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We investigate spin-wave resonance modes and their damping in insulating thin films of bismuth-
substituted yttrium iron garnet by performing femtosecond magneto-optical pump-probe experiments.
For large magnetic fields in the range below the magnetization saturation, we find that the damping of
high-order standing spin-wave (SSW) modes is about 40 times lower than that for the fundamental one.
The observed phenomenon can be explained by considering different features of magnetic anisotropy
and exchange fields that, respectively, define the precession frequency for fundamental and high-order
SSWs. These results provide further insight into SSWs in iron garnets and may be exploited in many new
photomagnonic devices.
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I. INTRODUCTION

One of the ultimate goals of spintronics and magnonics
is to use collective and coherent spin oscillations, known
as spin waves (SWs) or magnons, to carry information in
future information processing technologies [1–5]. Indeed,
due to their low-energy dissipation, wide high-frequency
spectrum (from GHz to THz), and tunable wavelengths
down to the nanoscale, SWs promote the realization of
more energy efficient, extremely flexible, and faster infor-
mation processing nanotechnologies compared with that
of present charge-based semiconductor-based technology
[1–5]. Towards that goal, intense research activity is
being carried out for generating and manipulating SWs,
as well as understanding the mechanism of their relax-
ation towards equilibrium due to damping. Traditionally,
the investigation of SWs and their damping are performed
using ferromagnetic resonance (FMR) techniques [6,7].
Alternatively, femtosecond laser pulses have been recently
presented as an important tool to trigger SWs in a wide
variety of conducting [8–10], semiconducting [11–15],
and insulating [16–21] magnetic materials, as well as
probing their real-time dynamics with a very high spa-
tiotemporal resolution using femtosecond magneto-optical
pump-probe techniques [22–26]. These highly resolved
spatiotemporal investigations provide important opportu-
nities to improve the understanding of SWs, with the aim
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of manipulating their dynamics at the fastest speed and in
the most efficient way.

A challenging problem for high-speed applications is
the generation of SWs that combine high frequency
with low magnetic damping at weak external magnetic
field (H ext). To satisfy the high-frequency requirement,
exchange standing SW (SSW) modes are particularly
interesting. Indeed, they are characterized by quantized
wave-vectors, which are defined as k = nπ /d, and preces-
sion frequencies proportional to Dexk2 [27,28], where n
is the mode number, d is the film thickness, and Dex is
the exchange stiffness. Therefore, in nanoscale magnetic
devices, high-order SSW modes can possess very high
frequencies. However, exciting SSWs in nanoscale thin
magnetic films with conventional microwave magnetic
fields remains very complex, since it requires nanosized
microwave antennas that usually have low efficiency [29].
Recently, it has been demonstrated that SSWs can be
triggered by femtosecond optical excitation [8,13,30–34].
Early studies of femtosecond laser excited SSWs were
performed in metallic and semiconductor magnetic mate-
rials. On the other hand, materials with low intrinsic
damping, very large magneto-optical Faraday effects, and
good transparency in the visible and infrared region, such
as the magnetic insulator of Bi-substituted iron garnets
(Bi-YIG) [35–39], are of utmost relevance for new pho-
tomagnetic applications. Therefore, exploring SSWs and
their damping at low H ext in nanoscale Bi-YIG is of
prime importance for both future SW applications and
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FIG. 1. (a) Schematic illustration of the femtosecond laser
excitation-driven standing spin waves in Bi-YIG. (b) Sketch
of the time-resolved magneto-optical Kerr effect (TR MOKE)
configuration.

a fundamental understanding of ultrafast magnetization
dynamics.

Here, we report an experimental investigation of SSWs
triggered by femtosecond laser pluses in a nanoscale thin
film of Bi-YIG with high in-plane magnetic anisotropy.
We show that femtosecond laser pulses trigger high-
frequency even and odd SSWs, as illustrated schematically
in Fig. 1(a). We demonstrate that the damping of high-
order SSW modes is about 40 times lower than that for the
fundamental one for a broad applied magnetic field range
below the magnetization saturation field. This behavior
can be understood by considering the different features
of magnetic anisotropy and exchange fields that define
the precession frequency for fundamental and high-order
SSWs, respectively. Moreover, we demonstrate that the
damping of all SSWs is not affected by the pump energy
density.

II. SAMPLE PROPERTIES AND EXPERIMENTAL
METHODS

Our study is based on a 135-nm thick Bi-YIG film with
a composition of Bi1Y2Fe5O12. The Bi-YIG materials are
ferrimagnetic insulators that crystallize in the cubic gar-
net structure (space group Ia3d), which is characterized
by three crystallographic sites (tetrahedral 24d, octahe-
dral 16a, dodecahedral 24c) [35,37]. The iron atoms are

distributed over 24 tetrahedral and 16 octahedral nonequiv-
alent sites, which are coupled by a strong antiferromag-
netic superexchange, forming a rigid ferrimagnet with a
high Curie temperature (TC > 550 K) [35–37,40]. The non-
magnetic Bi and Y ions occupy the dodecahedral sites. In
particular, the existence of Bi atoms in the dodecahedral
site gives arises to huge increases of the magneto-optical
(MO) effect [36,37]. The investigated sample is grown by
pulsed laser deposition on a (100) oriented gadolinium gal-
lium garnet (GGG) substrate [41]. In situ ellipsometry and
reflection high-energy electron diffraction measurements
are performed during growth to monitor the optical con-
stant, the growth mode, and the surface structure. After
growth, an ex situ X-ray diffraction study is used to char-
acterize the crystallographic structure. The film is a sin-
gle phase with excellent crystallinity. The static magnetic
and MO properties of the film are characterized using a
static MO spectrometer. The out-of-plane saturation field
(∼260 mT) is about 50 times larger than the in-plane
saturation field (∼5 mT); this reveals a strong in-plane
magnetic anisotropy. This in-plane easy axis magnetiza-
tion is due to a strong negative growth-induced uniaxial
anisotropy field, Hu [42,43], which is, in our film, about
−83 mT. On the other hand, the polar Faraday and Kerr
MO spectra of the Bi1Y2Fe5O12 film are consistent with
previous studies of MO properties in Bi-YIG [36,44]. The
laser-induced ultrafast spin dynamics is investigated at
room temperature by TR MOKE using the configuration
sketched in Fig. 1(b). Briefly, an amplified Ti:sapphire
laser system operating at 5-kHz repetition rate and deliv-
ering 35-fs laser pulses is used to generate the pump and
probe beams. The pump beam is kept at the fundamental
wavelength of the amplifier at 800 nm, while the probe
beam is frequency-doubled to 400 nm. Both beams are lin-
early polarized and focused on the sample down to a spot
size of about 60 µm for the probe and around 330 µm
for the pump. The probe beam reflected by the Bi-YIG
layer allows differential changes of the polar Kerr rotation,
��K (t), to be measured as a function of the time delay.
The external magnetic field, H ext, is applied perpendicular
to the plane of the film.

III. RESULTS AND DISCCUSSION

Figure 2(a) shows the TR MOKE induced by a
pump energy density of Epump = 12.47 mJ cm−2 for
H ext = ±66 mT. It displays spin dynamics with compli-
cated oscillations, which are formed by five resonance
modes, as revealed by the FFT shown in Fig. 2(b).
The magnetic nature of these resonance modes is clearly
demonstrated by the sign change of the TR MOKE sig-
nal with reversal of the direction of H ext. Interestingly, the
precession frequencies of these modes have a quadratic
dependence on the mode number [Fig. 2(c)]. Such vari-
ation can be well described by the dispersion relation
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FIG. 2. Laser-induced standing spin waves in the garnet sam-
ple. (a) ��K /�Ksat induced by a pump energy density of
12.47 mJ cm−2 for H ext =±66 mT. The solid lines are the fits
to the data using Eq. (2). (b) Fast Fourier transform (FFT) spec-
trum of the ��K /�Ksat signal. (c) Spin precession frequency as
a function of the mode number. The solid line is the fit obtained
using Eq. (1).

of SSWs [27,28], which is written, in the case of our
experimental configuration, as [27,28]:

ω (k) = ω0 + γ Dexk2, (1)

where ω is the angular precession frequency; ω0 is
the angular frequency of the fundamental mode, which
depends on H ext and the effective magnetic anisotropy
field; γ is the gyromagnetic ratio; Dex is the exchange
stiffness; and k = nπ /d represents the wave-vector of the
standing spin waves given by d = 135 nm. Indeed, a fit of
experimental data with Eq. (1) using (γ /2π ) = 28 GHz/T
yields an excellent agreement with the experimen-
tal results [Fig. 2(c)]. We obtain an exchange stiff-
ness of Dex = (5.9 ± 0.2) 10−17 T m2, which is in
good agreement with those reported in the literature
for YIG and Bi-YIG [45–47]. This clearly demon-
strates the SSW nature of the observed magnetic res-
onances modes. We note that the characteristics of the
excited SSWs, such as the amplitude and phases, are
independent of the polarization of the pump beam.
This reveals that pump polarization-dependent mecha-
nisms, such as the inverse Cotton-Mouton effect [48–50],

is not at the origin of the excitation. The excitation of
the SSWs is related to an ultrafast change of magnetic
anisotropy induced by incoherent and coherent phonons
due to the temperature dependence of the magnetic
anisotropy constants [51,52] and inverse magnetostric-
tion [53–56], respectively. The coherent and incoherent
phonons are generated via the absorption of the pump
photons by the phonon-assisted electronic d-d transitions
simultaneously by one- and two-photon absorption pro-
cesses [56].

To study the properties of the SSWs in more detail, TR
MOKE measurements are fitted with the following time-
dependent damped oscillators:

��K(t) =
4∑

i=0

Aie−(t/τi) sin(2π fit − φi) + Be−Ct, (2)

where Ai, fi, φi, and τi are, respectively, the amplitude,
frequency, initial phase, and decay time characterizing the
precession of mode i (i = 0, 1, 2, 3, and 4). The term Be−Ct

represents a MO background signal. The corresponding fit-
ting curve obtained with Eq. (2) is plotted in Fig. 2(a),
with solid lines showing a good agreement with the experi-
mental data. We can thus extract precession frequencies of
f0 = 0.8 GHz, f1 = 2.4 GHz, f2 = 5.3 GHz, f3 = 9.3 GHz
and f4 = 14.5 GHz, which are identical to those obtained
by FFT analysis. These adjustments also allow the effec-
tive damping of each SSW mode to be extracted, which
can be defined as αi = (1/fiτi). Interestingly, we find that
the effective damping decreases by more than 40 times
upon increasing the mode number (see Fig. 3). At large
mode numbers, it converges to the intrinsic damping value
of α ≈ 5×10−3, which characterizes the precession of the
uniform mode (n = 0) at high H ext above approximately
450 mT, as measured by the FMR technique.

To provide a comprehensive understanding of the
behavior of the damping coefficient with the mode number,
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FIG. 3. Variation of the magnetic damping as a function of the
standing spin-wave mode number measured for H ext = 66 mT
and a pump energy density of 12.47 mJ cm−2.
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FIG. 4. Magnetic damping of standing spin-wave modes as
a function of (a) the external magnetic field and (b) the pump
energy density.

we recall some fundamentals of magnetization preces-
sion and damping in magnetic media. The uniform spin-
wave mode has been extensively investigated in various
magnetic materials [13,14,30,57]. In particular, it is
demonstrated that damping of the uniform mode usually
increases with decreasing H ext below the saturation mag-
netization field, H sat, where the precession frequency is
mainly defined by the magnetic anisotropy field. The phe-
nomenon is attributed to decoherence of the precession,
which can originate from a spread of excited frequencies
of the uniform mode due to a weak inhomogeneity in the
magnetic anisotropy field [30]. On the other hand, con-
trary to the uniform mode, the precession frequency of
high-order SSWs is mainly defined by the exchange field,
H ex = Dexk2 [see Eq. (1)], which is zero for the fundamen-
tal mode. From a microscopic point of view, the exchange
stiffness, Dex, is directly related to the exchange interac-
tion constants, Jij between the Fe magnetic moments [58],
which are determined by the local Fe—Fe and Fe—O
distances [59,60]. Due to very good crystallinity of the
studied sample, together with the well-known high rigidity
of the garnet structure [35], H ex should be almost perfectly
homogeneous across the whole Bi-YIG film. This ensures
a good coherence of the precession frequency for high-
order SSWs, limiting the magnetic losses, and therefore,

reducing the Gilbert damping down to its intrinsic value
(Fig. 3).

To further investigate the damping of SSWs, we perform
TR MOKE measurements as a function of the external
magnetic field and pump energy density. The extracted
damping coefficients obtained by analyzing the TR MOKE
data with Eq. (2) are shown in Fig. 4. The high-order
SSWs retain a very low damping value for a H ext value of
only 33 mT. This is in good agreement with the expected
homogeneity of the exchange field in iron garnets. We also
show that the damping of the fundamental mode is almost
constant for a large H ext range below that of the satura-
tion magnetization. On the other hand, we find that the
damping of all SSW mode do not depend on Epump. This
behavior is different from that associated with SWs trig-
gered by femtosecond laser pulses in metallic ferro- and
ferrimagnets due to their high absorption, which drives
an increase of the sample temperature and damping [61,
62]. This behavior in metallic magnets is qualitatively in
agreement with theoretical studies that predict an increase
in damping, when the static temperature of the sample
increases towards TC [63,64]. However, in dielectric iron
garnet, the increase of the sample temperature induced
by a 800 nm pump pulse with Epump = 20 mJ cm−2 can-
not exceed 10 K [52,56,65] and the sample temperature
remains very far from TC. This is reflected by no, or only
very low, dependence of the damping on Epump, which is
an additional advantage of laser-induced SWs in magnetic
insulators.

IV. CONCLUSION

We study the laser-induced standing spin waves in bis-
muth iron garnet with high in-plane magnetic anisotropy.
We show that femtosecond laser pulses trigger high-
frequency even and odd SSW modes. We discover that the
effective damping of high-order SSW modes is about 40
times lower than that of the fundamental one for magnetic
fields below the magnetization saturation field. We explain
this phenomenon by considering different features of the
magnetic anisotropy and exchange fields that, respectively,
define the precession frequency for fundamental and high-
order SSWs. Moreover, we demonstrate that the effective
damping for all SSWs does not depend on the pump energy
density. These findings highlight the suitability of a fem-
tosecond laser pulse for triggering SSWs that combine
high frequency and low damping at weak magnetic field,
and open up interesting prospects for new photomagnonic
devices.
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