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ABSTRACT

Spin waves in magnetic microresonators are at the core of modern magnonics. Here we demonstrate a new method of tunable

excitation of different spin wave modes in magnetic microdisks by using a train of laser pulses coming at a repetition rate

higher than the decay rate of spin precession. The microdisks are etched in a transparent bismuth iron garnet film and the light

pulses influence the spins nonthermally through the inverse Faraday effect. The high repetition rate of the laser stimulus of

10 GHz establishes an interplay between the spin wave resonances in the frequency and momentum domains. As a result,

the excitation efficiency of different spin modes can be tuned by a small variation of the external magnetic field. An additional

degree of freedom is provided by scanning the laser spot within the microdisk area. This makes the proposed method for spin

wave excitation advantageous for the forthcoming application of magnonics for telecommunication and quantum technologies.

Introduction

Currently, research in the field of magnonics is of great importance. The practical application of spin waves is being

rapidly developed as an alternative to existing methods of transmitting digital information as well as for use in quantum

communications1, 2. These days, the first experimental developments of magnon logic systems have already been obtained3, 4.

They are based, for example, on the interaction of spin waves with domain walls of various chiralities, which reduces

energy dissipation5. The development of spin resonators and interferometers for telecommunication devices is also actively

underway6–8. For most of practical magnonics implementations, magnetic dielectrics play a key role as their Gilbert damping is

much lower than for magnetic metals. Among them, yttrium iron garnet thin films demonstrate a record performance9, 10. For

example, yttrium iron garnet spheres of millimeter size were recently coupled to superconducting qubits in a microwave cavity

to provide control and quantum data storage11 .

Usually, spin waves are excited by microwave antennas12–14. This method has strong constrictions in tunability. For

example, to change the position of the region where the spin waves are excited in a sample, a mechanical movement is necessary

which limits operation rates and introduces additional noise. Apart from that, microwave antennas influence on relatively

large part of a magnetic sample which worsens localization of the spin wave source. In this respect, optical means involving

femtosecond laser pulses hold a large promise as they allow one to solve most of these obstacles15–23. Ultrashort laser pulses

disturb the equilibrium magnetic state of the sample either via non-thermal effects like the inverse Faraday and Cotton-Mouton

effect, or by the effect of the photoinduced magnetic anisotropy, or through the thermal effect of ultrafast demagnetization24.

The former are mostly prominent for magnetic dielectrics, for example, bismuth iron garnets25 as they possess low optical

absorption. The inverse Faraday effect arises due to the stimulated Raman scattering of light by magnons which can be

understood in terms of the circularly polarized light creating an effective magnetic field along the light wavevector. A focused

laser beam influences only the spins within the laser spot and during the pulse propagation through the sample. However, it is



sufficient to trigger the magnetization precession. On a picosecond time scale, adjacent spins get also involved through the

magnetic dipole-dipole and exchange interactions and the magnetic oscillations propagate away from the illuminated area in

the form of spin waves.

Among the drawbacks of the optical method are the relatively broad spectrum of the launched spin waves and their small

amplitudes. Usually, laser pulses excite the spin dynamics in a single pulse regime, where the magnetization precession started

by one pump pulse completely decays before the arrival of the next pulse. Excitation in the multiple pulse regime where

the time interval between pulses is shorter than the decay time is much more advantageous. Recently, it was demonstrated

that the periodic laser impact on spins provides a kind of accumulation of the spin waves whose spectrum and directionality

can be modified by a slight variation of the applied magnetic field or the pulse repetition rate16. Moreover, in this case the

spin waves are excited in a frequency range much narrower than for single pulse excitation and with amplitudes prominently

enhanced. Indeed, a train of fs-laser pulses provides a kind of resonance in the frequency domain and thus singles out spin

wave frequencies that are multiples to the pulse rate. Taking into account that self-mode-locked solid state lasers are capable of

generating optical pulses with the repetition rates up to several tens of GHz such approach enables optical generation of high

frequency sub-THz magnons.

On the other hand, magnetic structures like magnonic waveguides, microresonators and magnonic crystals have become

crucial elements of modern magnonics26–34 . Multiple spin wave reflections from the boundaries and interfaces lead to

resonances in the momentum domain. As a result, complex interference patterns are formed and additional resonances in

the spin wave spectra appear. Magnonic microstructures are necessary for expanding the capabilities of magnonic devices

as the micro- and nanostructuring enrich magnonic spectra and open new doors for their engineering. Moreover, magnonic

microspheres and microdisks play the role of cavities for both magnons and photons and therefore are currently used for

quantum magnonics platforms11 .

Here we apply the method of spin wave accumulation by periodic laser pulses to magnetic microdisks to investigate the

interplay between spin wave resonances in the frequency and momentum domains. In particular, we study magnetostatic spin

waves in iron-garnet microdisks of different diameters excited by a sequence of ultrashort laser pulses. The train of laser pulses

provides a cumulative effect, leading to quasi-stationary magnonic oscillations in the microdisks, which allows us to observe

interference effects and to excite different magnonic modes. This is not possible for conventional excitation in the single

pulse regime where every next pulse hits the sample after full relaxation of the spin waves generated by the previous pulse.

Sweeping the external magnetic field switches between different modes. The efficiency of the mode excitation depends on its

frequency and becomes maximal, when the frequency is a multiple of the pulses repetition rate. Scanning the laser spot across

the microdisk area also modifies the spin mode amplitudes, providing additional room for magnonic tunability.

Results and discussion

The multiple pulse impact on the magnetization in the microdisks initiates a quasi-stationary process of magnetization precession

(Fig. 3(b)). The magnetic oscillations excited by a pump pulse don’t noticeably decay before the consecutive pulse hits the

samples. However, their amplitudes strongly depend on the magnetic field H (Fig. 3(c)). Moreover, for some disks this

dependence has a double peak structure (Fig. 3(c), red circles).

We start the detailed studies from the 300-µm microdisk and illuminate its central part by the laser spot of much smaller

diameter. Therefore, the influence of the disk boundaries can be neglected and the disk can be considered approximately as

an infinite smooth magnetic film. The observed spin dynamics is a result of the excited magnetostatic spin waves. This is

confirmed when the position of the pump and probe beam spots are separation, i.e. the observation area is moved away from

the illuminated one: the oscillations are still observed but their amplitude decays with the distance between pump and probe

spots (Fig. 1(a), compare the amplitude versus magnetic field plots of different color). The signal is hardly visible 20 µm apart

from the excitation spot. Actually, the observed short-range propagation of the spin waves results mostly from the dephasing

effects appearing due to the relatively broad spectrum of the spin waves launched by the tightly focused laser pulses.

The dependence of the precession phase on the distance between the pump and probe spots measured at different magnetic

fields allows one to derive the dispersion of the spin wave wavelength on the magnetic field9 (Fig. 1(b)). Apart from that, the

spin wave dispersion ω(k) can be extracted (Fig. 1(c)) which corresponds to BVMSW since their frequency decreases for

larger wavenumbers.

Figure 1(a) also indicates that the amplitude of the magnetization precession depends strongly on the magnetic field and has

a resonant shape. The resonant amplification of the precession amplitude appears due to the synchronization of the instant

pump pulses driving the magnetization with the time interval T and the magnetization precession at frequency ω16.

Circularly polarized light influences the magnetization in magnetic dielectrics mainly through the inverse Faraday effect

which can be described in terms of an effective magnetic field HF , acting on the spins during the pulse propagation through the

sample35. Since the pulse duration ∆t is sufficiently small compared to the laser pulse repetition period (∆t ≪ T ), the field

of the inverse Faraday effect can be represented as a series of δ -functions: HF(t)= h∆t ∑
+∞
l=0 δ (t − lT ), where h is the field
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amplitude, and l is an integer. Solving the Landau-Lifshitz-Gilbert equation written in spherical coordinates for the periodic

process of period T gives the spin precession in the form of θ(t) = θ0sin(ωt +ξ )e−t/τ0 in the interval lT < t < (l +1)T .Here

ω = ω0

√

1− (2πν0τ0)−1 ≈ ω0, ω0 =
√

ωH(ωH +ωd −ωa), τ0 = 2/α(2ωH +ωd −ωa),ωH = γH,ωd = γHd ,ωa = 2γKu/M,

θ0 and ξ are the amplitude and initial phase of the oscillations, respectively15. The precession amplitude is given by

θ0 = γ2Hh∆t/ω(1−2e−T/τ0cosωT + e−2T/τ0)−1/2 (1)

Therefore, the amplitude reaches maximum values at ω = 2πm/T = ωr, where m is an integer and the dependence θ(H)
should have a resonance shape. Here we deal with pulses coming at a high repetition rate, so that T/τ0 ≪ 1 and the resonances

are relatively narrow, i.e. ∆ωT ≪ 1, where ∆ω is the resonance width. In this case, Eq.(1) in the vicinity of the resonance

simplifies to a Lorentzian shape:

θ0 = γ2Hroh∆t/(2πm((ω −ωr)
2 + τ0)

1/2), (2)

where

Hr0 = 2πm/γT − (Hd −2Ku/M)/2 (3)

is the external magnetic field of the resonance in the frequency domain. These expressions describe the observed spin dynamics

in the limit of small wavenumbers k of the spin waves (kR ≪ 1, where R is the size of the monitored area).

The magnetic field strength can be adjusted such that one gets only one precession cycle between two consecutive pulses

(m=1), then the damping of the precession is hardly visible. This is the case of our experiments (Fig. 3(b)). Tuning the external

magnetic field varies the precession frequency, allowing one to finely synchronize it with the laser pulse train repetition rate.

The highest amplitude of the precession should be achieved when its period coincides with the time interval between the pulses,

i.e. at Hr1 =2.96 kOe. This corresponds well with the position of the maximum in the experimental dependence of θ0(H) in Fig.

1(a), blue circles, at 2.98 kOe.

Some deviations and the nonsymmetric shape of the resonance θ0(H) ) are due to the excitation of the BVMSW with

non-negligible k. Actually, the focused laser beam of radius r excites BVMSW with wavevectors k < 2/r. Due to the BVMSW

dispersion ω(k) the spectrum of the excited spin waves is broadened: ω(1/r)< ω < ω0.

Therefore, the resonance conditions for the different spin wave harmonics occur at slightly different magnetic fields

broadening the resonance of θ0(H) ) and shifting it slightly.

The influence of the microdisk boundaries can be studied for the 300-µm structure as the spin wave dispersion in the disk is

shown (Fig. 1(b)). Let us compare four positions of the pump and probe spot in the disk (Fig. 1(d)): (I) at the center of the disk

(red curve); (II) at a distance L=15-µm apart from the edge of the disk along the direction of the magnetic field, i.e. along the x

axis (black curve); (III) at a distance L = 7 µm apart from the edge of the disk along the x axis (green curve), and (IV) at a

distance L = 7 µm apart from the edge of the disk in a direction perpendicular to the magnetic field, i.e. along the y axis.

For the illumination at the microdisk center the amplitude dependence θ0(H) has a single peak at Hr1 = 2.98 kOe, while

for the positions (II) and (III) θ0(H) has two peaks. The most pronounced one at around 2.98 kOe is due to the synchronization

of the magnetization oscillations and pump pulses, as we discussed earlier.

However, the most important feature of the θ0(H) dependence is the second peak (see Fig. 1(d), black and green dots). Its

position shifts to higher fields for the light spots shifting closer to the microdisk edge. For the L=15 µm separation from the

edges (point (II)) the peak appears at the magnetic field of 3.06 kOe, while for L=7 µm (point (III)) at 3.14 kOe. Apart from

that, for the point (III) there is also a feature at 3.04 kOe, that broadens and shifts the main resonance to higher magnetic fields

the main resonance. At the same time, shift of the pump-probe beams toward the disk boundaries in the direction perpendicular

to H (point (IV)) doesn’t give rise to any additional peaks (Fig. 1(d), blue dots).

The observed behavior of the spin wave amplitude hints at interference between spin waves directly excited by the pump

pulses and reflected from the microdisk edges. In detail, the spin waves excited at the center of the 300-µm disk don’t reach

the disk boundaries since their propagation length is much smaller, of the order of a few tens of microns. As a result, no

interference is possible. However, if the spin waves are launched a few microns apart from the microdisk edge, namely at a

distance L, then the interference becomes possible and should be most efficient for the spin wave wavelengths λ ∼ 2L/n for n

is an integer, so that the phase difference between the spin waves directly excited by the pump and the one reflected from the

edges is close to 0 or 2 π .

At Hr2=3.06 kOe (the resonance field at point (II)) the average wavelength of the BWMSW is =15 µm , while at Hr2=3.14

kOe (the resonance field at point (III)) λ=7 µm (Fig. 1(b)). In both cases it nicely agrees with the condition L ∼ λn/2 for n=2.

Consequently, the additional peaks are indeed a result of spin wave interference. The absence of the second peak for the shift

along the y-axis (point (IV)) is then explained by the character of the BVMSW which propagate mostly along the magnetic
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(a) (b)

(c) (d)

Figure 1. Spin waves excited in the 300-µm disk. (a) Dependence of the spin waves amplitude on the external magnetic field

for different positions of the probe beam relative to the pump one. The pump beam is located in the center of the disk. (b)

Dependence of the spin waves wavelength on the external magnetic field derived from the behavior of the spin wave phase

along the x-axis (see inset) measured for different magnetic fields. (c) Experimentally evaluated spin wave dispersion

corresponding to backward volume magnetostatic spin waves (BVMSW). (d) Dependence of the spin waves amplitude on the

applied magnetic field at four different positions of the pump and probe beams. The inset shows these four positions on the

microdisk. The pump fluence is 5,2 µJ/cm2.

field, i.e. along the x-axis. This makes the reflection from the boundary near point IV negligibly small and prevents any notable

interference .

Apart from the resonance for n=2 there should also be the resonance for n=1. In accordance with Fig. 1(b) at the point (II)

this resonance is expected for Hr1=3.00 kOe. This field is very close to Hr0=2.98 kOe and for that reason the resonance is not

so pronounced.

At the point (III) which is twice closer to the microdisk edge the second order resonance (n=2) is shifted to Hr2 =3.14 kOe,

since it is the magnetic field providing spin waves of wavelength λ= 7 µm.The first order resonance (n=1) is expected at Hr1=

3.06 kOe. This explains the feature on the green curve around 3.05 kOe which broadens and shifts the main resonance.

As the size of the disks decreases, additional maxima of the precession amplitude appear as well whose origin can be

associated with interference. However, in this case, the size of the disk is comparable to the propagation length of the spin

wave, and the phenomenon of interference becomes more complicated. The strong influence of the boundaries is manifested in

the behavior of the magnetization oscillation amplitude for different disks (Fig. 2(a)). For smaller disks the field Hr0 starts to

increase. For example, for the 20-µm disk Hr0=3.01 kOe (Fig. 2(a), red circles). The peak shift by 30 Oe is due to the smaller

average demagnetizing field Hd of the microdisk with respect to the film. Eq.(3) gives the correct value of Hr0 if the average

demagnetizing field of the 20-µm disk is Hd=1.24 kOe.

Notably, for the 20-µm disk a second peak appears at Hr2=3.13 kOe. Its origin can be understood from the spatial

distribution of θ0(x,y), calculated by the micromagnetic modeling program Mu-Max with the cell dimensions of 0.25 × 0.25 ×

1.1 µm3 (Fig. 2(b-e)). Periodic pumping at 10 GHz repetition rate singles out different magnetostatic modes of the disk formed
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Figure 2. Fig 3. (a) Experimental data of the amplitude of the magnetization precession dependence on the magnetic field for

disks of 150, 20 and 10 µm diameter (circles), as well as micromagnet modeling results of the amplitude of the magnetization

precession (dashed lines), the energy density is 5.2 µJ/cm2. (b-e) Spatial distribution of the spin wave amplitude for the 20 m

disk at H = 3.01 kOe (b) (the lower field resonance peak), and at H = 3.14 kOe (c) (the higher field resonance peak), for the 10

µm disk at H = 3.07 kOe (d) (the lower field resonance peak), and at H = 3.12 kOe (e) (the higher field resonance peak).

by standing spin waves. As the modes are formed by BVMSWs, the interference takes place along the external magnetic field,

i.e. one or several amplitude maxima appear in x-axis direction. Thus, the mode excited at Hr0=3.01 kOe is the standing spin

wave of the first order (nx=1), while the mode at Hr2=3.13 kOe is of the third order (nx=3).

The amplitude of the spin precession in the 10-µm disk also has two peaks at 3.07 kOe and 3.12 kOe. At a magnetic field of

3.12 kOe the first-order (nx=1) mode of the BMSW is excited (Fig. 2(e)), while origin of the lower field peak at 3.07 kOe should

be different since the amplitude distribution doesn’t correspond to any BMSW modes and hints on the interference in y-axis

direction (Fig. 2(d)). It corresponds to the other type of spin waves, namely magnetostatic surface spin waves (MSSW). The

efficiency of MSSW excitation by laser pulses increases for smaller beam diameters36. In the current studies the pump beam

diameter was kept the same for all microdisks. Nevertheless, the distribution of light intensity in the laser beam cross-section

might be modified for the microdisks with a size comparable to the beam diameter. This is the case for the smallest disks in our

studies which are 10 µm in diameter as the pump beam’s diameter is 7 µm. The microdisk boundaries distort the Gaussian

beam profile reducing its effective diameter. The latter increases the range of the spin wavenumbers that are attainable by the

laser beam which favors the excitation of MSSWs. Therefore, the lower field resonance peak is due to the first order (ny=1)

MSSW mode.

Conclusions

To conclude, we have studied the excitation of spin wave modes by a sequence of ultrashort laser pulses impinging on the

magnetic microdisks at the ultimately high repetition rate of 10 GHz. The focused laser spot acts as a localized stimulus for

launching the spin oscillations which significantly sets it apart from conventional microwave generation means. The high

repetition rate leads to spin wave accumulation. Due to the reflection of the spin waves from the disk boundaries the interference

and standing mode formation take place. An additional degree of tunability might be achieved by scanning the laser spot across

the microdisk area which provides different interference patterns. The experimental results were obtained with the laser focused

to a spot of 7 µm in diameter. If a tighter focusing is used, around 1 µm in diameter, then it might be possible to scan across a

smaller microdisk and launch not only odd modes, but even modes as well. This makes the proposed method for spin wave

excitation advantageous for the forthcoming application of magnonics for telecommunication and quantum technologies.
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(a) (b)

(c)

Figure 3. Spin waves excited in the 300-µm disk. (a) Dependence of the spin waves amplitude on the external magnetic field

for different positions of the probe beam relative to the pump one. The pump beam is located in the center of the disk. (b)

Dependence of the spin waves wavelength on the external magnetic field derived from the behavior of the spin wave phase

along the x-axis (see inset) measured for different magnetic fields. (c) Experimentally evaluated spin wave dispersion

corresponding to backward volume magnetostatic spin waves (BVMSW). (d) Dependence of the spin waves amplitude on the

applied magnetic field at four different positions of the pump and probe beams. The inset shows these four positions on the

microdisk. The pump fluence is 5,2 µJ/cm2.

Methods

The experimental studies were conducted on a 1.1 µm-thick magnetic dielectric film of Bi-substituted rare-earth iron garnet

(BiLuGdEu)3Fe5O12, grown on a gadolinium gallium garnet substrate with the crystallographic orientation (111). The

saturation magnetization is 4π Ms = 1300 G, the uniaxial anisotropy constant is Ku = 3 ·103 erg/cm3, and the Gilbert dissipation

constant is α = 4·10−3. Microdisks of various diameters were etched in the film down to the substrate using a photolithography

and wet etching process (Fig.3(a)).

To study the laser excitation of spin waves in the disks, the sample is placed in a saturating in-plane external magnetic

field and a pump-probe method based on asynchronous optical sampling (ASOPS) (Supplementary, Fig. 4) is implemented37.

The circularly polarized laser pump pulses of duration 50 fs at the wavelength λpump=810 nm are focused in a spot of 9 µm

in diameter and hit the sample each 100 ps, initiating the spin dynamics, which can be described in a spherical coordinate

system by the polar and azimuth angles θ1 and φ , respectively, where the z-axis is directed along the film normal (Fig. 3(a)).

The spin precession takes place around the external magnetic field directed along the x-axis. The spins remain close to the

equilibrium direction along the x-axis and follow an elliptical trajectory so that θ = π/2-θ1 ≪ 1 and φ ≪ 1. The spin precession

is monitored via the Faraday effect by the probe beam at λprobe=780 nm wavelength focused in a spot of 7 µm in diameter. The

probe beam arrives at the sample at a variable time delay with respect to the pump which allows to observe the magnetization

vector changes with temporal resolution. The rotation of the probe polarization by the Faraday angle Φ provides the angle θ :

θ = Φ/Φ0, where Φ0 is the Faraday angle for the magnetic film fully saturated out-of-plane.
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