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Generation of spin waves by a train 
of fs-laser pulses: a novel approach 
for tuning magnon wavelength
I. V. Savochkin1,2, M. Jäckl  3, V. I. Belotelov1,2, I. A. Akimov3,4, M. A. Kozhaev  2,5,  
D. A. Sylgacheva1,2, A. I. Chernov2,5, A. N. Shaposhnikov6, A. R. Prokopov6, V. N. Berzhansky6, 
D. R. Yakovlev3,4, A. K. Zvezdin5,7 & M. Bayer3,4

Currently spin waves are considered for computation and data processing as an alternative to charge 

currents. Generation of spin waves by ultrashort laser pulses provides several important advances 

with respect to conventional approaches using microwaves. In particular, focused laser spot works as 
a point source for spin waves and allows for directional control of spin waves and switching between 

their different types. For further progress in this direction it is important to manipulate with the 
spectrum of the optically generated spin waves. Here we tackle this problem by launching spin waves 

by a sequence of femtosecond laser pulses with pulse interval much shorter than the relaxation time 

of the magnetization oscillations. This leads to the cumulative phenomenon and allows us to generate 

magnons in a specific narrow range of wavenumbers. The wavelength of spin waves can be tuned 
from 15 µm to hundreds of microns by sweeping the external magnetic field by only 10 Oe or by slight 
variation of the pulse repetition rate. Our findings expand the capabilities of the optical spin pump-
probe technique and provide a new method for the spin wave generation and control.

Nowadays moving from electric currents to spin waves (SW), or magnons, is considered very promising for the 
further development of telecommunication technologies. �ereby losses should be diminished and processing 
speed tremendously increased1–3. Spin excitations and their detection can be accomplished all-optically by the 
pump-probe technique4. �e femtosecond (fs) laser pump pulses cause magnetization oscillations in a magnetic 
sample either by the ultrafast demagnetization, or by the magnetocrystalline anisotropy, or by the inverse Faraday 
e�ect4–14. �e probe pulse hits the sample at some delay with respect to the pump pulse and provides infor-
mation about the magnetization direction through its polarization change, using the Faraday or Kerr rotation 
magneto-optical e�ects.

Non-local spin precession, i.e. propagating SW excitation, was �rst optically excited by M. van Kampen et al.15 
in ferromagnetic metals (permalloy, nickel) by local heating of the sample with 100-fs-laser pulses. Non-thermal 
optical excitation of the SWs was demonstrated by Satoh et al.16 in magnetic dielectrics. �is breakthrough work 
revealed the advantages of the optical approach. In detail, the authors of ref. 16 used focused femtosecond laser 
pulses with circular polarization. �e light pulses induced an e�ective magnetic �eld HF inside the magnetic 
medium due to the inverse Faraday e�ect17, 18. �is �eld exists in the medium during propagation of light through 
the sample and de�ects the magnetization from its equilibrium orientation, thereby launching SWs. �e appeal-
ing feature of this approach is that it allows one to originate a point source of SWs by focusing light in a micron- 
or even submicron-sized spot. Secondly, the optical approach is contactless and the excitation spot can be easily 
shi�ed across the sample from one point to another. Moreover, spatial shaping and sizing of the light pulse modify 
the spectrum and distribution of the SW wavenumbers16. In the ensuing papers19–22 additional advantages of this 
technique were identi�ed, including phase control and switching between di�erent types of SWs.
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In all aforementioned works, SWs were generated in a “single pulse” regime when the laser pulses hit the sam-
ple relatively rare so that the magnetization oscillations excited by a previous pulse have already vanished before 
the next one. As a result, the spectrum of the SWs is rather broad. Double-pulse optical excitation was explored 
in refs 9 and 23. Only few papers have addressed the magnetization control in a multiple-pulse regime so far24, 25.  
In ref. 24 the magnetization was in�uenced by a sequence of picosecond acoustic pulses. Optical generation 
of SWs by a train of laser pulses was demonstrated in ref. 25, which allowed one to increase the SW amplitude 
signi�cantly.

In the present work we identify a novel feature of the periodic optical excitation of SWs. In particular, we 
excite magnetization of the sample with a sequence of circularly polarized pulses at a high repetition rate so high 
that the interval between pulses is shorter than the decay time of oscillations, which provides a phenomenon of 
frequency selection: �ose SWs whose frequencies are multiples of the laser pulse repetition rate are mostly sup-
ported while SWs with frequencies that are semi-integer multiples to the laser pulse repetition rate become sup-
pressed. As a result, SWs are generated in a speci�c narrow range of wavenumbers. Furthermore, modifying the 
laser pulse repetition rate or the strength of the external magnetic �eld provides signi�cant tunability of the SW 
wavelength. In our particular case, we have chosen a magnetic �lm with such magnetic parameters and thickness 
that it allows us to change the SW wavelength by about 20 times from 15 µm to 290 µm with just a tiny variation 
of the external magnetic �eld by a few percent.

Experimental
�e experimental studies were performed on two thin magnetic �lms of bismuth iron-garnet epitaxially grown 
on gadolinium gallium garnet substrates. �e �rst �lm (sample-A) is 0.6-µm-thick, has composition of (Bi1.4Y1.6)
(Al1.6Sc0.2Fe3.2)O12 and was grown on a (CaMgZrGd)3Ga5O12 substrate, while the other one (sample-B) is 
5.0-µm-thick, has composition of (Bi0.9Lu1.4Tm0.4Y0.2Sm0.1)(Fe4.7Ga0.3)O12 and was grown on a Gd3Ga5O12 sub-
strate26, 27. Due to the di�erence in composition the two samples di�er in magnetic parameters: for the sample-A 
the magnetization of saturation is 4πMs = 348 Oe, the uniaxial anisotropy constant is Ku = 103 erg ∙ cm−3 and the 
cubic anisotropy constant is K1 = −5 ∙ 103 erg ∙ cm−3 and for the sample-B 4πMs = 1000 Oe, Ku = 3.0 ∙ 104 erg ∙ cm−3 
and K1 = −1.2 ∙ 103 erg ∙ cm−3.

In the pump-probe technique, the magnetization dynamics is excited by circularly polarized pump pulses and 
is observed by the variation of the Faraday rotation angle Ψ of the linearly polarized probe pulses propagating 
through the sample at some time delay with respect to the pump pulses (Fig. 1a). Generation of the SWs is studied 
by spatial displacement of the pump beam with respect to the probe one. �e external magnetic �eld up to 600 Oe 
is applied in the sample plane using an electromagnet. All measurements are performed at room temperature.

�e experiments were performed using two pump-probe set-ups with lasers having di�erent pulse repetition 
rates of 1 GHz and 80 MHz, corresponding to intervals between pulses of T1 = 1 ns and T2 = 12.5 ns, respectively. 
In both cases the pump and the probe beams are focused onto the sample using a single re�ective microscope 
objective with a magni�cation factor of 15 comprising 4 sectors through which the light can enter the sample. �e 
second objective in transmission geometry is used to collect and collimate the probe beam to the polarimetric 
detection scheme, which comprises a polarization bridge and a balanced photoreceiver. Pump and probe beams 
are incident at angles of 17 degrees in planes orthogonal to each other (the XZ- and YZ-planes in Fig. 1a). �e 
pump and probe pulses are focused into spots with radii of r0 = 5 µm.

�e �rst setup is based on asynchronous optical sampling (ASOPS)28. Two independent Ti:Sapphire laser 
oscillators (Gigajet TWIN 20c/20c) for the circularly polarized pump and the linearly polarized probe beams emit 
50 fs pulses at a rate of about f = 1 GHz. �e center wavelengths of the pump and the probe beam are tuned to 
810 nm and 850 nm, respectively. �e pump pulse energy is around 50 pJ while the probe pulse energy is about 
3 pJ. �e repetition frequencies of the oscillators are synchronized to each other with a small o�set of ∆f = 20 kHz 
using a TL-1000-ASOPS unit. As a result, the relative time delay between pump and probe pulses is repetitively 
ramped from zero to 1 ns within a scan time of 50 µs. In this case the ultrafast signal is linearly stretched in time 

by a factor about ×
∆
~ 5 10

f

f

5 and made accessible to fast data acquisition electronics. Each of the transient 

traces is accumulated 106 times corresponding to an accumulation time of about 50 s. �e angle of Faraday rota-
tion for the probe beam polarization Ψ is measured using a polarization bridge which comprises a Wollaston 
prism and a 10-MHz balanced photodetector. �e ampli�ed signal is sent to a high speed multi-channel digitizer 
triggered by the ASOPS system at the frequency of 2 kHz. The resulting Faraday rotation angle is given by 
Ψ(t) = dU(t)/4Udc, where dU(t) is the time-resolved di�erential signal and Udc is the average intensity measured 
with one of the photodiodes.

�e second setup comprises a Spectra Physics Mai Tai HP Ti:Sapphire laser, operating at 80.68 MHz repeti-
tion rate, which is combined with a Spectra-Physics Inspire Auto 100 optical parametric oscillator. �e duration 
of laser pulses is 200 fs. �e delay line is formed by a retrore�ector mounted on a linear stage. �e time delay 
between pump and probe pulses is varied from −0.5 to 2.6 ns, where zero time delay corresponds to simultaneous 
propagation of the pump and probe pulses through the sample. �e pump and probe beam radii r0 = 5 µm. Energy 
of the pump pulse is 370 pJ, wavelength is 620 nm and energy of the probe pulse is around 10 pJ, wavelength is 
820 nm. �e polarization of the pump pulses was modulated at 40 kHz frequency between right- and le�-handed 
(σ+ and σ−) circular by a photo elastic modulator. A balanced diode detector in combination with a lock-in 
ampli�er was set to the modulation frequency to measure the linearly polarized probe signal a�er propagation 
through the sample.

Results
�e laser with 80 MHz repetition rate excites in the sample-A magnetization precession with slightly decaying 
amplitude as is seen by probing the area illuminated by the pump pulses (Fig. 1b). �e decay time is τA = 13 ns, so 
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that 
τ

~ 1
T

A

2 . Considerable oscillations excited by the previous pulse are still visible at negative time delay. For 

sample-B the decay time is signi�cantly shorter: τB = 0.8 ns, and 
τ

 1
T

B

2  (Fig. 1c). For the 1GHz-laser the pulse 

interval is much shorter and, therefore, 
τ

 1
T

A

1  and 
τ

~ 1
T

B

1 . �erefore, we have three di�erent situations here: 

case-I, where the oscillation decay occurs much slower compared to the pulse interval 
τ

( )1T

A

1 ; case-II, where 

the oscillation decay time is comparable to the pulse interval 
τ

~( )1T

A

2 ; and case-III, where the oscillations decay 

is much faster in comparison to the pulse interval 
τ

( )1T

B

2 . One therefore expects that the spectra of the gener-

ated SWs di�er in these cases. �e immediately emerging question is whether it is possible to use appropriate 
excitation conditions to modify the SW spectrum signi�cantly with respect to that in the single-pulse excitation 
regime in order to generate SWs with a much narrower spectrum of wavenumbers that can be tuned by a mag-
netic �eld?

Let us �rst consider in detail the case-I where the pump pulses impinge on the sample with an interval much 
shorter than the decay time of the excited magnetic oscillations and therefore a cumulative e�ect of the laser 
pumping is expected. If the probe beam is shi�ed away from the excitation spot the oscillations are still observed 
but their amplitude and phase change as shown by the red-blue colored contour plots of the Faraday rotation 
angle at di�erent delay times (t) and displacements (x) (Fig. 2a,c,e). �e propagation of the spin waves is clearly 
seen as becomes evident for shi�s larger than 4 µm when the overlap between the pump and probe spots becomes 
negligible. �e decrease of the oscillation amplitude with increasing distance is related to the spread of SW energy, 
while the linear change of the SW phase is due to propagation of the SW at a given phase velocity. �e experi-
mental data are well reproduced by calculations based on the SW dispersion in sample-A (Methods) (Fig. 2b,d,f).

�e experimental data can be described as Ψ(x, t) = Ψ0(x)e−t/τsin(2πνt + ξ(x)), where Ψ0(x), ν and ξ(x) are 
the oscillation amplitude, frequency and phase, respectively, and τ is the decay time. Remarkably, ξ(x) and Ψ0(x) 
depend strongly on magnetic �eld (Fig. 3a, and inset). At the same time, the SW frequency ν = 2 GHz remains 
nearly the same, which is an integer multiple of the 1GHz-laser pulse repetition rate. �is is a clear hint that peri-
odicity of the optical excitation is a key factor in the observed phenomena.

Figure 1. Excitation of the magnetization dynamics by the periodic pulses. (a) Scheme of the pump-probe 
experiment. �e sample is illuminated with pairs of pump and probe pulses. �e time delay between the pump 
and probe pulses varies ∆tn from 0 to 2.6 ns. (b,c) Oscillations of the Faraday rotation of the probe beam 
polarization, demonstrating magnetization precession in the sample-A (b) and B (c) excited by the 80MHz-
laser. �e external magnetic �eld is 590 Oe. (d) �ree considered cases of the ratio of the interval between pump 
pulses (T) and decay time of the magnetization precession (τ): 

τ

 1
T

A

1  (case-I), 
τ

~ 1
T

A

2  (case-II), and 
τ

 1
T

B

2  

(case-III). Red curve represents the magnetization precession and the blue one represents e�ective magnetic 
�eld of the inverse Faraday e�ect.
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Amplitude of the generated SWs has pronounced maximum at H = 570 Oe (inset of Fig. 3a). Slight deviation 
of H by 10 Oe makes the signal hardly observable and Ψ0 drops by 5 times. Going further from the resonant mag-
netic �eld decreases the signal amplitude below the noise level.

Figure 2. In�uence of the external magnetic �eld on the propagation of SWs excited by the 1GHz-laser in 
sample-A (case-I). Color contour plots of experimentally measured (a,c,e) and calculated (b,d,f) oscillations 
of the out-of-plane magnetization component in time and space, detected through the Faraday rotation Ψ(x, t) 
at three di�erent values of the external magnetic �eld H = 563 Oe (a,b), 568 Oe (c,d), and 573 Oe (e,f). For the 
calculations we use the Gilbert damping constant α = 4 × 10−3 which provides the best correspondence with the 
experimental data.
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Starting from x = 4 µm the function ξ(x) becomes linear (Fig. 3a), ξ(x) can be represented as ξ(x) = kmx, which 
indicates generation of SWs with mean wavenumber km. For the external magnetic �eld varying from H = 560 Oe 
to 577 Oe the slope of the linear part of ξ(x) increases tremendously by about 20 times which corresponds to 
growth of km from 0.022 rad µm−1 to 0.4 rad µm−1. At the same time, the mean wavelength of SWs, λm = 2π/km, 
varies from 15 to 290 µm. �e change of SW wavelength with external magnetic �eld is directly visible in the plots 
demonstrating Ψ(x, t = const) measured at �xed moments (Fig. 3b).

In the case-II (SW excitation in sample-A with the 80MHz-laser) the periodicity of pulses remains important 
for the observed spin dynamics. Even in spite of the fact that the oscillation amplitude is reduced by a factor of 
3 at the moment of subsequent pulse arrival (since T2 ~ τA ~ 13 ns), the dependency of ξ(x) varies with external 
magnetic �eld noticeably (Fig. 3с). Consequently, in this regime the cumulative e�ect of the pump pulses is still 
present.

Finally, we consider the case-III, when the oscillations have decayed signi�cantly before the next pulse arrival. 
In contrast to the previous data, the rate of the phase variation and, therefore km, do not change with magnetic 
field within the accuracy of the experiment (Fig. 3d). The SW amplitude remains almost constant as well. 

Therefore, for 
τ

 1
T

B

2  (τB = 0.8 ns) the cumulative effect is absent and no tuning of the SW wavelength is 

possible.

Figure 3. In�uence of the external magnetic �eld on the phase and wavenumber of the spin waves optically 
generated by the 1GHz-laser in sample-A (a,b), and by the 80MHz-laser in sample-A (c), and sample-B (d). 
�e spin waves are traced along the x-axis. (b) Distribution of the SW magnetization component parallel to the 
probe beam (measured by Faraday rotation, Ψ) at the moments when it is maximal at x = 0. Insets: amplitude 
of the spin waves (measured by Faraday rotation, Ψ0) at x = 0 versus external magnetic �eld. Experimental data 
are shown as dots while calculation results are presented by solid curves. For the calculations of the phase ξ(x), 
α = 4 × 10−3 for the sample-A (a–c) and α = 20 × 10−3 for the sample-B (d) are taken. For the calculations of the 
SW amplitude, αSW = 6.5 × 10−3 (insets in a and c).
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Cases-I and II di�er from case-III also in terms of the SW amplitude variation with magnetic �eld (insets in 
Fig. 3a, c and d): while for the �rst two cases Ψ0 depends strongly on H (insets in Fig. 3a,c), for the third one Ψ0 
remains almost constant (insets in Fig. 3d). In the cases-I and II, Ψ0(H) has maxima at the H-strengths when the 
oscillation frequency ν is a multiple of the laser repetition rate. Such behavior points toward the phenomenon of 
oscillation synchronization. It is important to clarify how the synchronization e�ciency depends on ν.

Discussion of the observed phenomena
Theoretical model for the uniform magnetization precession under periodic pumping. In order 
to estimate the e�ciency of the optical excitation of SWs with di�erent wave vectors and to explain the observed 
results we will consider the magnetization precession within the illuminated spot of the �lm. Let us consider 
uniform precession of the magnetization M(t) under the in�uence of the temporally periodic e�ective magnetic 
�eld of the inverse Faraday e�ect, HF(t). �e Lagrange function, L(t), and the dissipation Rayleigh function, R(t), 
in spherical coordinates (Fig. 1a) can be written as:

γ
θ ϕ= − −˙L

M
U(1 cos ) ,

(1a)

α
γ
θ θϕ= +˙ ˙R

M

2
( sin ),

(1b)

2 2 2

where γ is the gyromagnetic ratio, α is the Gilbert damping constant, θ and ϕ are the polar and azimuth angles of 
M in the spherical coordinate system with the z-axis along the �lm normal (Fig. 1a) and the free energy density U 
of the magnetic �lm U = −K sin2θ − MH sin θ cos ϕ − MHF(t) cos θ.

When the �lm is magnetized in-plane it is convenient to change to the angle θ1 = π/2 − θ, since θ ≪ 1, which 
allows one to linearize Eq. (1). In the case of small Gilbert damping (α ≪ 1) Eq. (1) lead to the following Euler 
equations for the magnetization dynamics:

θ ω ϕ α ω ω θ αω= − + + ( ) , (2a)H a H F1 1

ϕ ω ω θ ω αω ϕ= − + + − ( ) , (2b)a H F H1

where ωH = γH, ωa = γ(4πM − 2Ku/M), ωF = γHF(t). Note that θ1 is directly related to the observed Faraday angle: 
θ1 = Ψλn/πgl, where n and g are the refractive angle and magnetooptical gyration of the magnetic �lm and l is its 
thickness29.

If the pulse duration ∆t is su�ciently small (∆t ≪ T, ω−H
1) and the pulses arrive periodically, then the �eld of 

the inverse Faraday ef fect  can be represented as a series of  δ-functions of amplitude h : 

δ= ∆ ∑ −=
+∞H t h t t mT( ) ( )F m 0 .

The solution of Eq. (2), θ1(t), is a periodic function with period θ θ ξ= πν +
τ−t t e( ) sin(2 ) t

1 0
/ 0 at 

mT < t < (m + 1)T, m ≫ 1. Here ν ν ν τ ν= − ≈
−1 ( )0 0 0
1

0, ν ω ω ω= +
π

( )H H a0
1

2
, and τ0 = 2/α(2ωH + ωa). 

Amplitude, θ0, and phase, ξ, are given by:

θ
γ

πν
πν=

∆
− +

τ τ− − −Hh t
e T e

2
(1 2 cos2 )

(3a)
T T

0

2
/ 2 / 1

20 0

ξ πν πν= −
τ τ− −e T e Tatan[ sin2 (1 cos2 )] (3b)

T T/ /0 0

Frequency dependence of the amplitude and phase of magnetization precession in the illumi-
nated magnetic film area. Even though the theoretical model above is derived for uniform oscillations 
in space, it can be applied for calculation of the oscillation amplitude within the pump spot when SWs are gen-
erated. �e SWs spread the oscillation energy away from the area illuminated by the pump pulses. Moreover, 
the broad spectrum of SWs also causes a decrease of the observed oscillation amplitude due to desynchroni-
zation and destructive interference of di�erent harmonic modes. �ese phenomena lead to excess damping of 
the oscillations in the pumped area. �erefore, generation of SWs can be taken into account by introducing an 
e�ective damping constant αSW that is larger than the Gilbert one in Eqs. (1–3). �e constant αSW can be found 
from �tting the experimentally measured dependence of the oscillation amplitude on magnetic �eld, Ψ0(H), with 
Eq. (3) taking into account that θ1 ~ Ψ (solid curves in the insets of Fig. 3a,c). �us, we get for the cases-I and II 
αSW = 6.5 × 10−3.

In accordance with Eq. (3a), for periodic pumping, the SW amplitude depends on the SW frequency. If the 
frequency is equal to or a multiple of the laser pulse repetition rate then synchronization between the magneti-
zation precession and the pump pulses takes place and the SW amplitude increases. On the contrary, for the SWs 
with frequencies that are semi-integer multiples of the laser pulse repetition rate the SW amplitude becomes 
suppressed. �e phase of the SWs also varies with changing the SW frequency (see Eq. (3b)). In particular, in 
the synchronization regime the phase vanishes which allows perfect matching of the magnetization oscillations 
excited by consecutive pump pulses. As the SW frequency is determined by the external magnetic �eld the SW 
amplitude and phase can be tuned by the magnetic �eld.

�e dependence of θ0(ν) is mostly determined by the e�ective �eld of the inverse Faraday e�ect, h, and the 
ratio T/τ, where τ = 2/αSW(2ωH + ωa). In fact, θ0(ν) determines e�ciency of the oscillation synchronization.



www.nature.com/scientificreports/

7Scientific RepoRts | 7: 5668  | DOI:10.1038/s41598-017-05742-x

For relatively frequent pump pulses such that T ≪ τ0, which corresponds to the excitation of sample-A with 
the 1GHz-laser, the pumping leads to a cumulative e�ect. As a result, θ0(ν) has sharp peaks with maxima at 
v = m/T. At these frequencies synchronization of the magnetization oscillations excited by consecutive laser 
pulses occurs. It explains observed signi�cant growth of the SW amplitude (inset in Fig. 3a). Near the maxima, 
θ0(ν)can be approximated by a Lorentzian with full width at half maximum (FWHM) δν = 1/πτ0. Because T ≪ τ, 
we have δν 

T

1 .
When T/τ ≥ 1, corresponding to excitation of both samples with the 80MHz-laser, θ0(ν)is given by a harmonic 

oscillation around a constant: θ πνν = +
γ

πν

τ∆ −e T( ) (1 cos2 )
Hh t T

0 2

/
2

0 . �e maxima of θ0(ν) appear at ν = m/T, how-
ever, they are less pronounced. Accordingly, SW amplitude varies less notably than in the case-I (inset in Fig. 3c). 
�e FWHM of the θ0(ν) peaks can be thus estimated as δν = τe T/T/ 0 .

Dependence of the SW amplitude on wavevector. �e dependence of the SW amplitude on wavevec-
tor, Θ0(k) is governed by the Fourier transform of h(r) in k-space, h k( ). As the magnetic �eld of the inverse 
Faraday e�ect is proportional to the intensity I(r) of the circularly polarized beam: h(r)~I(r), h k( ) is determined 
by I(r). For uniform illumination of the magnetic �lm δ=

 h hk k( ) ( ) and only magnetic oscillations with k = 0 are 
excited. For focused laser beam illumination, SWs with nonzero wavenumbers can be generated. In particular, for 
a Gaussian beam of radius r0: π= −

h h r rk k( ) exp( /4)0 0
2
0
2 . Actually, the focused laser spot acts here as a kind of 

SW antenna with wavenumber bandwidth 0 < k < kmax, constrained by h k( ): Θ −~ rk k( ) exp( /4)0
2
0
2  and, conse-

quently, kmax = 2/r0. �us for our experiments with a pump spot radius of r0 = 4 µm: kmax = 0.5 rad µm−1.
If SWs are generated by a sequence of pump pulses, then the cumulative e�ect modi�es Θ0(k). In this case 

Θ0(k) is also governed by θ0(v) and the SW dispersion, v(k): θΘ −~ rk k k( ) ( )exp( /4)0 0
2
0
2 , where θ θ ν=

 k k( ) ( ( ))0 0 . 
�erefore, the e�ciency of generation of SWs with some particular k also depends on the ratio T/τ.

Dependence of the spin dynamics on the ratio of T/τ. Let us consider how θ0(v) and Θ0(k) vary with 
T/τ and begin from case-I (T1 ≪ τA) when the sample-A is excited by the 1GHz-laser (Fig. 4a). �e wavenum-
ber range limited by kmax = 0.5 rad µm−1 determines the frequency range of SWs through the dispersion relation 
v(k), limiting it to ∆ν = 53 MHz width (Fig. 4a, central panel). On the other hand, periodic pumping due to the 
synchronization phenomenon leads to the sharp peaks in θ0(v) (δν = 21 MHz) that are separated by the 1 GHz 
interval (Fig. 4a, le� panel). As ∆ν ≪ 1 GHz, only one peak of θ0(v) can appear within the frequency band of 
SWs. In addition, for optical generation of SWs this frequency band must be tuned such that it contains one of 
the peaks in θ0(v). �is condition is accomplished, for example, for the external magnetic �eld having a strength 
from 559 Oe to 578 Oe. �is explains why for magnetic �elds larger or smaller than this interval, the laser pulses 
do not excite SWs (see inset in Fig. 3a).

�e dependence of the SW amplitude on wavenumber also shows a peak that is related to the peak structure 
of θ0(v) (Fig. 4a, lower panel). Position and width of this peak depend on the dispersion relation and, therefore, 
on the external magnetic �eld. �is is a unique feature of the periodic excitation of SWs. �us, for H = 559 Oe 
and H = 563 Oe, the maximum of Θ0(kx) is at kx = 0. At the same time, when H = 568 Oe the maximum of Θ0(kx) 
is shi�ed to kx = 0.11 rad µm−1 and further to kx = 0.22 rad µm−1 and kx = 0.35 rad µm−1 for H = 568 Oe and 
H = 579 Oe, respectively. �is explains the observed tunability of the SW wavenumber via the external magnetic 
�eld since by analyzing the experimentally measured ξ(x) plots we �nd just the wavenumbers that correspond to 
the maxima of Θ0(k).

If 
τ

 1
T  then the FWHM of Θ0(kx) is given by δk ~ 2/(τvg), where vg is the SW group velocity. In the case-I, 

δk ~ 0.2 rad µm−1. �e narrowest range of generated SW wavenumbers appears for H = 563 Oe, where the maxi-
mum of Θ0(kx) is at kx = 0: 0 < k < 0.11 rad µm−1.

When the sample-A is excited by the 80MHz-laser (case-II, T2 ~ τA), the function θ0(v) also has relatively sharp 
peaks (δν = 23 MHz) but their separation is much smaller, 80 MHz (Fig. 4b, le� panel) and for that reason the SW 
frequency band always contains one peak of θ0(v) (Fig. 4b, central panel). As a result, SWs are generated for any 
external magnetic �eld, even though with varying amplitude (inset in Fig. 3b). �e behavior of Θ0(k) for di�erent 
magnetic �elds is similar to case-I, but δk is a bit larger, and the maximum of Θ0(k) varies in a slightly smaller 
range. For example, for H = 579 Oe in the case-II, Θ0(k) does not have any maximum, while in the case-I it has 
one at kx = 0.35 rad µm−1. Consequently, the synchronization phenomenon for T2 ~ τA still remains prominent.

�e case-III corresponding to the sample B excited by the 80MHz-laser (T2 ≫ τB), is quite di�erent from the 
two previous cases. Indeed, SWs are excited with almost constant amplitude that is hardly oscillating around the 
mean value and δν = 405 MHz (Fig. 4c, le� panel). �is gives an almost monotonic dependence of the SW ampli-
tude on wavenumber, which merely changes for di�erent values of the external magnetic �eld (Fig. 4c, low panel). 
�erefore, if the pump pulse impinges on the sample comparatively rarely then one �nds a situation similar to the 
single-pulse regime.

Consequently, the ratio of T/τ is crucial for the cumulative phenomenon. �us, for the iron-garnet �lms 
with ultra low magnetic losses and small group velocity of SWs the e�ective damping constant can be as small 
as αSW = 1 × 10−4 30. In this case periodic pumping would lead to even sharper resonances of Θ0(k), that allows 
to excite SWs in narrow band of wavenumbers δk ~ 6 × 10−3 rad µm−1 and enhancement of the SW amplitude by 
about 800 times (Fig. 4d).

Conclusion
We have demonstrated the in�uence of periodic optical pumping on the spectrum of generated spin waves. �e 
most prominent results are obtained for the case when the interval between laser pulses is much shorter than 
the decay time of the spin waves. It allows for an e�cient synchronization of the magnetic oscillations and, as a 
result, a signi�cantly modi�ed dependence of the spin wave amplitude on wavenumber. In detail, if a magnetic 
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sample is excited rarely by laser pulses then the maximum of the SW amplitude corresponds to zero wavenumber 
for any magnetic �eld. On the contrary, illumination of the sample with frequent pulses modi�es the shape of the 
wavenumber dependence of the SW amplitude: the maximum might be shi�ed to nonzero wavenumbers, which 
makes it quite sensitive to the external magnetic �eld or the repetition rate of the laser pulses. Moreover, the range 
of wavenumbers of the generated SWs becomes smaller. In addition to that the SW amplitude is signi�cantly 
enhanced. �is precisely adjustable phenomenology is of prime interest for magnonics because it expands con-
siderably the potentialities of ultrafast optical generation and control of SWs.

Methods
Calculation of SW excitation by focused laser pulses. �e in�uence of the optical pulses on the mag-
netization can be described in terms of the amplitude of the e�ective magnetic �eld of the inverse Faraday e�ect, 
h. Due to the Gaussian shape of the laser beam = −h h rr r( ) exp( / )0

2
0
2 , where r0 is the radius of the laser beam 

de�ned as the distance from the beam axis at which the light intensity is reduced e times. Since the probe pulses 
are incident almost normal to the �lm, the observed signal (variation of the Faraday angle Ψ) is proportional to 
the angle θ1 included by the magnetization and the surface of the magnetic �lm. �erefore, to model the experi-
mental data, the angle θ1(r, t) should be calculated as function of r and t. It can be found as superposition of the 
SWs generated by N pump pulses: θ θ= ∑ −=

−t t nTr r( , ) ( , )n
N

S1 0
1

1 , where θ1S(r, t) corresponds to the SW excited 

Figure 4. Dependences of the SW amplitude on frequency (upper le� panel) and wavenumber (lower panel) 
for di�erent ratios of the pump-pulse interval and the SW decay time. SWs are generated by the 1GHz-laser in 
the sample-A (a), and by the 80MHz-laser in the sample-A (b), and the sample-B (c) for di�erent strengths of 
the external magnetic �eld. In the upper right panels the SW dispersions are shown. αSW = 5 × 10−3 (a,b) and 
αSW = 20 × 10−3 (c), as found from �tting the experimentally measured dependence of the SW amplitude on the 
external magnetic �eld. (d) Calculations for the magnetic �lm with ultra low damping, = . ×

τ

−1 25 10
T 3 

(αSW = 1 × 10−3).
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by a single pulse, and n is an integer, n ≤ N. For numerical calculation we used N = 100 to achieve a quasi-station-
ary magnetization dynamics.

�e function θ1S(r, t) is given by integration over wavenumbers k = (kx, ky)
16:

∫θ β ω αω= − −t d h t tr k k kr k k( , ) ( ) sin( ( ) ) exp( ( ) ),
(4)1

where β is a proportionality coe�cient, π= −h h r rk k( ) exp( /4)0 0
2
0
2  is the Fourier transform of h(r) in k-space, 

ω(k) is the SW frequency, and α is the Gilbert damping constant. �e dispersion of SWs ω(k) was calculated from 
the transcendental equations for the backward magnetostatic spin waves31.
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