = −3.8 × 10−2 all dispersion curves
lie within the frequency range corresponding to relatively high
excitation efficiency [the red curve in Fig. 5(a)]. However,
for � = 5.5 × 10−2 only the long wave-vector part of disper-
sion falls into the range of excited frequencies [blue curve in
Fig. 5(a)], while for � = −3.8 × 10−2 only near-zero wave
vectors are attainable by the pulse train [the black curve in
Fig. 5(a)]. This explains the highest spin-wave amplitude at
� = 0.

In order to understand the directionality patterns of the
MSWs observed for three different external fields, let us
consider the isofrequency curves ky(kx ) corresponding to the
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FIG. 5. (a), (b) Dispersion of backward MSW calculated according to Eq. (4) (a) and optimal isofrequency curves (b) for three external
magnetic fields: 3.33 kOe (� = −3.8 × 10−2), 3.46 kOe (� = 0), and 3.66 kOe (� = 5.5 × 10−2). (с)–(e) Color maps of the calculated spatial
distribution of the amplitude of the out-of-plane magnetization component of the MSWs at three different values of the external magnetic field:
(c) H = 3.33 kOe, (d) H = 3.46 kOe, and (e) H = 3.66 kOe.

frequencies optimal for MSW excitation at different detun-
ings: ν = 9.6 GHz for � < 0 (H = 3.33 kOe) [black curve in
Fig. 5(b)], ν = 10.0 GHz for � = 0 [red curve in Fig. 5(b)],
and ν = 10.4 GHz for � > 0 (H = 3.66 kOe) [blue curve in
Fig. 5(b)]. The group velocity of the MSW, vgr , is perpen-
dicular to these curves (see red arrows). There is a notable
difference between these three curves: while at � < 0 (black
curve) and � = 0 (red curve) the second derivative of the
isofrequency function ky(kx ) keeps its sign at any accessible
kx, at � > 0 an inflection point appears at kx = 0.48 µm−1,
which is favorable for the formation of a caustics [17]. The
group velocity at this point is directed at around 45◦ relative to
H [black arrow in Fig. 5(b)]. As a result, the calculations give
an X-shaped directionality pattern of the MSW [Fig. 5(e)],
which is in good agreement with the experimental results
[Fig. 2(c)]. The calculated MSW patterns at other magnetic
fields are also in good agreement with the experimental distri-
butions [Figs. 5(c) and 5(d) vs Figs. 2(a) and 2(b)].

V. CONCLUSION

In conclusion, we compare the excitation of spin waves
in an iron garnet film using high-frequency repetition-rate
laser pulses at 1- and 10 GHz, matched to the ferromagnetic
resonance. The use of high-frequency pumping allows one
to selectively excite the spin waves of certain phase velocity

and wavelength, which can vary greatly under the action of
small magnetic fields. Moreover, we show that for pulses with
the same energy density, the extremely high repetition rate of
10 GHz leads to a more efficient resonant excitation of spin
waves compared to a frequency of 1 GHz.. In particular, it
substantially narrows the spectrum of optically generated spin
waves. This might be also crucial when there are limitations
for the maximum energy per pulse that can be applied to
a sample. Also, high-frequency pumping has the ability to
change the directionality diagram of spin waves when the
detuning between repetition rate and ferromagnetic resonance
is varied, which can be accomplished by fine-tuning of the
external magnetic field. The results obtained may be useful
for controlling the frequency and directional spectrum of spin
waves, which is important for magnonic devices.
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