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Femtosecond laser pulses trigger in dielectric FeBO3 coherent oscillations of the magnetic anisotropy
followed by spins. The oscillations are driven by optically excited lattice vibrations strongly coupled to the
magnetic system. Unlike the spin resonances, this mode is characterized by a very small damping ratio and
can be easily pushed into an anharmonic regime.
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Efficient control of spin dynamics by femtosecond (fs)
laser pulses is a heavily debated topic in modern magnetism
[1–4]. Such a control of spins is counterintuitive, since an
action of the electric field of light on elementary electric
dipoles, which is the strongest perturbation in light-matter
interaction, conserves the spin of the electron [2].
Nevertheless, it was shown that excitation of metals or
semiconductors with the help of a fs laser pulse can lead to
a collapse of the magnetic order [5,6] or even magnetiza-
tion reversal [7]. A crucial role in these phenomena is
played by the free electron gas. The laser pulse heats the
free electrons creating strongly nonequilibrium distribu-
tion, which eventually promotes the demagnetization and
remagnetization of the metallic magnet [8]. Unfortunately,
such a mechanism can hardly be realized in dielectric
magnetic media where no free electrons are present. This
obstacle has motivated an intense search for alternative
ways to excite spin dynamics in magnetic dielectrics by
means of light. Several mechanisms based on impulsive
stimulated Raman scattering by magnons [9], photoinduced
magnetic anisotropy [10], and resonant THz pumping [11]
have been successfully demonstrated. Nevertheless, in all
these approaches the amplitude of the excited spin dynam-
ics was so small that the dynamics did not even enter an
anharmonic regime.
Recently, an alternative way to control spins by light via

coherent phonon excitation has been demonstrated in
metals [12–14] and semiconductors [15]. Even a scenario
of laser-induced acoustically mediated magnetization
reversal was suggested theoretically [16]. All these articles
reveal the potential of the coupled magnetoacoustic (MA)
excitations for optical control of magnetism in dielectrics.
Here we report that excitation of FeBO3 by a fs laser pulse
generates a standing acoustic wave. Because of a strong
magnetoelastic coupling this excitation leads to coherent
oscillations of the magnetic anisotropy followed by spins.
Unlike the spin resonances, this mode is characterized by a
very small damping and the efficiency of the excitation is

high enough to push the spin dynamics into an anharmonic
regime.
To demonstrate the laser-induced acoustically mediated

magnetization dynamics in a dielectric medium we have
chosen single-crystalline FeBO3 (point group is D6

3d). This
is an antiferromagnet (TN ¼ 348 K) with strong anisotropy
of an easy-plane type [17]. The magnetizations of the two
antiferromagnetically coupled sublatticesM1,M2 lie in the
plane perpendicular to the C3 crystallographic axis. The
antisymmetric exchange leads to a canting of the sublattice
magnetizations resulting in a net magnetic moment
M ¼ jM1 þM2j ≈ 9 emu=cm3, also perpendicular to the
C3 axis. Because of the extremely low value of the intrinsic
in-plane magnetic anisotropy Ha ¼ 0.26 Oe [18] iron
borate is almost isotropic in the easy plane. It makes the
spins highly susceptible to external perturbations, including
stress [19] and light [20,21]. Moreover, iron borate has an
extremely large value of the magnetoelastic contribution
ΔC to the effective elastic modulus Ceff ¼ Cþ ΔC which
in zero magnetic field could reach values up to jΔC=Cj ¼
0.8 [22].
We studied a series of iron borate single crystals with

thicknesses of 4 to 40 μm. All crystals had their crystallo-
graphic axis C3 normal to the sample plane. Optical control
of the magnetic anisotropy in FeBO3 was studied with the
help of a pump-probe technique with a mechanical delay
line in the geometry shown in Fig. 1(a). We employed an
amplified Ti:sapphire laser system producing 200 fs pulses
with a central photon energy of 1.55 eV at a repetition rate
of 1 kHz. The laser-induced magnetization dynamics was
monitored measuring Faraday rotation θF ¼ χðM; ekÞ.
Here, χ is the magneto-optical (MO) susceptibility and
ek is the unit vector in the direction of the light propaga-
tion. The intensity ratio between the pump and probe pulses
was about 50. Both beams were focused on the sample to a
spot diameter of about 200 μm for the pump and 60 μm for
the probe. To avoid an influence of possible artifacts of
nonmagnetic origin we measured polarization rotation θ at
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two polarities of the external magnetic field Hext. The
Faraday rotation then was calculated as the difference:
θF ¼ 1

2
½θðHþ

extÞ − θðH−
extÞ�. The field Hext > 15 Oe was

applied in the sample plane (Hext⊥ek). Because of the
weak in-plane anisotropy, the magnetization got oriented
nearly along Hext, which was confirmed by static MO
measurements [Fig. 1(b)]. All the measurements were done
at room temperature.

Figure 1(c) shows that, similarly to Ref. [23], fs laser
pulse excites strongly damped oscillations (the damping
ratio is 0.16) at the frequency of the quasiferromagnetic
resonance mode (FMR) fFMR ¼ 6.9 GHz. The dynamics at
longer time delays reveals an additional low frequency
0.5 GHz, nearly damping-free oscillation (the damping
ratio is ≤ 0.01) [Fig. 1(d)]. Figure 2(a) shows the low
frequency oscillations in various external magnetic fields. It
is remarkable that relatively small fields suppress the
oscillations dramatically. A Fourier analysis of the signals
spectra demonstrates both first f and second 2f harmonics
of the magnetic excitation, with frequencies of 0.51� 0.05
and 1.01� 0.05 GHz, respectively. Both frequencies are
hardly sensitive to the field strength [Fig. 2(b)]. This is in
contrast to the behavior expected for the homogeneous
magnetization precession around the effective magnetic
field Heff in FeBO3; see Fig. 1(e). Moreover, observed
frequencies are much lower than the FMR frequencies in
FeBO3. Hence, the observed magnetization oscillations
cannot be due to a precession of the magnetization around
its equilibrium orientation and can only be explained in
terms of oscillations of the equilibrium orientation itself. As
f ≪ fFMR, the magnetization tracks the equilibrium qua-
sistatically. The oscillations of Heff are due to oscillations
of the laser-induced contribution to the anisotropy field

FIG. 1 (color online). (a) Experimental geometry of the optical
pump-probe setup. (b) Static Faraday rotation in FeBO3 as a
function of in-plane external magnetic field. (c) Femtosecond
laser excitation of short-living high frequency FMR mode at
fFMR ¼ 6.9 GHz. (d) Femtosecond laser excitation of the long-
living lattice-driven magnetic mode at f ¼ 0.5 GHz. The external
magnetic field is 40 Oe and the pump fluence is 38 mJ=cm2. The
sample thickness is 9 μm. (e) Schematic representation of light-
induced FMR. Instantaneously induced magnetic anisotropy
δHa causes the magnetization M deviation from equilibrium
followed by the precession around the effective magnetic fields
Heff ¼ Hext þHa. (f) Schematic representation of light-induced
lattice-mediated oscillations of magnetic anisotropy. Ultrafast
excitation of lattice induces periodic tensile and compression of
the primitive cell, which generates a periodically modulated
magnetic anisotropy δHa and leads to a change of the equilibrium
H0

eff ¼ Hext þHa þ δHa. In the present picture f ≪ fFMR. For
simplicity a bcc primitive cell with a magnetic atom (red) inside
is chosen.

FIG. 2 (color online). (a) Probe polarization rotation as a
function of time delay between linearly polarized pump and
probe pulses for different values of the applied magnetic field. (b)
Field dependence of frequencies of two harmonics. (c) Exper-
imental data (points) and theoretical fit based on the theory (solid
lines) of the amplitudes of the 1st and the 2nd harmonics of spin
oscillations as a function of magnetic field. Fit parameters are
G4 ¼ 4.3 × 107 erg=cm3 and G6 ¼ 5.7 × 104 erg=cm3, and the
laser-induced strain amplitude is s0zz ¼ 3.3 × 10−4. Sample thick-
ness is 9 μm. Pump fluence is 38 mJ=cm2.
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δHa, presumably triggered via the aforementioned lattice-
driven effect [Fig. 1(f)].
To verify this hypothesis we performed the measure-

ments on the samples of various thicknesses. The
FMR frequency is expected to be thickness independent.
Figure 3(a) shows that the thickness d strongly influences
the frequency of the oscillations, while the amplitudes of
the oscillations in all the samples are comparable, being
in the range of 5–7 degrees. The thickness dependence of
the lowest frequency f in the spectrum can be well
described by f ¼ VS=2d, with VS ¼ 8.7� 0.1 km=s
[Fig. 3(b)]. This value is in a very good agreement with
the speed of the longitudinal sound wave propagating along
the C3 axis [24]. It suggests that the observed oscillations
of the magnetic anisotropy are due to a coupling between
the magnetic subsystem and a laser-excited longitudinal
sound wave. After the excitation such a wave is spatially
confined by the sample surfaces. The boundary conditions
given by the free surfaces lead, similarly to Ref. [25], to
the formation of standing wave oscillating at the frequency
f and described by the strain tensor component
szz ¼ ð∂u=∂zÞ. Here uðzÞ is a displacement of the atoms

along z∥C3. Such a standing strain wave results in periodic
sample deformations along the z axis leading, in particular,
to modulation of the volumetric mass density. In accor-
dance with the Clausius-Mosotti relations it results in a
change of the differential transmission [26] ΔT=T ∼ 10−4

[Fig. 3(c)] and corresponds to a mechanical strain of∼10−4.
The frequencies of the oscillations in ΔT=T and the
Faraday rotation are the same and field independent
[Fig. 3(d)], but the amplitude of the oscillations in
ΔT=T does not depend on the field.
To reveal the nature of the anharmonicity of the

dynamics, we performed measurements for different pump
fluences. Figures 4(a) and 4(b) show that the spectrum
contains three harmonics effectively generated above the
fluence threshold (20 mJ=cm2). Note that the measured
signal is proportional to the integral magnetization over the
sample thickness. Hence, assuming a linear relationship
between the strain and the magnetization [27], the odd
harmonics can originate from the overtones of the acoustic
standing wave. The even harmonics must have a different
origin, because their integral effect over an integer number
of periods is zero [25]. Indeed, Fig. 4(c) reveals nearly
similar intensity dependencies for the 1st and 3rd harmon-
ics, that are clearly distinct from that of the 2nd harmonic.
Until the saturation near 44 mJ=cm2, the 1st and 3rd
harmonics have nearly linear dependence while the 2nd
demonstrates a quadratic behavior. This implies that the
2nd harmonic arises from a nonlinear coupling between the
magnetization and the sound. The different nature of the 1st
and 2nd harmonics is also confirmed by their significantly
different field dependencies [Fig. 2(c)]. In agreement with

FIG. 3 (color online). (a) Magnetization deviation as a function
of time for samples with various thicknesses. (b) Lowest fre-
quency in the spectrum vs sample thickness: dots are exper-
imental data, thick line is a hyperbolic fit f ¼ VS=2d.
(c) Differential transmission signal for the sample with the
thickness of 4 μm. (e) Normalized FFT spectra of the Faraday
rotation (black) and the differential transmission (red) for a 4 μm
thick sample. Solid lines are Lorentzian fits. The external field is
25 Oe. Pump fluence is 38 mJ=cm2. The origin of the splitting of
the f line in the FFT spectrum for the Faraday rotation could be
due to a nonlinearity of the magnetoacoustic interation and an
inhomogeneity of the sample thickness over the probed area.

FIG. 4 (color online). (a) Probepolarization rotation asa function
of time delay between the linearly polarized pump and probe pulses
for different values of pump fluence. (b) FFT spectrum for different
pump fluences. (c) Pump fluence dependence of the observed
harmonics.Thedashed lines areguides to the eye.Externalmagnetic
field is 100 Oe. Sample thickness is 9 μm.
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this interpretation, our experiments show no 2nd harmonic
in ΔT=T [see Fig. 3(d)].
We note that for FeBO3, absorption of light at the pump

wavelength is less than 80 cm−1. Hence, it is reasonable to
consider nondissipative mechanisms of the strain generation.
Consider a coordinate system with the x and y axes in the
plane of the sample and the z axis aligned along the C3 axis.
For the light incident close to the sample normal, the electric
field is given by a superposition of x and y components E ¼
Exex þ Eyey, where ex and ey are unit vectors parallel to the
x and y axes, respectively. The mechanical strain along the z
axis can be generated by an electric field in a centrosym-
metric crystal by means of an electrostrictionlike effect [28]:
szzðfÞ¼ ζzzxxExðω1ÞEx �ðω2ÞþζzzyyEyðω1ÞEy�ðω2Þþc.c.,
where ζzzxx, ζzzyy are components of the electrostriction
tensor ζijkl (for the space group of FeBO3 ζzzxx ¼ ζzzyy) and
ω1, ω2 are the frequencies of the optical waves exciting
the strain, so that f ¼ ðω1-ω2Þ=2π. It is seen that the light-
sound coupling does not depend on the orientation of the
linear polarization of light. This has been confirmed exper-
imentally. An ultrashot laser pulse is spectrally broad
and simultaneously provides electric fields Eðω1Þ and
Eðω2Þ. Such a nondissipative mechanism can be explained
in terms of impulsive stimulated Brillouin or Raman
scattering [29,30].
For the space group of FeBO3, a longitudinal sound

wave along the C3 axis can change neither the symmetry
nor the direction of the magnetocrystalline anisotropy in the
basal plane. Instead, it can trigger oscillations of its value
[31]. This may happen due to strain-induced changes in the
dipole-dipole and the single-ion magnetic interactions [32].
If the easy axis does not coincide with the external field,
such oscillations will lead to oscillations of the equilibrium
orientation, which is determined by the competition of the
magnetocrystalline easy axis and the external magnetic
field. An increase of the magnetic field so that Hext ≫ δHa
leads to a suppression of the magnetic oscillations as
suggested in Fig. 1(f) and observed in Fig. 2(c).
A formal description of such an acoustically driven

magnetization dynamics requires us to consider free energy
terms Φa responsible for the in-plane anisotropy. They have
to comply with symmetry operations of the space group and
can be written in terms of the antiferromagnetic vector [33]
l ¼ ðM1 −M2Þ=2M0, M0 ¼ jM1j ¼ jM2j:

Φa ¼
1

2i
bðl3þ − l3−Þlz þ

1

2
gðl6þ þ l6−Þ; (1)

where l� ¼ lx � ily and b, g are cubic and hexagonal
magnetic anisotropy constants, respectively, and the x axis
coincides with one of the three C2 axes. The effect of strain
on the in-plane anisotropy can be phenomenologically
written as a renormalization of the anisotropy constant :
beff ¼bþδbðϵijÞ and geff ¼gþδgðϵijÞ. Here, ϵij¼ ϵ0ijþsij
is a strain tensor consisting of a static magnetostrictive ϵ0ij

and dynamical part sij. In the linear approximation only
terms proportional to ϵzz and ϵxx þ ϵyy satisfy the symmetry
operations of the FeBO3 space group and can contribute to
Φa. Our experiment shows that the magnetic oscillations are
caused by ϵzz. The dynamical strain-induced contributions
to the effective constants of the in-plane anisotropy can be
written as δbdyn ¼ G4szz and δgdyn ¼ G6szz. The laser-
induced dynamical strain acts like a driving force for the
magnetization dynamics. Although detailed theoretical
treatment of the problem will be considered elsewhere,
here we note that it is based on the condition f ≪ fFMR. As
done in Ref. [22], minimizing the thermodynamical poten-
tial, which accounts for magnetic, elastic, and magnetoe-
lastic energies, with respect to the antiferromagnetic vector
l, one can find the equilibrium orientation of l. It can be
shown that due to magnetoelastic terms given by Eq. (1),
longitudinal strain leads to anharmonic oscillations of the
spins. This theoretical framework and the field dependence
of the observed 1st and 2nd harmonics of magnetic
excitations allowed us to estimate the phenomenological
parameters (G4 ∼ 107 erg=cm3, G6 ∼ 104 erg=cm3) and
the laser-induced strain amplitude ( s0zz ∼ 10−4) . The fit
of the experimental data with these parameters describes
the experiment well [see Fig. 2(c)]. Note that static
magnetostrictive deformation ϵ0zz in FeBO3 is about 10−5

[34], and, thus, s0zz ≫ ε0zz. Such an inequality is the reason
for the strongly anharmonic behavior of the acoustically
driven oscillations of spins.
To conclude, as the observed lattice-driven dynamics can

last up to few μs [35,36], it can be employed for coherent
control of magnetism [37,38]. Note that the observed
amplitudes of the magnetoacoustic excitation are just by
a factor of 2 smaller than those required for the switching
[16]. However, achieving higher magnetization deviation
amplitudes is hampered by the anharmonicity of the
magnetoacoustic excitation.
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