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Nonlinear subswitching regime of magnetization dynamics in photomagnetic garnets
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We analyze, both experimentally and numerically, the nonlinear regime of the photoinduced coherent mag-
netization dynamics in cobalt-doped yttrium iron garnet films. Photomagnetic excitation with femtosecond laser
pulses reveals a strongly nonlinear response of the spin subsystem with a significant increase of the effective
Gilbert damping. By varying both laser fluence and the external magnetic field, we show that this nonlinearity
originates in the anharmonicity of the magnetic energy landscape. We numerically map the parameter work space
for the nonlinear photoinduced spin dynamics below the photomagnetic switching threshold. Corroborated by
numerical simulations of the Landau-Lifshitz-Gilbert equation, our results highlight the key role of the cubic
symmetry of the magnetic subsystem in reaching the nonlinear spin precession regime. These findings expand
the fundamental understanding of laser-induced nonlinear spin dynamics as well as facilitate the development of
applied photomagnetism.
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I. INTRODUCTION

Recently, a plethora of fundamental mechanisms for mag-
netization dynamics induced by external stimuli at ultrashort
time scales has been actively discussed [1–5]. The main in-
terest is not only in the excitation of spin precession but
in the switching of magnetization between multiple sta-
ble states, as it opens up rich possibilities for nonvolatile
magnetic data storage technology. One of the most intrigu-
ing examples is the phenomenon of ultrafast switching of
magnetization with laser pulses. Energy-efficient, nonthermal
mechanisms of laser-induced magnetization switching require
a theoretical understanding of coherent magnetization dy-
namics in a strongly nonequilibrium environment [6]. This
quasiperiodic motion of magnetization is often modeled as
an oscillator where the key parameters, such as frequency
and damping, are considered within the framework of the
Landau-Lifshitz-Gilbert (LLG) equation [1,7]. Although it
is inherently designed to describe small-angle spin preces-
sion within the linear approximation, there are attempts to
extend this formalism into the nonlinear regime where the
precession parameters become angle dependent [8]. This is
particularly important in light of the discovery of the so-
called precessional switching, where magnetization, having
been impulsively driven out of equilibrium, ends its preces-
sional motion in a different minimum of the potential energy
[6,9–11]. Obviously, such magnetization trajectories are char-
acterized by very large precession angles (usually on the order
of tens of degrees). It is, however, generally believed that
the magnetization excursion from the equilibrium of about
10◦–20◦ is already sufficient for the violation of the linear
LLG approach [12,13]. Thus, an intermediate regime under
the switching stimulus threshold exists, taking a large area
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in the phase space and presenting an intriguing challenge in
understanding fundamental spin dynamics.

An impulsive optical stimulus often results in a ther-
mal excitation mechanism, inducing concomitant temperature
variations, which can impact the parameters of spin precession
[14–16]. This highlights the special role of the nonthermal
optical mechanisms of switching [17–19]. Among those, we
outline photomagnetic excitation, which has been recently
demonstrated in dielectric Co-doped yttrium iron garnet
(YIG:Co) films [6,11]. There, laser photons at a wavelength
of 1300 nm resonantly excite the 5E→5T2 electron transitions
in Co ions, resulting in an emerging photoinduced magnetic
anisotropy and thus in a highly efficient excitation of the mag-
netic subsystem [6]. This photoinduced effective anisotropy
field features a nearly instantaneous rise time (within the
femtosecond pump laser pulse duration), shifting the equi-
librium direction for the magnetization and thus triggering
its large-amplitude precession. In the subswitching regime
(at excitation strengths just below the switching threshold),
the frequency of the photoinduced magnetization precession
has been shown to depend on the excitation wavelength [20].
However, nonlinearities in magnetization dynamics in the sub-
switching regime have not yet been described in detail, and
the underlying mechanism for the frequency variations is not
understood.

In this work, we systematically examine the intermedi-
ate subswitching regime characterized by large angles of
magnetization precession and the nonlinear response of the
spin system to photomagnetic excitations. We show a strong
increase of the effective Gilbert damping at elevated laser-
induced excitation levels (Fig. 1) and quantify its nonlinearity
within the existing phenomenological formalism [8]. We fur-
ther map the nonlinear regime in the phase space formed by
the effective photoinduced anisotropy field and the external
magnetic field.

This paper is organized in the following order: in the first
part, we describe the details of the experiment for laser-
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FIG. 1. Sketch of magnetization dynamics at various stimulus
levels. Owing to the highly nonlinear magnetization dynamics in the
switching regime, the nonlinearity onset manifests in the subswitch-
ing regime too.

induced large-amplitude magnetization precession. Next, we
present the experimental results, followed by the fitting anal-
ysis. Then, we complement our findings with the results of
numerical simulation of the photomagnetic spin dynamics.
Afterward, we discuss the work space of parameters for the
subswitching regime of laser-induced magnetization preces-
sion. The paper ends with conclusions.

II. EXPERIMENTAL DETAILS

The experiments were done on a 7.5 µm thick YIG:Co
film with a composition of Y2CaFe3.9Co0.1GeO12. The Fe
ions at the tetrahedral and octahedral sites are replaced by
Co ions [21]. The sample was grown by liquid-phase epitaxy
on a 400 µm thick gadolinium gallium garnet (GGG) sub-
strate. It exhibits eight possible magnetization states along the
garnet’s cubic cell diagonals due to its cubic magnetocrys-
talline anisotropy (K1 = −8.4 × 103 erg/cm3) dominating
the energy landscape over the uniaxial anisotropy (Ku =
−2.5 × 103 erg/cm3). Owing to the 4◦ miscut, additional in-
plane anisotropy is introduced, tilting the magnetization axes
and resulting in slightly lower energy of half of the mag-
netization states in comparison to the others. In the absence
of the external magnetic field, the equilibrium magnetic state
corresponds to the magnetization in the domains close to the
〈111〉−type directions in YIG:Co film. Measurements of the
Gilbert damping α using the ferromagnetic resonance tech-
nique resulted in α ≈ 0.2. This relatively high damping is
inextricably linked to the Co dopants [22–24].

The nonlinearity of an oscillator is usually addressed by
varying the intensity of the stimulus and comparing the re-
sponse of the system under study. Here, we investigated
the nonlinear magnetization dynamics by varying the optical
pump fluence and, thus, the strength of the photomagnetic ef-
fective field driving the magnetization out of the equilibrium.
We performed systematic studies in various magnetic states of
YIG:Co governed by the magnitude of the external magnetic

fields. The magnetic field H⊥ was applied perpendicular to the
sample plane and the in-plane magnetic field H was applied
along the [110] direction of the YIG:Co crystal by means of
an electromagnet. Owing to the introduced miscut, the stud-
ied YIG:Co exhibits four magnetic domains at H = 0 [25].
The large jump at an in-plane magnetic field close to zero
shows the magnetization switching in the domain structures
between four magnetic phases. The optical spot size in this
experiment was around 100 µm while the size of smaller
domains was around 5 µm, resulting in the spatial averaging
of the domains in the measurements. This behavior of mag-
netic domains was discussed and visualized in detail by the
magneto-optical Faraday effect in our previous papers [6,25].
With an increase of the magnetic field up to around H =
0.4 kOe, larger and smaller domains are formed due to the
domain wall motion, eventually resulting in a formation of a
single domain in a noncollinear state. Upon further increase,
the magnetization rotates toward the direction of the applied
field until a collinear state with in-plane magnetization orien-
tation is reached at about 2 kOe (see Fig. 2).

Dynamic nonlinearities in the magnetic response were
studied employing the pump-probe technique relying on the
optical excitation of the spin precession in YIG:Co film. The
pumping laser pulse at 1300 nm, with a duration of 50 fs and a
repetition rate of 500 Hz, induced spin dynamics through the
photomagnetic mechanism [6]. The transient Faraday rotation
of the weak probe beam at 625 nm was used to monitor the
dynamics of the out-of-plane magnetization component Mz.
The diameter of the pump spot was around 140 µm, while the
probe beam was focused within the pump spot with a size of
around 50 µm. The fluence of the pump beam was varied in
the range of 0.2−6.5 mJ/cm2, below the switching threshold
of about 39 mJ/cm2 [20]. At 1300 nm pump wavelength, the
optical absorption in our garnet is about 12%. An estimation
of the temperature increase �T due to the heat load for the
laser fluence of 6.5 mJ/cm2 results in �T < 1 K (see the
Methods section of Ref. [6]). The polarization of both beams
was linear and set along the [100] crystallographic direction
in YIG:Co for the pump and the [010] direction for the probe
pulse. The experiments were done at room temperature. At
each magnetic field, we performed a series of laser fluence de-
pendent pump-probe experiments measuring the transients of
an oscillating magnetization component normal to the sample
plane. We then used a phenomenological damped oscillator
response function to fit the experimental data and retrieve
the fit parameters such as amplitude, frequency, lifetime, and
effective damping. In what follows, we analyze the obtained
nonlinearities in the response of the magnetic system and
employ numerical simulations to reproduce the experimental
findings.

III. RESULTS

Time-resolved photomagnetic dynamics

In order to determine the characteristics of the photo-
magnetic precession, we carried out time-resolved measure-
ments of a transient Faraday rotation �θF in YIG:Co film.
Figures 3(a)–3(d) exemplify a few typical datasets obtained
for four various pump fluences (between 1.7 and 6.5 mJ/cm2)
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FIG. 2. Magnetization reversal using static magneto-optical
Faraday effect under perpendicular H⊥ (a) and in-plane H (b) mag-
netic fields. The gray area indicates the magnetization switching in
magnetic domain structure [25]. The green area shows the saturation
range with a collinear state of magnetization.

in magnetic fields of various strengths. A general trend
demonstrating a decrease of the precession amplitude and
an increase of its frequency is seen upon the magnetic
field increase. To get further insights into the magnetiza-
tion dynamics, these datasets were fitted with a damped sine
function on top of a nonoscillatory, exponentially decaying
background:

�θF (�t ) = AF sin (2π f �t + φ) exp

(
−�t

τ1

)

+ B exp

(
−�t

τ2

)
, (1)

where �t is pump and probe time difference, AF is the ampli-
tude, f is the frequency, φ is the phase, τ1 is the decay time of
precession, and τ2 is the decay time of the background with
an amplitude B.

We note that the fit starts at a time delay of around
60 ps when the photomagnetic effective anisotropy has

already relaxed, and the obtained frequency of the mag-
netization precession corresponds to the equilibrium state.
At low applied fields H < 1 kOe, where the photomag-
netic anisotropy field (HL) contribution to the total effective
magnetic field is the strongest, the largest magnetization
precession amplitude is observed. Figure 4 shows the most
important parameters of the magnetization precession, that is,
amplitude, frequency, and effective damping [Figs. 4(a)–4(c)].
The latter is obtained from the frequency and the lifetime as
(2π f τ1)−1. Although the amplitude dependence on the pump
fluence is mostly linear, the other two parameters exhibit
a more complicated dependence, which is indicative of the
noticeable nonlinearity in the magnetic system. In particular,
at H = 0.4 and 0.5 kOe, we observed an increase in the ef-
fective damping with laser fluence, resulting in a faster decay
of the magnetic precession. This is further corroborated by
the frequency decrease seen in Fig. 4(b). It is seen that the
behavior of the magnetic subsystem is noticeably dissimilar at
low (below 1 kOe) and high (above 2 kOe) magnetic fields. At
higher magnetic fields H > 1 kOe we were unable to observe
nonlinear magnetization response at pump fluences up to
10 mJ/cm2. This is indicative of a significant difference in
the dynamic response in the collinear and noncollinear states
of the magnetic subsystem.

IV. NONLINEAR PRECESSION OF MAGNETIZATION IN
ANISOTROPIC CUBIC CRYSTALS

The data shown in Fig. 4(c) clearly indicate the nonlin-
earity in the magnetic response manifesting in the increase
of the effective damping with the excitation (laser) fluence.
Previously, similar behavior was found in a number of metal-
lic systems [26–29] and quickly attributed to laser heating.
Interestingly, Chen et al. [30] found a decrease of the ef-
fective damping with laser fluence in FePt, while invoking
the temperature dependence of magnetic inhomogeneities
to explain the results. There, the impact of magnetic in-
homogeneity driven damping contribution exhibits a similar
response to laser heating and an increase in the static mag-
netic field. A more complicated mechanism relying on the
temperature-dependent competition between the surface and
bulk anisotropy contributions and resulting in the modification
of the effective anisotropy field has been demonstrated in
ultrathin Co/Pt bilayers [31,32].

Nonlinear spin dynamics is a rapidly developing subfield
enjoying rich prospects for ultrafast spintronics [33]. Impor-
tantly, all those works featured thermal excitation of magne-
tization dynamics in metallic, strongly absorptive systems. In
stark contrast, we argue that the mechanism in the Co-doped
YIG studied here is essentially nonthermal. This negligible
temperature change �T is unable to induce significant vari-
ations of the parameters in the magnetic system of YIG:Co
(TN = 450 K), thus ruling out the nonlinearity mechanism
discussed above. Rather, we note the work by Müller et al.
[34], where the nonthermal nonlinear regime of magnetiza-
tion dynamics in CrO2 at high laser fluences was ascribed
to the spin-wave instabilities at large precession amplitudes
[35]. We also note the recently debated and physically rich
mechanisms of magnetic nonlinearities, such as spin inertia
[36–39] and relativistic effects [40,41]. Yet, we argue that in
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FIG. 3. Time-resolved Faraday rotation at different magnetic fields H (a–d) and laser fluences (I1–I4 correspond to 1.7, 3.2, 5.0, and
6.5 mJ/cm2, respectively). The normalized �MZ on the vertical axis is defined as �θF /θmax, where θmax is obtained for saturation magnetization
rotation at H⊥ [see Fig. 2(a)]. The curves are offset vertically without rescaling. The solid lines are fittings with the damped sine function
[Eq. (1)].

our case of a cubic magnetic anisotropy dominated energy
landscape, a much simpler explanation for the nonlinear spin
dynamics can be suggested. In particular, we attribute the
amplitude-dependent effective damping to the anharmonicity
of the potential well for magnetization.

We performed numerical calculations of the energy density
landscape W (θ, ϕ):

W (θ, ϕ) = Wc + Wu + Wd + Wz, (2)

taking into account the following terms in the free
energy of the system: the Zeeman energy Wz = −M · H ,
demagnetizing field term Wd = −2πM2

s sin2θ , cubic Wc =
K1(sin4θsin2ϕcos2θ + sin2θcos2θcos2ϕ + sin2θcos2θsin2ϕ),

and uniaxial anisotropy Wu = Kusin2θ (θ and ϕ are the polar
and azimuthal angles, respectively). In the calculations, we
assume K1 = −9 × 103 erg/cm3, Ku = −3 × 103 erg/cm3,
and Ms is the saturation magnetization of 7.2 Oe [25]. Then,
following Refs. [8,42], we calculate the precession frequency
f and the effective damping αeff :

f = γ

2πMs sin θ

√
δ2W

δθ2

δ2W

δϕ2
−

(
δ2W

δθδϕ

)2

, (3)

αeff =
α0γ

(
δ2W
δθ2 + δ2W

δϕ2 sin−2θ
)

8π2 f Ms
, (4)

FIG. 4. Photomagnetic precession parameters as a function of pump fluence in different external magnetic field H: (a) amplitude of the
Faraday rotation AF , (b) frequency of the precession, and (c) effective damping. Different colors correspond to different external magnetic
fields. The solid lines are the linear fits where applicable, while the dashed lines are the visual guides. Some of the error bars are smaller than
the data point symbols.
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FIG. 5. Energy landscape as a function of the polar angle θ

(ϕ = 45◦) in the linear (H = 2.5 kOe, green) and nonlinear (H =
0.4 kOe, red) precession regimes. The dashed lines are the parabolic
fits in the vicinity of the minima. θ is the polar angle of magnetization
orientation measured from the normal to the sample plane along the
[001] axis in YIG:Co.

where the γ is the gyromagnetic ratio and α0 is the Gilbert
damping in YIG:Co [23,24]. In Fig. 5, we only show
the total energy as a function of the polar angle θ , to
illustrate the anharmonicity of the potential at small external
in-plane magnetic fields. Experimental data and calculations
of the energy W (θ, ϕ) have been published in Refs. [25,43].
There, it is seen that at relatively small external magnetic
fields canting the magnetic state, the proximity of a neigh-
boring energy minimum (to the right) effectively modifies the
potential well for the corresponding oscillator (on the left),
introducing an anharmonicity. On the other hand, at suffi-
ciently large magnetic fields,—which, owing to the Zeeman
energy term, modify the potential such that a single minimum
emerges (shown in Fig. 5 in green)—no nonlinearity is ex-
pected. This is also in line with the decreasing impact of the
cubic symmetry in the magnetic system, which is responsible
for the anharmonicity of the energy potential.

To get yet another calculated quantity that can be compared
to the experiment, we introduced the photomagnetically in-
duced effective anisotropy term KL. This contribution depends
on the laser fluence I through the effective light-induced field
HL ∝ I as

KL = −2HLMscos2θ. (5)

The presence of this term displaces the equilibrium for
net magnetization. The equilibrium directions can be obtained
by minimizing the total energy with and without the photo-
magnetic anisotropy term. Then, knowing the angle between
the perturbed and unperturbed equilibrium directions for the
magnetization, we calculated the precession amplitude A. We
note the difference between the amplitudes AF , which refers
to the Faraday rotation of the probe beam, and A standing for
the opening angle of magnetization precession. Although both
are measured in degrees, their meaning is different.

FIG. 6. Photomagnetic precession parameters at various mag-
netic fields: amplitude (a), frequency (b), and (linear) effective
damping (c). The points are from the experimental data; the solid
lines are calculated as described in the text. The dark rectangular
points are obtained in the ferromagnetic resonance experiments. The
gray shaded area indicates the presence of a domain state (DS). The
green shaded area shows the magnetization saturation state. The error
bars obtained solely from the fitting routine are smaller than the data
point symbols.

Having repeated this for a few levels of optical excitation,
we obtained a linear slope of the amplitude vs excitation
strength dependence. Figures 6(a)–6(c) illustrate the ampli-
tude, frequency, and (linear) effective damping as a function
of the external magnetic field. The agreement between the
calculated parameters and those obtained from fitting the ex-
perimental data is an impressive indication of the validity
of our total energy approach. Further, the linear effective
damping value of α ≈ 0.2 obtained in the limit of strong
fields is in good agreement with the values known for our
Co-doped YIG from previous works [6,24]. In principle, the
effective damping in garnets can increase toward lower mag-
netic fields. Conventionally attributed to the extrinsic damping
contributions, this behavior has been observed in rare-earth
iron garnets before as well and ascribed to the generation
of the backward volume spin-wave mode by ultrashort laser
pulses [44]. It is worth noting that there is no nonlinearity
phenomenologically embedded in the approach given above.

Yet, the data presented in Fig. 4(c) indicate the persistent
nonlinear behavior of the effective damping. To clarify the
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FIG. 7. (a) Effective damping in the linear and nonlinear pre-
cession regimes of the precession amplitude A. The lines are the
second-order polynomial fits with Eq. (7). (b) Magnetic field depen-
dence of the nonlinearity parameters: nonlinear damping coefficient
α2 (points, obtained from experiments) and the W (θ ) potential an-
harmonicity normalized βθ (red line, calculated).

role of the potential anharmonicity, we fitted the potentials
W (θ, ϕ) using a parabolic function with an anharmonic term:

W (x) = W0 + k[(x − x0 )2 + βx(x − x0)4]. (6)

Here x = θ or ϕ, and βx is the anharmonicity parameter.
We calculated it independently for θ and ϕ for each dataset of
W (θ, ϕ) obtained at different values of the external magnetic
field H by fitting the total energy with Eq. (6) in the vicinity
of the energy minimum (Fig. 5). This anharmonicity should
be examined on equal footing with the nonlinear damping
contribution. To quantify the latter, we follow the approach by
Tiberkevich and Slavin [8] and analyze the effective damping
dependencies on the precession amplitude by means of fitting
a second-order polynomial to them:

α = α0 + α2A2. (7)

The examples of the fit curves are shown in Fig. 7(a),
demonstrating good quality of the fit within a certain range
of the amplitudes A (below 45 °). It should, however, be noted
that the model in Ref. [8] has been developed for the in-plane
magnetic anisotropy, and thus its applicability for our case
is limited. This is the reason why we do not go beyond the
amplitude dependence of the effective damping and do not
analyze the frequency dependence on A in the limit of strong
effective fields. We note that the amplitude A, the opening an-
gle of the precession, should be understood as a mathematical
parameter only, and not as a true excursion angle of magne-
tization obtained in the real experimental conditions. There,

large effective Gilbert damping values and a short decay time
of the photomagnetic anisotropy preclude the excursion of
magnetization from its equilibrium to reach these A values.

We note that the anharmonicity parameter βx calculated for
the W (θ ) profiles was found to be a few orders of magnitude
larger than that obtained for W (ϕ). This difference in the
anharmonicity justifies our earlier decision to focus on the
shape of W (θ ) potential only (cf. Fig. 5). This means that
the potential for magnetization in the azimuthal plane is much
closer to the parabolic shape and much larger amplitudes of
the magnetization precession are required for it to start mani-
festing nonlinearities in dynamics. As such, we only consider
the anharmonicity βx originating in the W (θ ) potential energy.
In Fig. 7(b), we compare the βθ (red line) and α2 (points)
dependencies on the external in-plane magnetic field. It is seen
that its general shape is very similar, corroborating our as-
sumption that the potential anharmonicity is the main driving
force behind the observed nonlinearity. We argue that thanks
to the cubic magnetic anisotropy in YIG:Co film, the potential
anharmonicity-related mechanism of nonlinearity allows for
reaching the nonlinear regime at moderate excitation levels.

V. SIMULATIONS OF LASER-INDUCED
MAGNETIZATION DYNAMICS

To further prove that the observed nonlinearities in mag-
netization dynamics do not require introducing additional
inertial or relativistic terms [33], we complemented our ex-
perimental findings with numerical simulations of the LLG
equation:

dM
dt

= −γ [M × Heff (t )] + α

Ms

(
M × dM

dt

)
, (8)

where Heff is the effective field derived from Eq. (2) as

Heff (t ) = −∂WA

∂M
+ HL(t ), (9)

We employed the simulation model from Ref. [11] and
added a term corresponding to the external magnetic field H .
Calculations performed for a broad range of laser fluences
and external field values allowed us to obtain a set of traces
of the magnetization dynamics. Figure 8 shows a great deal
of similarity between simulations and experimental data (cf.
Fig. 3). It is seen that the frequency increases with increasing
external field H while the amplitude decreases [see Fig. 8(a)].
The simulations for various stimulus strengths show the ex-
pected growth of the precession amplitude [see Fig. 8(b)]. The
differences, particularly visible for low field time traces, arise
from the description complexity of the multimagnetic states
in the cubic garnet with a nonzero miscut angle. It should
be noted that the purpose of the numerical simulations of the
magnetization dynamics presented here was a demonstration
of the spin nonlinearity in a system with cubic magnetic
symmetry. In doing so, we aimed to obtain a simple and trans-
parent model and minimized the number of model parameters,
rather than accurately reproducing the experimental findings.

We further repeated our fit procedure with Eq. (1) to obtain
the precession parameters from these data. Figure 9 shows
the values of the amplitude and frequency of the precession
in the power regime. At a low field H = 0.4 kOe (red), the
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FIG. 8. Photomagnetic precession obtained in numerical simu-
lations of the LLG equation for (a) field dependence at moderate
excitation level and (b) power dependence (I = 4, 10, 16, and
22 arb. units) at H = 0.4 kOe. The dimmed data points are exper-
imental time traces obtained at a laser fluence of 3.2 mJ/cm2, also
shown in Fig. 3.

nonlinearity is clearly visible and comparable with experi-
mental data, as seen in Fig. 4. Similarly, at high fields (green),
the behavior is mostly linear. Figure 9(a) shows a great deal
of similarity between simulations (amplitude parameter) and
experimental data (normalized value AF /θmax) [cf. Fig. 4(a)].
The analysis of the damping parameter [Fig. 9(c)] also con-
firms the experimental findings [as in Fig. 7(a)], revealing the
existence of two regimes, linear and nonlinear. The results of
the simulations confirm that the observation of the nonlinear
response of the magnetic system can be attributed to the an-
harmonicity of the energy landscape.

Notably, in the simulations, as well as in the experimental
data, we not only observe a second-order correction to the
effective damping α2, but also a deviation from Eq. (7) at
even larger amplitudes [cf. Figs. 7(a) and 9(c)]. The latter
manifests as a reduction of the effective damping compared to
the expected α0 + α2A2 dependence shown with dashed lines.
This higher-order effect is unlikely to originate in the mul-
timagnon scattering contribution since the latter would only
further increase the effective damping [8]. We rather believe
that this is likely an artifact of the used damped oscillator
model where in the range of αeff ≈ 1 the quasiperiodic de-
scription of magnetization precession ceases to be physically
justified.

VI. PHOTOINDUCED PHASE DIAGRAM OF
SUBSWITCHING REGIME

It is seen from both the experimental and numerical results
above that the cubic symmetry of the magnetic system is
key for the observed nonlinear magnetization dynamics. To
quantify the parameter space for the nonlinearity, we first
estimate the realistic values of the effective light-induced
magnetic field HL. Throughout a number of works on pho-

FIG. 9. Power dependence of the (a) amplitude and (b) frequency
as obtained in the simulations for low (red dataset) and high (green
dataset) external magnetic fields. (c) Effective damping in the linear
and nonlinear precession regimes.

tomagnetism in Co-doped garnets, a single-ion approach to
magnetic anisotropy is consistently utilized. We note that in
YIG:Co, it is the Co ions at tetrahedral sites that are predom-
inantly responsible for the cubic anisotropy of the magnetic
energy landscape [22]. In the near-IR range, these ions are
resonantly excited at the 1300 nm wavelength, resulting in
improved efficiency of the photomagnetic stimulus, as com-
pared to previous works [45]. Further, we note that at the
magnetization switching threshold, about 90% of the Co3+

ions with a concentration on the order of 1020 cm−3 are
excited with incident photons [11,46]. Taking into account the
single-ion contribution to the anisotropy �K1 ∼ 105 erg/cm3

[47], and assuming a linear relation between the absorbed
laser power (or fluence) and the effective photomagnetic field
HL, for the latter we find that HL ∼ 1 kOe is sufficient for the
magnetization switching. This means that the subswitching
regime of magnetization dynamics (cf. Fig. 1) refers to the
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FIG. 10. Calculated amplitude map of the photoinduced magne-
tization precession in YIG:Co film.

laser fluences (as well as wavelengths), resulting in smaller
effective fields.

We reiterate that in previous works, the impact of the
external magnetic field on the photomagnetically driven mag-
netization precession has not been given detailed attention. To
address this gap, we plotted the amplitude of the precession
A calculated in the same way as above in the subswitching
regime (Fig. 10). As expected, the amplitude generally in-
creases with HL. However, we note a critical external field
of about 0.5 kOe at which the desired amplitudes can be
reached at smaller light-induced effective fields HL. At this
field, where the system enters a single-domain state, the po-
tential curvature around the energy minimum decreases, thus
facilitating the large-angle precession. In other words, exter-
nal magnetic fields can act as leverage for the effective field of
the photoinduced anisotropy, thus reducing the magnetization
switching threshold. An exhaustive study of magnetization
switching across the parameter space shown in Fig. 10 re-
mains an attractive perspective for future studies.

In our analysis, we only considered a truly photomag-
netic excitation and neglected the laser-induced effects of
thermal origin. It is, however, known that laser-driven heat-
ing can introduce an additional, long-lasting modification of

magnetic anisotropy in iron garnets [48,49]. The relatively
long relaxation times associated with cooling are responsible
for the concomitant modulation of the precession parameters
and thus facilitate nonlinearities in the response of the mag-
netic system. Yet, 1300 nm laser excitation of magnetization
dynamics in YIG:Co film was shown to be highly polariza-
tion dependent [6], thus indicating the dominant role of the
nonthermal excitation mechanism. On the other hand, the
unavoidable laser-induced heating with experimental values
of laser fluence in YIG:Co film has been estimated to not
exceed 1 K [6]. As such, we do not expect modification
of the Gilbert damping associated with the proximity of the
magnetization compensation or Néel temperature in the fer-
romagnetic garnet [50]. However, a detailed investigation of
the temperature-dependent nonlinear magnetization dynam-
ics in the vicinity of the compensation point or a magnetic
phase transition [51,52] represents another promising research
direction. Further, exploring the nonlinear regime in the re-
sponse of the magnetic system to intense THz stimuli along
the lines discussed in [33] enjoys a rich potential for spintronic
applications.

VII. CONCLUSIONS

In summary, we studied, both experimentally and numer-
ically, the nonlinear regime of magnetization dynamics in
photomagnetic Co-doped YIG film. After excitation with fem-
tosecond laser pulses at fluences below the magnetization
switching threshold, there is a range of external magnetic
field where the magnetic system demonstrates strongly non-
linear precession characterized by a significant increase of the
effective Gilbert damping. We attribute this nonlinearity to
the anharmonicity of the potential for the magnetic oscillator
enhanced by the dominant role of the cubic magnetocrys-
talline anisotropy. The effective damping and its nonlinear
contribution, as obtained from numerical simulations, both
demonstrate very good agreement with the experimental find-
ings. Simulations of the magnetization dynamics by means of
the LLG equation further confirm the nonlinearity in the mag-
netic response below the switching limit. Finally, we provide
estimations for the realistic, effective photomagnetic fields HL

and map the work space of the parameters in the subswitching,
nonlinear regime of photoinduced magnetization dynamics.
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