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We perform ultrafast pump-probe measurements on a nanometer-thick crystalline Bi-doped yttrium iron
garnet film with perpendicular magnetic anisotropy. Tuning the photon energy of the pump laser pulses
above and below the material’s band gap, we trigger ultrafast optical and spin dynamics via both one- and
two-photon absorption. Contrary to the common scenario, the optically induced excitation induces an
increase up to 20% of the ferromagnetic resonance frequency of the material. We explain this unexpected
result in terms of a modification of the magnetic anisotropy caused by a long-lived photo-induced strain,
which transiently and reversibly modifies the magnetoelastic coupling in the material. Our results disclose
the possibility to optically increase the magnetic eigenfrequency in nanometer-thick magnets.
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Since the discovery of the giant magnetoresistance effect
[1], static equilibrium magnetization states are the most
common method to encode digital information in data
centers worldwide. To date, the dynamical properties of
magnetization remain mostly unexploited in commercial
technologies, with the notable exception of microwave
frequency devices such as garnet-based oscillators [2].
Magnetization dynamics is attractive for technology since
the frequency of magnetization precession can be tuned
from the gigahertz to the terahertz range by the choice of
different materials or by tuning an externally applied
magnetic field [3]. Collective spin excitations—so-called
spin waves—can also be used to write, transport, or
manipulate magnetic information [4,5]. The best media
to excite and propagate spin waves are materials with low
Gilbert damping α, with bulk yttrium iron garnet (YIG)
holding the record for the lowest value α ¼ 5 × 10−5 [6,7],
hence a preferred choice for spin wave devices [8].
Nowadays it is even possible to grow nanometer-thick,
high-quality crystalline garnet films with comparable
Gilbert damping of α ¼ 6 × 10−5 [9–12], outperforming
that of metallic magnetic films by more than an order of
magnitude [13]. These ultrathin garnet films are key to
study both fundamental and applied problems of spin wave
dynamics at the nanoscale [7,14–16].

Ultrashort light pulses have emerged as an efficient tool
to initiate and probe magnetization dynamics in iron
garnets on the (sub)picosecond timescale [17–20]. The
numerous studies on optically induced magnetization
dynamics in garnets have unraveled both dissipative
[21,22] and nondissipative [23,24] mechanisms to trigger
magnetization precession, magnetization reversal [25], and
spin wave propagation [26]. Dissipative processes rely on
the absorption of light via allowed electronic transitions,
while nondissipative mechanisms can be realized when
photon energies tuned far away from these transitions are
used. In the latter case, light-scattering mechanisms such as
impulsive stimulated Raman scattering couple the electric
field of light to the spin system without heat transfer [27].
This large research effort has hitherto been mostly focused
on relatively thick iron garnets [20,26,28]. On the other
hand, ultrathin magnetic garnets have been barely studied
as the ultrafast spin dynamics is concerned [24]. Despite the
potential of scaling the generation, manipulation, and
detection of coherent magnetization precession to the
nanoscale [15,16,29], the ultrafast spin dynamics in few-
nanometer-thick garnet films with perpendicular magnetic
anisotropy (PMA) and low magnetic losses has not been
investigated yet. We note that it follows from the thermo-
dynamical description of a magnetic material and spin
wave theory, that laser-induced heating can decrease the
magnetic eigenfrequency, as the sample temperature
increases. However, increasing the frequency of collective
spin dynamics in a given material without relying on a
tunable external field is crucial for technological applica-
tions, since it implies both a larger bandwidth operation as
well as a lower 1=f noise at the given operating frequency.
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In this Letter, we study light-induced magnetization
dynamics in a nanometer-thick Bi:YIG film with PMA.
We use two different pump wavelengths to trigger mag-
netization dynamics with photon energies above and below
the material band gap [30,31]. To access both optical
absorption and light-induced spin dynamics, we measure
the transient transmissivity as well as the rotation of the
probe polarization. The time-resolved transmissivity data
show that the sample is laser heated, via different mech-
anisms depending on the pump wavelength. The rotation of
the polarization, due to the magneto-optical Faraday effect,
reveals that the ferromagnetic resonance is triggered by
laser-induced heating. Remarkably, we succeed in increas-
ing the frequency of the magnetic precession up to 20% of
its initial value by tuning the fluence of the photoexcitation.
The Bi:YIG sample studied in this Letter is 17 nm thick

and was grown by pulsed laser deposition on a (111)
oriented, substituted gadolinium gallium garnet substrate.
The PMA in this sample is stabilized by both magnetoe-
lastic and growth-induced anisotropy [10]. Bismuth-doping
enhances the magneto-optical response compared to pris-
tine YIG [32]. The experimental setup is described in the
Supplemental Material [33]. In order to investigate the
optical excitation with photon wavelength tuned below and
above the band gap, we used two different wavelengths:
800 and 400 nm, whose corresponding photon energies
(1.55 and 3.1 eV) are well below and slightly above the
Bi:YIG band gap at approximately 3 eV [30,31]. All
signals are normalized with respect to the measured optical
intensity. The rotation of the probe polarization is addi-
tionally normalized in respect to the magneto-optical
hysteresis loops, detected in the same setup. Such nor-
malization is necessary to convert the rotation of polari-
zation in units of transient changes of the saturation
magnetization [33]. We label these normalizing signals
T0 for transmissivity and θ0 for the rotation. Minimal cross
talking between pump and probe beams is achieved, as they
always have different wavelengths, either 800 or 400 nm. In
iron garnets, the magneto-optical response of each iron
sublattice varies within the optical range. The absorption of
the material is greatly increased above the band gap, and
the literature reports values that differ by at least one order
of magnitude for 400 and 800 nm [26,32]. We could
estimate the absorbance of our films to be approximately
5� 1% at 400 nm. At 800 nm the absorbance value was
below our experimental sensitivity of approximately 1% for
these films, consistent with the literature. Therefore, in
order to perform experiments at comparable absorbed
fluences in correspondence of the two pump wavelengths,
we set the incident fluence of the 800 nm pump beam to a
value 10 times higher than the 400 nm one.
The temporal traces of the pump-induced changes in

transmissivity (ΔT=T0) for 800 and 400 nm pump wave-
lengths are displayed in Figs. 1(a) and 1(b). For the 800 nm
pump, ΔT=T0 increases sharply at the temporal overlap of

pump and probe pulses, then it quickly relaxes down to the
negative delays value. A substantial increase from the
unpumped baseline is clearly observed for fluences equal
and higher than 50 mJ=cm2 [Figs. 1(a) and 1(c)]. For the
400 nm pump data shown in Fig. 1(b), the transmissivity
does not show the same sharp increase at time zero, but it
relaxes on similar timescales of hundreds of picoseconds.
In order to get more insight on the pump absorption

processes, we evaluate the change in transmissivity 100 ps
after the overlap as a function of the fluence. This is shown
in Figs. 1(c) and 1(d) for 800 and 400 nm, respectively. For
the 800 nm pump, 1.55 eV, the fluence dependence of
ΔT=T0 can be well fitted by a quadratic function. Such
dependence is consistent with a two-photon absorption
process, commonly reported for garnets optically excited at
this wavelength [17,21,23,26]. Conversely, ΔT=T0 for the
400 nm pump shows a linear fluence dependence, signature
of a one-photon absorption process. For a photon energy of
approximately 3.1 eV, the absorption of one photon
involves a direct electronic transition from the ground to
the excited state, i.e., the charge transfer transition, which
defines the band gap [26,30,31]. The long-lasting increase
of the transmissivity after time zero suggests that, at both
pump wavelengths, the laser pulses may induce a temper-
ature increase in the sample. We point out that the same
electronic transition is involved in both the 400 and 800 nm
absorption processes. Indeed, no crystal field transitions are
excited by 1.55 eV photons [32], but only the charge
transfer [30].

FIG. 1. Temporal evolution of the transient transmissivity of the
Bi:YIG film for (a) 800 and (b) 400 nm pump excitation. Fluence
dependence transmissivity 100 ps after the temporal overlap for
(c) 800 and (d) 400 nm pump excitation wavelengths. Dashed
lines are fits to the curves, described in detail in the main text.
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We now turn the discussion to the time-resolved Faraday
rotation (FR) of the polarization. The full response of the
sample is shown in Fig. 2, in which the data are plotted in
absolute values (milliradians) in order to give a flavor of the
magnitude of the signal. For both 800 and 400 nm pump
wavelengths, the FR shows two distinct features: (i) a fast
(< 5 ps) offset that is mostly independent of the direction
of the applied magnetic field, and (ii) well-defined and
long-lived (> 100 ps) oscillations whose phase is reversed
upon reversal of the externally applied magnetic field
μ0Hext. This straightforward dependence on the sign of
the magnetic field allows one to readily disentangle the
nonmagnetic from the magnetic responses, by simply
taking the difference between data measured with the
magnetic field of opposite polarities.
To understand how the pump absorption triggers this

magnetic precession, we study the effect of the pump
fluence on the FR signal. The difference between data at
opposite fields is plotted in Figs. 3(a) and 3(b) for a few
selected pump fluences at both excitation wavelengths. The
time traces are fitted with the expression [23,24,35]

θðtÞ=θ0 ¼ A0e−t=τ0 cos ð2πfrestþ ξÞ − A1e−t=τ1 ; ð1Þ

where the first term on the right-hand side (weighted by the
factor A0) describes the oscillation of the magnetization at
the frequency fres, with an initial phase ξ, damped at the
characteristic time τ0. The second term (scaled by the
amplitude A1) describes all other magnetic relaxation
phenomena, such as demagnetization, occurring with a
time constant τ1.
Figures 3(c) and 3(d) show the extracted A0 and A1

parameters for the two pump wavelengths. For the 800 nm
data shown in Fig. 3(c), both the magnetic oscillation term
A0 and the relaxation term A1 have approximately the same
magnitude and increase linearly with fluence. For the
400 nm data, A0 and A1 have a comparable magnitude
only for fluences up to 0.7 mJ=cm2, as shown in the inset of

Fig. 3(d). However, for higher fluences, shown in the main
panel of Fig. 3(d), the amplitude A0 of the magnetic
oscillations increases more rapidly than A1 and approaches
above 5 mJ=cm2 a saturation value that is approximately
twice as large.
The fit of the magnetic response using Eq. (1) also

returns the values of fres in the range of a few gigahertz,
which suggest that the observed oscillations are due to the
ferromagnetic resonance (FMR). Since we did not observe
any effect of the pump polarization, for both pump wave-
lengths, neither on the amplitude nor on the phase of the
oscillations, we rule out nondissipative excitation mecha-
nisms. This would suggest that the FMR precession is heat
driven [17,22,35,36]. Heat-induced FMR precession in
magnetic garnets often is attributed to ultrafast heating
of the lattice, which causes a sudden change in the magnetic
anisotropy [22]. In turn, this modification of the anisotropy
results in a misalignment between the effective magnetic
field and the magnetization, which is no longer in equi-
librium. The recovery dynamics toward the equilibrium
state is described by the Landau-Lifshitz-Gilbert equation.
However, while the general mechanism of anisotropy
modification remains valid, as we discuss below, heat
alone cannot explain the magnitude of the effect that we
observe, and an additional mechanism must be taken into
account.
In order to understand the dynamics in more detail, we

now analyze the mechanism inducing the FMR relying on

FIG. 2. Time-resolved Faraday rotation following the excita-
tion using pump pulses (a) 800 and (b) 400 nm wavelengths,
with a fluence of approximately 9 mJ=cm2 and, respectively,
0.3 mJ=cm2. The magnitude of the externally applied magnetic
field μ0Hext ¼ 184 mT was nominally the same, with its direc-
tion reverted in the semitransparent symbols.

(a) (b)

(c) (d)

FIG. 3. Time-resolved Faraday rotation data for three different
pump fluences at (a) 800 and (b) 400 nm. Dashed lines are fit to
the curves using Eq. (1). Fluence dependence of the fitting
parameters A0 (solid symbols) and A1 (semitransparent symbols)
in Eq. (1) for (c) 800 and (d) 400 nm pump wavelengths. Inset:
enlarged low-fluence region of (d).
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the Kittel formalism, which we assume to be valid on the
relevant timescales (tens to hundreds of picoseconds). In
this temporal regime, a dielectric can be considered to
be in an equilibrium state, with an increased tempera-
ture in comparison with the state prior to the photoex-
citation. From the dependence of the resonant frequency
on the external field, we extracted the effective magnetic
field of our sample using the Kittel formula fres ¼
γμ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Hext · ðHext þHeffÞ
p

[34]. Here, γ ≈ 28 GHz=T s
the gyromagnetic ratio, and the effective field is
Heff ¼ Ms −HKU

, with Ms being the saturation magneti-
zation and HKU

¼ 2KU=Ms the uniaxial anisotropy, with
KU being the anisotropy constant. The in plane magneto-
crystalline anisotropy in our film is negligible [10]. The
estimation ofHeff is described in detail in the Supplemental
Material [33], with the fit returning μ0Heff ≈ −110�
8 mT. Such negative value of μ0Heff is consistent with a
strong PMA, which compensates the dipolar demagnetiz-
ing term. Furthermore, from Figs. 3(a) and 3(b), it can be
noticed that fres increases as the pump fluence F increases.
The fluence dependence of fres, extracted from Eq. (1), is
shown in Figs. 4(a) and 4(b) for 800 and 400 nm pump
wavelengths.
The increase in fres with fluence is qualitatively different

for the two cases. For the 800 nm pump, the FMR resonance
frequency is constant up to F ¼ 50 mJ=cm2, while for
higher fluences it shows a linear increase. At the 400 nm

pump, fres varies as the square root of F even for the lowest
fluence values. The fit of the overall dependence (dashed
lines) uses the functions f800 ¼ 5 GHz ðmJ=cm2Þ−1Fþ
3.36 GHz and f400 ¼ 0.23 GHz ðmJ=cm2Þ−1=2 ffiffiffiffi

F
p þ

3.42 GHz. The relative error is of the order of 1% for
all extracted parameters. As we kept the direction and the
magnitude of the magnetic field constant, the change in
resonance frequency must be, according to the Kittel
formula, attributed to a photo-induced change in the
effective field μ0Heff due to the optical pump. Such change
of μ0Heff is written as

μ0Heff ¼ μ0Hext −
�

fres
γ

�

2 1

μ0Hext
: ð2Þ

In Figs. 4(c) and 4(d) we plot μ0Heff calculated from the
data in Figs. 4(a) and 4(b) using Eq. (2). Because of a
systematic 5 mT uncertainty on the evaluation of μ0Hext,
μ0Heff is estimated with a standard deviation given by the
filled region of Figs. 4(c) and 4(d). For both wavelengths,
the magnitude of μ0Heff decreases with fluence, suggesting
that the optical pump effectively quenches the anisotropy of
the film. Since the effective field includes both the
magnetization and the anisotropy, we cannot exclude a
concurring demagnetization of the sample. However, since
the frequency is monotonously increasing, the reduction of
Ms has to be smaller than the reduction HKU

. Such a
decrease is qualitatively consistent with the temperature
dependence of the magnetization and the uniaxial magnetic
anisotropy constant KU, which is generally expressed as
KUðTÞ=KUð0 KÞ ¼ ½MsðTÞ=Msð0 KÞ�3 [37].
Given the phenomenological character of these

arguments, it is useful to quantify the effect of temperature
on the magnetization dynamics. Hence, we perform two
additional measurements that we show in the Supplemental
Material [33]. At first, we measure the optically induced
demagnetization by saturating the magnetization out of
plane (i.e., parallel to the laser beam). The maximum
demagnetization observed amounts to 2% and 12% for the
largest fluences used for the 800 nm and, respectively, the
400 nm pump beam. The timescale at which the demag-
netization was observed is the same as in the case of the
data shown in Figs. 2 and 3. Temperature-dependent
magnetization curves of similar films [32] allow us to
estimate a corresponding temperature increase of few
degrees kelvin (800 nm pump, max fluence) and þ50 K
(400 nm pump, max fluence) from room temperature.
Then, we estimate μ0Heff using microwave-based broad-
band FMR measurements from 300 to 400 K, covering and
exceeding the temperature range reached by the thin film in
the pump-probe experiment. The FMR data show a change
in effective field of approximatelyþ20 mT at 400 K and of
þ10 mT at 350 K. Remarkably, this is much smaller than
the optically induced modification of the effective field
shown in Fig. 4. In particular, it shows that temperature can

FIG. 4. Extracted FMR frequencies for different pump fluences
at (a) 800 and (b) 400 nm wavelengths. Fluence dependence of
the effective field μ0Heff calculated using Eq. (2) for (c) 800 and
(d) 400 nm pump wavelengths. Dashed lines in all panels are fit to
the curves using the expressions given in the main text. The
shaded area indicates the uncertainty in the estimate of the
effective field.
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only account for approximately a fifth of the observed
variation in μ0Heff for the 400 nm pump at the largest
fluence, and it is a negligible contribution in the case of
800 nm pump experiments.
Recently, a time-resolved diffraction experiment using

optical pump and X-ray pulses as probe reported a long-
lived (ns) strain on a similar Bi:YIG film as the one
investigated in our work, but much thicker and without
PMA [38]. A similar quadratic and linear dependence of the
strain on the fluence for 800 nm and, respectively, 400 nm
pump pulses was observed. There are, therefore, no reasons
to exclude that a nanosecond-long strain is photo-induced
in our measurements as well. It is instructive to estimate the
possible strain induced from the measured frequency shift
and by the known strain of 0.5% and magnetoelastic field
HKMO ≈ 82 mT for similar films [10]. The largest effective
field variation measured in our work is 48 and 28 mT for
the 400 nm and, respectively, 800 nm pump. Assuming that
a variation in the magnetoelastic field would explain all the
FMR frequency shifts, this would imply a maximum
transient strain of 0.3% and 0.16% for the two largest
400 and 800 nm fluences. These values are comparable to
those reported in Ref. [38] for the same pump wavelengths
(0.25% and 0.08%) and almost identical fluences. Hence,
we identify optically induced strain as the primary cause of
the FMR frequency up-conversion that we report.
We briefly comment on the significance of our results. It

is remarkable that optical laser pulses are able to quench the
effective field of an iron garnet by up to 44% in a fully
reversible way without permanent damage. With sample
engineering, it is reasonable to expect that photo-induced
full quenching of the magnetic anisotropy may be possible.
The all-optical, tunable control of strain has also unique
advantages, as standard mechanical means would be
practically more complicated to implement, possibly not
as reversible, and definitely orders of magnitude slower. We
also highlight that the strain-induced frequency up-con-
version is quantitatively significant (up to 20%), tunable,
but also counterintuitive, since noncoherent effects tend to
lower the magnetic eigenfrequencies. In our case, due to the
significant contribution of the uniaxial anisotropy term in
the effective field and to the magnetoelastic coupling, we
observe the opposite behavior.
We are not aware of other material systems where a

similar phenomenon has been achieved. We observe that,
although nonlinear spin dynamics has already been
reported in a limited variety of dielectric magnetic materi-
als, the mechanisms are different than the concept of long-
lived but reversible strain discussed here. In particular,
rather different mechanisms such as coupling with lattice
oscillations [39] and strong terahertz resonant [40,41] or
nonresonant [42] pumping were exploited to induce har-
monics of the spin resonances. Hence, our findings reveal a
novel mechanism of anisotropy control that can only be
achieved in ultrathin iron garnets with PMA. Given that

these garnets also possess an extremely low magnetic
damping, our results pave the way for new control schemes
in spin wave devices where their operating frequencies can
be controlled by light.
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