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We demonstrate experimentally that excitation of a Co-substituted ferrimagnetic yttrium iron garnet thin film
with linearly polarized 100 fs laser pulses triggers large-angle magnetization precession with an amplitude,
phase, and frequency determined by the characteristics of the laser pulse. The precession results from a
light-induced anisotropy field with a characteristic lifetime of 20 ps, the direction of which is determined by the
polarization of the light. Its strength for a pump intensity of 25 mJ /cm2 is 250 G which is comparable to the
intrinsic anisotropy of the sample. By choosing the proper laser-pulse parameters, we were able to excite a
precession with an amplitude as large as 20° and a precession frequency modified by up to 50%.
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I. INTRODUCTION

Traditionally, the control of the magnetization of a mate-
rial is realized via the application of a magnetic field. In the
pursuit to a faster speed of data manipulation, the control of
the magnetization by techniques other than the application of
magnetic fields has become an important area of research in
recent years.1 In particular, during the last decade it was
demonstrated that subpicosecond light pulses can rapidly
change the value of the magnetization of a medium2 and/or
its direction.2–4 The latter implies that these laser pulses act
on a magnetic medium as instantaneous effective magnetic
field pulses5 or modify the magnetic anisotropy,6 thereby al-
tering the magnetization direction. If the change in magnetic
anisotropy is achieved via laser-induced heating,4 then the
subsequent slow dissipation processes considerably limit po-
tential applications. Thus nonthermal mechanisms through
which laser pulses can modify the magnetic anisotropy, re-
sulting in a fast control of the magnetization without the
heating limitation, are of particular interest.

It has recently been reported that excitation with femto-
second laser pulses leads to a nonthermal light-induced
change in the magnetic anisotropy in ferrimagnetic garnets7

and the ferromagnetic semiconductor GaMnAs.8 Although
the reported results suggested that femtosecond modulation
of the magnetocrystalline anisotropy may lead to switching
of the magnetization between two directions, the achieved
rotation of the magnetization from its initial equilibrium po-
sition was only a fraction of a degree �0.6° and 0.8° in the
garnet and GaMnAs, respectively�, definitely not enough for
a rotation of the magnetization over 90° or 180° required for
practical applications. For that, one needs materials where
photoinduced changes in the magnetocrystalline anisotropy
are much stronger.

Here, we report on large-amplitude magnetization preces-
sion in a ferrimagnetic cobalt-substituted yttrium iron garnet
�YIG:Co� thin film through excitation by linearly polarized
100 fs laser pulses. The deviation of the magnetization from
its initial equilibrium position achieved via a photoinduced
magnetic anisotropy �PMA� effect was as high as 20°. The
estimated strength of the photoinduced anisotropy field is a

few hundred gauss, which is an order of magnitude larger
than those previously reported.7 Moreover, we observed sig-
nificant changes �up to 2 GHz, that is a 50% change from the
initial value� of the precession frequency as a function of
light polarization, suggesting the feasibility of subpicosecond
frequency modulation.

The paper is organized as follows: experimental details
including sample characteristics and the experimental setup
are given in Sec. II. In Sec. III we present the experimental
results obtained from studies of laser-induced magnetization
dynamics in YIG:Co and discuss them on the basis of a
phenomenological model of PMA and the Landau-Lifshitz-
Gilbert �LLG� equation.

II. EXPERIMENTAL

The sample under study was an 8-�m-thick ferrimagnetic
Y2CaFe4−xCoxGeO12 film �YIG:Co� with a high cobalt con-
centration �x=0.08�, grown by liquid phase epitaxy on a
�001�-oriented Gd3Ga5O12 substrate �miscut about 0.1°�. Its
saturation magnetization at room temperature is 4�Ms
=90 G and the Néel temperature is 445 K.9,10 At room tem-
perature, the constants of uniaxial and cubic anisotropy are
KU=−1.1�103 erg /cm3 and KCA=−9.7�103 erg /cm3,9

corresponding to anisotropy fields of about 0.15 kG and 1.36
kG, respectively, as obtained from ferromagnetic resonance
�FMR� measurements. YIG:Co is known for its strong PMA
effects revealed by laser excitation studies in the quasistatic
regime.11,12

To study the effect of intense subpicosecond laser pulses
on this photomagnetically active material, we carried out
time-resolved measurements at room temperature using a
magneto-optical pump-probe setup described elsewhere.4 In
brief, pump pulses of photon energy 1.55 eV with a duration
of 100 fs and a repetition rate of 500 Hz were directed at an
angle of incidence of 10° from the sample normal parallel to
the �001� crystallographic axis while the probe pulses with
the same energy of 1.55 eV were incident along the sample
normal, see Fig. 1. The pump beam was focused to a spot of
about 250 �m in diameter and the probe spot was about two
times smaller. The probe to pump intensity ratio was about
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1:100. The delay time �t between the pump and the probe
pulses could be adjusted up to 3 ns with a resolution down to
10 fs. The angle � between the plane of polarization of the
pump pulses and the �100� axis could be varied, see Fig. 1.
The Faraday rotation angle �F of the probe pulses as a func-
tion of the delay time �t was measured. In this configuration,
the transient Faraday rotation �F��t� is proportional to the
dynamical out-of-plane component Mz��t� of the magnetiza-
tion. An external magnetic field was applied either along the
�100� �Hext=H100� or �110� �Hext=H110� direction.

III. RESULTS AND DISCUSSION

Figure 2 shows the transient Faraday rotation �F of the
probe polarization as a function of the delay time �t for
different values of the applied magnetic field H100. Pro-
nounced oscillations are observed with an amplitude and fre-
quency dependent on the applied field. Examination of the

observed oscillations shows that, at low fields ��2.5 kG�,
they are not characterized by a single frequency �see the top
curve in Fig. 3�a��. Therefore, we fitted the curves obtained
for low fields with two sinusoidal functions. For the delay-
time interval 0–150 ps, the function f1��t�=A1 sin��1�t
+	1� was used; for delay times longer than 150 ps, the func-
tion f2��t�=A2 exp�−�t /
�sin��2�t+	2�. The curves for
fields larger than 2.5 kG were fitted with the single function
f2��t�. Figure 3�b� shows that the frequency �2 increases
with increasing applied field and for H100�3 kG corre-
sponds to the FMR frequency �FMR of the sample. The fre-
quency �1=3 GHz is independent of the applied field H100.
The presence of the two time scales �1 /�1 and 1 /�2� at low
applied fields indicates that the magnetization precesses in an
effective field which changes with time after laser excitation.
Remarkably, the magnetization deviation angle �of up to 10°�
derived from the precession amplitude, exceeds those re-

Eprobe
ф

pump

y

x

zθF

EprobeH

FIG. 1. �Color online� Sample orientation and experimental ge-
ometry with magnetic field applied along the �100� axis. x, y, and z
are parallel to the �100�, �010�, and �001� directions, respectively.

FIG. 2. �Color online� Faraday rotation �F of the probe beam as
a function of the delay time between pump and probe pulses for
different values of the applied magnetic field H100. Lines are simu-
lations �see text�. All results were obtained for �=90° and a pump
intensity of 25 mJ /cm2.

FIG. 3. �Color online� �a� Representative curves �F��t� for 1.3
and 4.2 kG and their fits to the functions f1 �dashed line� and f2

�solid line� as described in the text. �b� Frequency �2 as a function
of the external field H100. Also shown is the calculated FMR fre-
quency curve for our geometry �line� and the measured �FMR �star�
�Ref. 16�. Triangles show the frequency �I=0=�2�I=0 mJ /cm2�
obtained from ��I� curves by extrapolation to I=0 mJ /cm2 �see
Fig. 6�. The inset of �b� shows the precession amplitude �F

0 with the
corresponding deviation angle �Mz

0 vs applied field H100.
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ported earlier by more than an order of magnitude �see the
inset of Fig. 3�b��.

To understand the origin of the light-induced precession,
we studied its dependence on the pump polarization �. Fig-
ure 4 shows the transient Faraday rotation �F of the probe
polarization as a function of the delay time �t for different
planes of polarization of the pump � for representative ap-
plied fields of 1.3 kG �upper panel� and 4.6 kG �lower
panel�. The precession changes noticeably as the angle � is
gradually varied. In the upper panel of Fig. 5, the precession
amplitude is plotted as a function of � for a field H
=0.4 kG applied along the �100� and �110� crystallographic
axes. A clear periodic dependence of the precession ampli-
tude on the polarization angle is observed, which is indepen-
dent of the applied field direction. The amplitude of the pre-
cession is maximum but with a different initial phase, for
pulses polarized either along or perpendicular to the �100�
axis. We note that minimization of the total magnetic energy
gives a difference of �6° between the xy projections of the
equilibrium magnetization orientation for the applied fields
H100=H110=0.4 kG. This difference increases to 45° at
H100=H110=2.5 kG. Therefore, the fact that the maximum
always occurs at the same angle � irrespective of the applied
field orientation and strength shows that the observed effect

depends on the orientation of the light polarization plane
with respect to the crystallographic axes only. This depen-
dence on polarization allows us to conclude that the photo-
induced effect is of nonthermal origin.

The observed polarization dependence �Figs. 4 and 5� and
the fact that the effective field is time dependent suggest that
the microscopic origin of the observed process is a PMA
change. In general, for magnetic garnets, the dependence of
the photoinduced effects on the polarization of light reflects
the symmetry of the site that hosts the anisotropic photoac-
tive centers.13 Up to 0.5 Co2+ and 2 Co3+ ions per formula
unit can substitute Fe3+ ions. Co2+ and Co3+ ions that occupy
octahedral sites and tetrahedral sites contribute differently to
the PMA for a fixed polarization plane. In our experiments,
the maximum effect induced by linearly polarized 100 fs
laser pulses occurs for �=0° and for �=90°. That is, when
light is polarized parallel to the �100� or �010� crystallo-
graphic axes �see Fig. 1�a��, which are also the local symme-
try axes of the tetrahedral sites in YIG:Co. For light polar-
ized along the �110� direction ��=45°�, which is also an
in-plane symmetry direction with respect to the tetrahedral
sites �i.e., a global symmetry axis�, the orientational distribu-
tion of the photomagnetic centers remains the same.13 There-
fore, the symmetry of the magnetic properties �in particular,
the symmetry of the local anisotropy contribution from pho-
toexcited Co ions in tetrahedral positions� is unchanged, re-
sulting in a minimum of the magnetization precession when
�=45° �see Figs. 4 and 5�. Thus, the polarization-dependent
excitation of the precession can be attributed to a change in
the magnetic anisotropy due to the laser-induced modifica-
tion of the local anisotropy contribution from Co ions in
tetrahedral positions. We note that this is in contrast to the
quasistatic photomagnetic anisotropy observed in YIG:Co
films subjected to 488 nm radiation,11 which was related to
charge transfer between Co ions occupying octahedral crys-
tallographic positions. This difference can easily be under-
stood: for the excitation light wavelength in the near IR
range used in our experiments, absorption is mainly due to
ions in the noncentrosymmetric tetrahedral positions14,15 and,
therefore, the photomagnetic effect is expected to be domi-

FIG. 4. �Color online� Rotation of the plane of polarization of
the probe as a function of the delay time between pump and probe
pulses measured for different planes of polarization of the pump �
for an applied field of 1.3 kG �upper panel� and 4.6 kG �lower
panel�. The pump intensity was 25 mJ /cm2. The solid lines indi-
cate simulated curves.

FIG. 5. �Color online� Precession amplitude �upper panel� and
precession frequency �2 �lower panel� as a function of �.
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nated by the contribution of Co ions in these sites. Moreover,
the previously reported photoinduced magnetic anisotropy
due to the octahedral coordinated Co ions possessed a very
long relaxation time �up to 100 s� and, thus, is not accessible
by stroboscopic-type pump-probe experiments with a repeti-
tion rate of 500 Hz as in our experiments.

Landau-Lifshitz-Gilbert equation model including PMA

To further investigate the excitation of the magnetization
precession due to the PMA effect and to obtain the param-
eters of the photoinduced change in the anisotropy, we per-
formed macrospin simulations of the magnetization preces-
sion using the LLG,

dM

dt
=

�

1 + 2��M � Heff�t�� +


M
�M � �M � Heff�t���	 ,

�1�

where a time-varying effective magnetic field Heff�t� is intro-
duced to describe the light-induced modification of the mag-
netic anisotropy. �=17.6�106 Oe−1, is the gyromagnetic
ratio and  is the phenomenological Gilbert damping
parameter. The damping parameter used in the simulation
was =0.25 which is in agreement with =0.23 obtained
from room-temperature FMR measurements for this
sample.16 The coordinate system is such that the sample lies
in the x-y plane, with the sample crystallographic axes �100�,
�010�, and �001� parallel to the Cartesian x, y, and z axes,
respectively, as shown in Fig. 1�a�. Initially, the equilibrium
direction of the magnetization M in a uniformly magnetized
magnetic material is along the effective field Heff��t�0�,
given by

Heff��t � 0� = Hext + HA + HD. �2�

In our model, Hext= �Hx ,0 ,0� is the applied magnetic field
and HD=−4��Mx ,My ,Mz� is the demagnetizing field. HA
=HCA+HU is the sum of all internal �cubic and uniaxial�
anisotropy fields. The cubic magnetocrystalline anisotropy
field

HCA = − �MECA. �3�

In Eq. �3�, ECA is the standard expression for the cubic an-
isotropy energy in Cartesian coordinates, neglecting terms of
order higher than 4. The uniaxial anisotropy field is entered
as HU= �0,0 ,HUz

�.
The photoinduced modification of the magnetic aniso-

tropy is modeled as an appearance of an additional time-
dependent term HL�t� in the expression of Heff. HL�t� is an
exponentially decaying anisotropy field

HL�t � 0� = 0, HL�t � 0� = HL
max�e−t/
� �4�

with a rise time assumed to be within 100 fs and approxi-
mated as a step function, and a decay time 
. The light modi-
fied effective field is then given by

Heff��t � 0� = Hext + HA + HD + HL�t� . �5�

At each time step in the simulation, the fields are recalcu-
lated from the values of the magnetization obtained from the
preceding time.

Figure 1�b� �solid lines� shows the results of the simula-
tions of the magnetization dynamics based on Eqs. �1�–�5�
for different applied field values. Good agreement between
experimental and simulated curves is obtained for the fol-
lowing parameters: HL

max=0.25 kG and 
=20 ps. A lifetime
between 10 and 20 ps �with a corresponding renormalization
of the amplitude between 0.25 and 0.4 kG� may also be used
to fit the experimental data because 
=20 ps is short com-
pared to the precession period. These results show that the
optically induced anisotropy is of the same order of magni-
tude as the intrinsic fields. We note that the light-induced
anisotropy field strength obtained here is an order of magni-
tude larger than those reported earlier.6,8

The directions of the light-induced anisotropy field HL
found from the simulations are as follows: when the polar-
ization is parallel or perpendicular to the applied field direc-
tion �i.e., �100� axis�, the light-induced anisotropy field HL is
along the �101� or �011� direction, respectively, independent
of the intensity. The lower panel of Fig. 4 shows the results
of simulations �solid lines� for the two light-induced aniso-
tropy field directions for an applied field of 4.6 kG. Good
agreement between measured and simulated curves is
achieved, showing that the polarization plane of the light
defines the direction of the light-induced anisotropy while
the light intensity determines its strength.

The experimental data and the simulations described
above agree well in the range of high applied fields. As the
applied field H100 decreases, noticeable deviations between
simulations and experiments appear. First, in the low mag-
netic field range, the magnetization precession frequency de-
viates from the FMR frequency and changes from �1 to �2
during the precession �see Fig. 3�a��. Second, the frequency
during the first 150 ps, �1=3 GHz, is independent of the
applied field, within the precision of the fit. For applied fields
below 1 kG, the precession frequency �2 appears to be
smaller than �FMR �Fig. 3�b��, with the difference becoming
stronger as the applied field reduces. A similar behavior was
observed for H110.

However, the proposed model of the light-induced aniso-
tropy provides an understanding of the precession excitation
process even at low fields. Right after the laser pulse the
magnetic moments start to precess around the new effective
field given by Eq. �5�, which decays to its equilibrium value
with a characteristic time of 
=20 ps. Therefore, for low
applied fields, the precession frequency during 3
 is mostly
defined by the internal and light-induced anisotropy fields,
which explains the appearance of the field-independent fre-
quency �1. After this time the precession frequency of the
magnetization can be expected to be equal to the ferrimag-
netic resonance frequency �FMR. This is, however, not the
case: for H100�1 kG, the frequency �2 is lower than �FMR,
as can be seen from Fig. 3�b�. A closer look at the precession
at low fields excited by light with different polarizations,
shows that �2 varies as a function of � �Fig. 5, lower panel�
and the minimum and maximum values of �2 occur for
pump polarizations �=0, 90°, and �=45°, respectively,
pointing to a correlation between this polarization depen-
dence and the previously discussed precession amplitude de-
pendence on polarization �see Fig. 5, upper panel�. Note that
�2 approaches �FMR when �=45°, i.e., when the PMA effect
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is minimal. To further investigate the light-induced nature of
the effect we studied the dependence of the amplitude and
frequency on pump pulse intensity. The upper panel of Fig. 6
shows the dependence of �2 on intensity for two values of
the applied field. For a field of 0.4 kG, a decrease in fre-
quency with increasing pump intensity is observed, accom-
panied simultaneously by an increase in amplitude �lower
panel�. Again �2 approaches �FMR as the pump intensity
approaches zero, i.e., when the light-induced contribution is
minimal. As the applied field increases, the frequency depen-
dence on pump intensity becomes less pronounced and dis-
appears at fields larger than 
2.5 kG while the amplitude
dependence on intensity remains qualitatively the same. This
dependence of the precession amplitude and frequency on
pump polarization and pump intensity suggests that the ob-
served change in �2 is photoinduced and is related to the
optical excitation of the magnetization precession. Note that
this observation demonstrates the feasibility of modulation of
the FMR frequency with the help of subpicosecond laser
pulses.

One might argue that light-induced heating can lead to
changes in the magnetocrystalline anisotropy constants and,
consequently, resulting in the observed frequency variations.
In a dichroic material, this effect is indeed dependent on
polarization. However, for the pump fluences used in the
experiments �below 80 mJ /cm2�, the estimated17 light-
induced increase in the temperature is below 10 K, which
cannot account for the observed variation in the FMR fre-
quency, given that no spin-reorientation phase transitions
were observed in the vicinity of room temperature.9,18 More-
over, no significant optical dichroism was reported for iron
garnets in the optical range relevant for our measurements.
For polarization-dependent heating, for example, resulting

from dichroism, the expected polarization dependence period
is 180°, i.e., a minimum and maximum precession amplitude
at 0° and 90°, respectively. This is in contrast to our ob-
served minimum and maximum precession at 45° and 0°,
respectively. Thus, polarization-dependent heating cannot be
the underlying mechanism for the excitation of magnetiza-
tion precession and the change in frequency.

Although the observed dependence of the effect on light
polarization, described by the introduction of HL in the
model above, suggests an involvement of tetrahedrally coor-
dinated cobalt ions in the process, HL alone does not explain
the frequency deviation from �FMR observed at low fields.
However, tetrahedrally coordinated cobalt is known to be
responsible for the growth-induced anisotropy in YIG:Co.19

Therefore, a light-induced excitation of these cobalt sites
may lead to a change in the uniaxial anisotropy. To under-
stand the influence of a change in the uniaxial anisotropy on
the FMR frequency, we performed a simple analysis of the
dependence of the FMR frequency on the strength of the
former, based on the Kittel formula.20 Figure 7 shows the
dependence of the frequency �FMR on the uniaxial anisotropy
constant for an applied field of 0.4 kG. This analysis at a low
applied field shows that a change in the uniaxial anisotropy
constant KU by a factor of 2 leads to noticeable changes in
the FMR frequency. On the contrary, at high fields �not
shown�, there is no significant frequency change. Therefore
the analysis correctly describes our experimental observa-
tions. We note that in the soft-mode range, 1�H100�3 kG,
the precession frequency exceeds the calculated FMR fre-
quency, which appears to be a common feature observed in
light-induced precession21,22 and is likely related to the inho-
mogeneous profile of the excitation light pulse.

The experimental observations and model presented
above therefore allow us to conclude that femtosecond opti-
cal excitation of YIG:Co gives rise to a strong nonthermal
PMA, which is most noticeable at low applied fields. For
example, at 0.4 kG, we obtained a deviation angle for the
magnetization of 20° at a pump intensity of 60 mJ /cm2 �see
the lower panel of Fig. 6�. This deviation angle exceeds sig-
nificantly any others reported for nonthermal light-induced
magnetization precession so far. A further increase in inten-
sity did not lead to any increase in the deviation angle due to
saturation, when all cobalt ions present are involved in ab-

FIG. 6. �Color online� Precession frequency �2 �upper panel� as
a function of pump intensity for applied field values of �i� 0.4 kG
�squares� and �ii� 2.5 kG �spheres�. Error bars are smaller than the
data point markers. The top axis shows the photoinduced field HL

max,
corresponding to the intensity of the bottom axis. Precession ampli-
tude �lower panel� as a function of pump intensity for applied field
values of �i� 0.4 kG �squares� and �ii� 2.5 kG �spheres�. The corre-
sponding estimated deviation angles of the magnetization from
equilibrium are plotted on the right Y axis. The results are obtained
for �=90°.

FIG. 7. Ferromagnetic resonance frequency �FMR as a function
of the uniaxial anisotropy constant KU calculated from the FMR
formula �Ref. 20�. The external field was constant at 0.4 kG applied
along the �100� crystallographic direction.
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sorption. We note that no optically induced sample damage
was observed in the range of intensities used in our experi-
ments. However, white light generation from the sample is
observed at pump intensities just over 70 mJ /cm2, indicat-
ing the upper limit of suitable intensities. With the role of
cobalt identified, achieving even larger deviation angles and
subsequent magnetization reversal will require samples with
a tetrahedral site cobalt concentration higher than the
present.

IV. CONCLUSIONS

In conclusion, we observed magnetization precession in a
ferrimagnetic YIG:Co thin film due to the appearance of a
light-induced anisotropy after excitation with 100 fs linearly
polarized laser pulses. The strength of the photoinduced an-
isotropy field is of the order of a few hundred gauss, which is
comparable to the intrinsic anisotropy of the sample but ex-
ceeds by an order of magnitude those reported earlier. The
magnetization deviation angle from equilibrium achieved is

as high as 20°. Moreover, we also observe significant preces-
sion frequency variations resulting from a light-induced
modification of the cobalt-mediated growth-induced mag-
netic uniaxial anisotropy. This significant photoinduced
change in the magnetic-resonance frequency observed shows
the feasibility of modulation of the frequency of FMR at
time scales much shorter than the period of spin precession.
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