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Abstract: We demonstrate optical nonthermal excitation of

exchange dominated spin waves of different orders in a

magnetophotonic crystal. The magnetophotonic structure

consists of a thinmagnetic filmandaBragg stack of nonmag-

netic layers to provide a proper nonuniform interference

pattern of the inverse Faraday effect induced by light in the

magnetic layer. We found a phenomenon of the pronounced
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phase slippage of the inverse Faraday effect distribution

when the pumpwavelength is within the photonic band gap

of the structure. It allows to tune the interference pattern

by a slight variation of light wavelength which results in the

modification of excitation efficiency of the different order

spin waves. The approach can be applied for different mag-

netic dielectrics expanding their application horizons for

spin-wave based devices.

Keywords: the inverse Faraday effect; magnetophotonic

crystal; iron garnet; spin waves

1 Introduction

Efficient interaction between light and a magnet is vital

for breakthrough technologies, such as magnetophotonics

[1]–[7], all-optical energy-efficient magnetic recording [8]

and spin-wave manipulation [9]–[11]. The latter one is an

intrinsic part for spin-waves computation [12], [13] in which

high frequencies are of a great demand.

Precession of magnetic moments and propagation of

these moments in the form of spin waves in magnetically

ordered materials were first predicted almost a century ago

by Bloch [14] and only a decade ago itwas demonstrated that

spatially shaped light can be used for the optical excitation

of spin waves with the directional control [9]. The advances

in ultrafast optical manipulation of magnetic order [8], [15],

[16] provided new ways for the non-thermal excitation of

propagating magnetostatic spin waves [9], [17] in contrast

to conventional microstrip antenna or coplanar waveguide

[13], [18], [19], leading to the tunable energy-efficient spin

wave manipulation [9], [20] and even reconfigurable opto-

magnonic logic gates [21].

One way to optically and non-thermally excite and

control spin waves is based on the inverse magnetooptical

effects [22], in particular, the inverse Faraday effect (IFE).
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The effect occurs when a circularly polarized light pulse,

passing through a magnetic medium, influences spins due

to the stimulated Raman scattering, which is described in

terms of an effective magnetic field induced by light. Exper-

imentally, this method is implemented with the use of fem-

tosecond laser pulses and it provides a substantial tunability

of the excited spin waves properties in terms of their type

[17], wavelength [23] and initial phase [24]. However, the

most of the excited spin waves are described by magnetic

dipolar interaction and are magnetostatic spin waves of 0th

order. In external magnetic fields of a moderate value their

frequency is around few GHz. Launching the higher fre-

quency spin waves which are urgently awaited by magnon-

ics is still scarcely achievable.

Wavelengths of high-frequency exchange-dominated

spin waves are submicron. Therefore, a key point to

efficiently excite them is to make a kind of nonunifor-

mity of either internal magnetic field or an excitation

stimulus inside a sample. The former approach was suc-

cessfully applied for launching spin waves convention-

ally by microwaves in a periodically structured ferromag-

net [25], [26]. However, it is not possible to keep deal-

ing with the microwave stimulus for uniform samples

since microwave wavelengths far exceed their micron and

especially nanometer thickness. One possibility is to use

exchange torques [25], [26], however it requires metallic

parts of the structure and inevitably generates excess heat-

ing due to large amplitudes of the control electric currents.

Optical means are potentially very promising in this

respect since wavelength of visible light in a magnet is com-

parable to the magnet thickness. A most straightforward

way to achieve nonuniform impact of light on spins is due

to the optical absorption which provides the exponential

attenuation of the light intensity across the film thickness. It

results to anonuniformspin excitationprofile due tomodifi-

cation of themagnetic anisotropy [27] or someother thermal

effects [20]. Such method has been proven quite efficient

and allowed to excite, for example, short exchange spin

waves with supersonic velocities [20]. Nevertheless, such

approach still requires light absorption and, therefore, has

an inevitable side effect of undesirable heating and thermal

losses.

The next step forwardwould be to avoid thermalmech-

anism of the optical excitation of exchange spin waves. Nec-

essary nonuniform profile of the optical field in a magnet

can be established not by the absorption of light but rather

due to the optical interference or optical modes inside the

sample. The latter has been implemented in an iron gar-

net film periodically perforated with nanotranches which

allowed to excite nonthermally exchange spin waves of first

two orders and switch between them by variation of angle

of the linear polarized pump pulse [28]. In that experiment

the nanotranches played a two-sided role: they provided

an inhomogeneous distribution of both the optical energy

and internal magnetic field across the sample. The latter

complicates spin wave profile by evoking harmonics with

lateral spatial distribution of spin dynamics.

Here we demonstrate nonthermal optical excitation

of exchange-dominated standing spin waves (SSW) in a

magnetophotonic structure (MPhS) consisting of a smooth

magnetic nanofilm covered with a dielectric nonmagnetic

Bragg mirror. A periodic across film thickness spin excita-

tion profile is achieved due to the interference of the inci-

dent laser pulse. Incident optical pump pulses are circularly

polarized and therefore carry spin angular momentum and

induce IFE effective magnetic field. Periodic distribution of

this field with a period of 125–166 nm efficiently excites

the exchange spin waves whose wavelength equals to the

period of the optical pattern. By tuning excitation wave-

length, we were able to adjust the IFE effective magnetic

field distribution inside the magnetic layer and launch 3rd

and 4th order exchange spin waves.

2 Results and discussion

We performed the experiments on the optical excitation of

SSW using 200 fs laser pulses whose wavelength is swept in

a relatively short rage between 𝜆pm = 610 nm and 𝜆pm =
685 nm. Pump and probe pulses were generated by New-

port Mai Tai Ti:sapphire laser (80.68 MHz repetition rate)

combined with Spectra-Physics Inspire Auto 100 parametric

oscillator. A delayedpumppulsewasmodulatedusing a pho-

toelasticmodulator (Hinds instruments PEM100). The probe

pulse (820 nm) was linearly polarized by a Glan–Taylor

prism. Polarization changes of the probe pulse due to the

Faraday effects were measured using auto-balanced optical

receiver in the lock-in detection scheme. The sample was

placed in the in-plane field of an electromagnet.

The considered MPhS consists of a 250 nm thick bis-

muth substituted iron garnet (BiLu)3Fe5O12 (BIG) film grown

on a Gd3Ga5O12 paramagnetic substrate and covered by

a dielectric SiO2/TiO2 (105/66 nm thick, respectively) Bragg

mirror (Figure 1(a)). It is placed in an external magnetic

field which fully saturates themagnetic film in plane.Wave-

length of the circularly polarized pump pulses is adjusted

within the photonic band gap of the MPhS where the reflec-

tion coefficient is high (Figure 1(b)). As a result, an inter-

ference pattern of the electromagnetic field of the laser

pulse is formed. Since the pulse is circularly polarized it
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Figure 1: The MPhS and optically excited spin dynamics. (a) – schematics of the MPhS, consisting of a 250-nm thick bismuth iron-garnet layer

sandwiched between SiO2/TiO2 Bragg mirror and GGG substrate. Bright maxima inside the BIG layer represent distribution of the IFE effective

magnetic field induced by pumping at two different wavelengths: pump-1 (615 nm) and pump-2 (685 nm). (b) – Transmission (upper part) and Faraday

rotation (lower part) spectra of the magnetophotonic crystal (red) and pristine 250-nm BIG film (blue). The blue shaded area indicates range of the

pump wavelengths. (c) – The spin precession launched by pump pulses of different wavelengths (615 nm, 625 nm, 670 nm and 685 nm) and observed

by the Faraday rotation of the probe pulses at 970 Oe magnetic field for the magnetophotonic structure and the pristine BIG film.

carries spin angular momentum and in accordance to the

inverse Faraday effect induces the IFE effective magnetic

field HIFE: HIFE = − ig

16𝜋Ms

[
E × E

∗] [22], where g is gyration

coefficient of the magnetic film, Ms is its saturation mag-

netization, and E,E
∗ are pump electric field vector and its

complex conjugate. Due to the interference HIFE becomes

nonuniformacross the film thickness and one should expect

the optical pumping to excite standing spin waves whose

wavelength and frequency are controlled by the pump

wavelength.

The observed signals excited by different pumping

wavelengths (Figure 1(c)) have different spectral composi-

tion as follows from their Fourier spectra (Figure 2(a and

b)). For the pump wavelength of 610 nm the spectrum con-

tains one pronounced peak at 4.8 GHz and a minor peak

at 8.2 GHz. When the pump wavelength is increased a bit,

the primary peak remains the same while the second peak

gets larger at 𝜆pm = 615 nm and then decreases. Therefore,

pumping at 𝜆pm = 615 nm clearly provides two different

spinmodes: the low frequency onewith large amplitude and

the high frequency one with a smaller amplitude. Similar

behavior takes place for thewavelength ranging from𝜆pm =
670 nm to 𝜆pm = 685 nm: the main peak keeps at 4.8 GHz,

while the subsidiary one increases for wavelength grows

and maximizes at 685 nm. It should be noted that for this

wavelengthwindow the second peak appears at a frequency

of 6.8 GHz which is smaller than for the secondary peak at

the previous pumping wavelength range. Herein, the peak

at 8.2 GHz disappears.

To shed a light on the observed oscillations origin and

behavior we measured ferromagnetic resonance (FMR) in

the sample. The investigation of magnetic properties of

the MPhS and the possibility of excitation of standing spin

waves in the structure was carried out on a SPINSCAN EPR

spectrometer at a fixed frequency of 9.4 GHz (Figure 2(c)).

In frequency-sweep VNA-FMR experiment the microwave
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Figure 2: Spectral properties of the optically excited spin oscillations and comparison to the microwave excitation (FMR measurements). (a, b) – FFT

spectra of spin oscillations pumped at various wavelengths at 970 Oe external magnetic field. (c) – FMR spectra of the sample at excitation frequency

of 9.4 GHz. (d) – Dependance of the frequencies of different spin wave modes of the magnetic film excited by optical pumping (shaded symbols) and

FMR (open symbols) on the external magnetic field. Solid curves represent corresponding calculated dependences (Supplementary Document, S1).

Inset: Schematic mode profiles of considered modes.

absorption by the sample was measured at fixed exter-

nal applied in-plane magnetic fields while driving the fre-

quency. The frequency range of the sweep was from 2 to

8 GHz and the external magnetic field was varied from 900

to 2000 Oe. Figure 3(d) combines data from the magnetoop-

tical pump-probe experiment, theoretical calculations, fixed

and sweep frequency FMR experiments.

Generally, since microwaves are uniformly distributed

along the submicron thickness of the magnetic film it is

very difficult to excite SSWs by them. However, in our FMR

experiment the sample was placed in the microwave cav-

ity which allowed us to excite and detect SSWs of sev-

eral orders though with very small amplitudes (Figure 2(c)).

Ratio of the amplitudes of the 0th-1st-2nd-3rd-4th modes

are 1:6:50:119:757, which confirms ultra-low excitation effi-

ciency by microwave means. Figure 2(d) compares spectral

positions of the detected FMR resonances (open symbols)

and corresponding frequencies of the modes observed in

the pump-probe experiment (shaded symbols, pump wave-

length was set to 615 nm and 685 nm). Solid curves in

Figure 2(d) represent dependence of the calculated frequen-

cies of SSW modes of different orders (solid curves) on

magnetic field (Supplementary Document, Section S1). It is

seen that frequency of the low-frequency optically excited

mode (grey and black shaded symbols) closely follows the

frequency of the main FMR peak (open red symbols) and

nicely corresponds to the theoretical curve for the uni-

form spin dynamics in the film (n = 0). Furthermore, the

frequency of the high-frequency mode excited at 685 nm

almost coincides with the fourth FMR peak and is in a

good agreement with the calculated curve for the 3rd order

SSW (with a wavelength of ∼125 nm). Similarly, the high-
frequency mode excited at 615 nm is attributed to SSW

of the 4th order (with a wavelength of ∼166 nm). Conse-
quently, one can firmly conclude that, indeed, the modes

observed in the pump-probe experiment are higher order

exchanged spin waves. To study this phenomenon in detail

let’s consider the distribution of the IFE effective field

inside the magnetic layer and its impact on the spin modes

excitation.
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Figure 3: Profiles of the SSWs. (a, b) – numerically calculated IFE field distribution inside the structure at 615 and 685 nm and profiles of the SSW

modes of 0th, 3rd and 4th order. (c) – The phase of the IFE field inside the BIG layer as a function of pump wavelength for pristine (red color) and

photonic crystal (blue color) covered films. Dots show the phase deduced from the simulated field distribution, lines give the calculations by Eq. (4)

(see Supplementary Document, S2 for details). (d) – Numerically calculated dependence of the third and fourth standing spin wave modes amplitude

as a function of wavelength. Magnetic field is 980 Oe.

Since the external magnetic field is saturating and

is applied in-plane the nth order SSW can be character-

ized by the out-of-plane dynamic magnetization component

Mnz(z, t). The SSW mode profile is given by mn(z) – the

normalized amplitude ofMnz(z, t). The excitation efficiency

of the SSW modes is directly connected with an overlap

between the IFE effective magnetic field distribution HIFE(z)

and nth order SSW mode profile [29]–[31] (Supplemen-

tary Document S3):

Spm = ∫
d

0

HIFE(z)mn(z)dz∕
|||||∫

d

0

HIFE(z)dz
|||||
, (1)

where d is the film thickness. Consequently, tomaximize Spm
it is crucial to adjust HIFE(z) tomn(z).

As light is incident close to the sample normal the opti-

cal interference forms a periodic pattern of the out-of-plain

component of HIFE(z) across the film thickness (Supplemen-

tary Document S2):

HIFE(z) ∝ g
[
A0

(
𝜆 pm

)
+ A

(
𝜆 pm

)
cos2

(
k(𝜆 pm)(z− d)

+ 𝜑(𝜆 pm)
)]
,

(2)

where A0
(
𝜆 pm

)
, A

(
𝜆 pm

)
and 𝜑(𝜆pm) are parameters of the

optical intensity distribution inside the BIG layer, n2 is the

refractive index of the magnetic layer, k(𝜆pm) = 2𝜋n2∕𝜆pm,
d is thickness of the BIG layer, and z is the coordinate normal

to the film surface, z = 0 is at the interface between BIG

layer and GGG substrate. The essential feature of the Bragg

reflector cover of the magnetic film is that for the photonic

bandgaps A0
(
𝜆 pm

)
= 0, so that

HIFE(z) ∝ gA
(
𝜆 pm

)
cos2

(
k
(
𝜆 pm

)
(z− d)+ 𝜑

(
𝜆 pm

))
, (3)

where

𝜑
(
𝜆 pm

)
= atan

(
−in3∕n2

)
, (4)

n3 is the complex effective refractive index of the Bragg

mirror. Eq. (3) is illustrated by light blue and orange curves

in Figure 3(a and b).

As it is seen from Eq. (3), both period and phase of

HIFE(z) are sensitive to 𝜆pm. While the period of HIFE(z) is

inversely proportional to 𝜆pm, the phase is almost linear in

𝜆pm (Figure 3(c)). This feature is unique for the Bragg reflec-

tor cover as is illustrated in Figure 3(c). Figure 3(c) shows
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the phase 𝜑
(
𝜆 pm

)
deduced from the simulated optical field

distributions for the case of the Bragg mirror (blue dots)

and for the case when the Bragg mirror is replaced by air

layer (red dots). The direct calculation of 𝜑
(
𝜆 pm

)
by Eq. (4)

is also shown (solid lines) (see Supplementary Document S2

for details). This effect of strong phase slippage 𝜑
(
𝜆 pm

)
of

the IFE appears in the MPhS for the wavelengths inside the

photonic band gap and is crucial for SSW control as will be

discussed below.

As for mn(z) distribution, the 0th order SSW mode

is quasiuniform across the magnetic film (m0(z) ≈ const),

whereas higher order modes have profiles close to sine or

cosine functions (blue and red curves in Figure 3(a and b)).

Having uniform distribution, the 0th-mode is excited by

both uniform and nonuniform IFE fields since the pumping

efficiency Spm remains relatively large for these cases. On

the contrary, as it follows fromEq. (1), the higher spinmodes

require periodic HIFE(z) with the period comparable to their

wavelength. The excitation efficiency (namely, modulus of

the amplitude) of the 3rd and 4th order SSWs as a function

of pump wavelength is summarized in Figure 3(b). The 4th

order SSWs is excited most efficiently at 615–620 nm, where

its profile almost coincides to the profile of HIFE(z) (blue

curve and symbols in Figure 3(d)). Increase of the pump

wavelength detunes HIFE(z) profile from the 4th-SSW one

and amplitude of 4th-SSW drops down almost to zero at

𝜆pm = 695 nm. At the same time, HIFE(z) profile gets closer to

the 3rd-SSWone and amplitude of 3rd-SSWgrows (red curve

and symbols in Figure 3(d)). It reaches parity with 4th-SSW

at 𝜆pm = 660 nm and grows further up to 𝜆pm = 685 nm

where itmaximizes. Therefore, changing pumpwavelength,

one could switch between different orders of exchange spin

waves or excite their superposition.

Tuning of HIFE(z) between optimum for excitation of

4th-SSW and 3rd-SSW is possible due to dependence of its

spatial period and, most importantly, phase on the pump

wavelength: k(𝜆pm) and 𝜑(𝜆pm) (see Eq. (2)). It is important

to note the role of the Bragg reflector. Indeed, if the Bragg

reflector is replaced by a dielectric layer, then𝜑(𝜆pm) would

be constant and to tune between 4th-SSW and 3rd-SSW one

would need to change k
(
𝜆 pm

)
substantially, byΔk = 𝜋∕2d,

which would require Δ𝜆pm = dn2∕3 = 207 nm. Here the

presence of the Bragg reflector provides𝜑(𝜆pm) and one has

to increase the pump wavelength by only Δ𝜆pm = dn2∕3 =
75 nm to get the same level of tunability.

Let’s now discuss relative values of the SSW mode

amplitudes observed in the experiment. It is important to

note that the magneto-optically probed SSW amplitudes

might be significantly different from the SSW amplitudes

in reality. The Faraday effect, which is widely employed for

probing in the ultrafast experiments [22], [32], is sensitive

to the dynamic component of magnetization which is along

wavevector of the probe. If the probe pulse shines the sam-

ple at normal or close to normal incidence then the Fara-

day effect is proportional to the out-of-plane component of

magnetization. In case of an SSWmodemn(z) and the probe

pulse intensityWpr(z) are nonuniformly distributed across

the film thickness. Consequently, the Faraday angle is pro-

portional to the maximal value of the out-of-plane magneti-

zation of nth mode,Mnz, and to the probing efficiency Spr =
∫ h

0
Wpr(z)mn(z)dz∕

|||∫ h

0
Wpr(z)dz

|||. For the case of 0th order

mode typically observed in thin films, magnetization distri-

bution remains quasi-homogeneous (m0(z) ≈ const). Simi-

larly, distribution of the probe in amagnetic film is also close

to the uniform one (Wpr(z) ≈ const), whichmakes detection

efficiency of this mode quite large (Spr ≈ 1). In the case of

the MPhS pump and probe become non-uniform across the

film and, as we discussed above, the non-uniform pumping

launches higher order modes (see Eq. (2)) whose amplitude

is also thickness dependent (mn(z)). As a result, the Faraday

signal of the probe beam is determinednot only by a value of

Mnz but also by relative distribution ofWpr(z) andmn(z). In

some cases, the observed Faraday effect could be quite small

even for large Mnz. Following these ideas, we numerically

calculated (Supplementary Document S1) the amplitudes of

the SSW modes excited by the pump pulse without taking

into account magnetooptical detection (Figure 4(a,b)) and

the amplitudes of the SSW modes detected by the Faraday

rotation of 820 nm probe pulses (Figure 4(c,d)).

A 615 nm pump pulse excites 0th and 4th order SSW

modes with similar amplitudes. Moreover, the amplitude of

the 4th-mode is even a bit larger (see Figure 4(a)). However,

after detection relative amplitudes of the 0th and 4thmodes

are quite different, their ratio is around 20, since for the 0th-

mode the detection integral Spr is much larger (Figure 4(c)).

A similar situation is noticed for the 685 nm pump which

excites mostly 0th and 3rd SSWmodes: the ratio of themode

amplitudes after detection is 1:5 (Figure 4(d)) while without

taking into account detection process amplitudes are almost

the same (Figure 4(b)). The differences in mode amplitudes

between experimental (Figure 1(c)) and numerically calcu-

lated (Figure 4(c and d)) values are primarily due to incident

angle variation for both pump and probe beams, as well

as structure inhomogeneities caused by the fabrication pro-

cess. It should bementioned that for excitation of low-order

standing spin wave modes, such as the 1st or the 2nd one,

the BIG layer thickness can be decreased to 125 nm. This

will result in optical defect mode of the MPhS to occur at

∼525 nm while the photonic band gap remains unchanged

(see SupplementaryDocument, Figure S1a). For this case the
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Figure 4: Amplitudes of the standing spin wave modes pumped at 615 (a, c) and 685 (b, d) nm. Panels (a) and (b) represent calculated amplitudes

of the spin-wave modes without taking into account the detection process. Panels (c) and (d) represent calculated amplitudes of the spin-wave modes

by taking into account the detection process. Magnetic field is 980 Oe.

spatial distribution of the effective magnetic field of the IFE

will coincide with the 1st, the 2nd or the 3rd standing spin

wave mode (see Supplementary Document, Figure S1b).

3 Conclusions

Our experiments demonstrate spectrally adjustable excita-

tion of high-order SSW caused by inhomogeneous effec-

tive magnetic field formed inside the magnetic layer of

the MPhS by femtosecond laser pulses. The MPhS provides

necessary distribution of the inverse Faraday effect mag-

netic field and also gives a high level of tunability since

spatial phase of the inverse Faraday effect inside its mag-

netic layer becomes strongly dependent on the pump wave-

length. This effect appears in the photonic band gap of the

structure. As a result, 3rd and 4th order spin modes are

shown to be inducedwith an efficiency close to the 0thmode

efficiency which is not reachable by microwave means. To

tune between these modes variation of the pump wave-

length by only 75 nm is enough. However, visibility of the

spin modes in the experiment is several times lower due

to not optimal distribution of the probe pulse across the

film thickness. To increase the probing efficiency the probe

wavelength should be chosen to get distribution of the

probe beam close the pump one. Optical excitation of high-

order exchange spin modes is of prime importance for data

processing applications involving optospintronic and opto-

magnonic devices with higher-frequencies demands.
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