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We have investigated the ultrafast electric and magnetic response of multiferroic GaFeO3 induced by irra-
diation of a femtosecond laser pulse. By using the polarization selection rules of crystallographic and magnetic
second-harmonic generation, the dynamics of electric polarization P and toroidal moment T were simulta-
neously and separately detected on a femtosecond time scale. The magnetization dynamics was derived by
comparing the dynamics of P and T. We demonstrate the availability of time-resolved nonlinear optical
techniques for the dynamical probe of multiple degrees of freedom in multiferroics.
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Materials with several coexisting order parameters rel-
evant to electricity and magnetism is referred to as multifer-
roics. On the basis of cross correlation between the ferroelec-
tric polarization and ferromagnetic magnetization, it may be
possible to control the magnetization by electric fields and/or
the polarization by magnetic fields. The recent discovery of
the strong coupling between ferroelectricity and magnetism
in a multiferroic material1 has triggered the revival of the
studies of such magnetoelectric �ME� effects.2,3 When we
consider the application of multiferroic systems to future
electronics and/or spintronics, it is essentially important to
clarify dynamical properties of charges �or polarization� and
spins �or magnetization�. In spite of the rapidly increasing
interest in the multiferroic systems, their dynamical aspects
have hardly been studied as yet.

In the present study, we have investigated the ultrafast
electric polarization P and magnetization M dynamics in
GaFeO3, a representative of multiferroic materials. GaFeO3
is a pyroelectric ferrimagnet, in which spontaneous P and M
coexist at low temperatures. Figure 1�a� shows the crystal
structure of GaFeO3. In an orthorhombic unit cell, there are
two crystallographically unequivalent Fe sites referred to as
Fe1 and Fe2 and Ga sites as Ga1 and Ga2. The Fe1 and the
Fe2 sites are shifted by +0.26 Å and −0.11 Å from the cen-
ter positions of the FeO6 octahedra, respectively. Due to
these fairly large displacements, P appears along the b axis.
In addition, below the ferrimagnetic transition temperature
�TC�205 K�, the spin moments of the Fe1 and the Fe2 sites
are parallel and antiparallel to the c axis, respectively. Since
some portion of the Ga ions occupy the Fe sites due to the
similar ion sizes, the occupations of the Fe ions in the Fe1
and the Fe2 sites are different from each other. As a result,
GaFeO3 shows a ferrimagnetic property with the easy axis
along the c direction. Moreover, GaFeO3 possesses a toroidal
moment T along the a axis. Here, the toroidal moment is
described by T��iri�si, ri and si being the electron coordi-
nation and spin moment at the magnetic �Fe� site i.4–7 In
GaFeO3, the local ri�si show ferroic alignments along the a
axis, as shown in Fig. 1�a�. Such a ferrotoroidic nature in

GaFeO3 has led to the successful observation of correlation
effects between magnetism and dielectricity; the ME
effect,4,5 its optical frequency version �optical ME effect� in
near infrared to visible region8 and x-ray region9,10 and also
the magnetization-induced second-harmonic �SH� generation
�SHG� �MSHG�.11,12 These studies suggest that GaFeO3 is a
suitable material for the investigation of dynamical aspects
of the electric/magnetic response and their interaction.

To probe the dynamical behaviors of multiferroic proper-
ties, we have utilized the MSHG. Up until now, MSHG has
been used as a valuable tool for the investigation of the mag-
netic properties, especially of thin films and multilayers, due
to its intrinsic surface and interface sensitivity.13 It has also
been shown that MSHG can be a powerful tool for the in-
vestigation of the noncentrosymmetric-antiferromagnetic or
multiferroic materials.6,14,15 Therefore, we can consider that
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FIG. 1. �Color online� �a� Crystal structure of a multiferroic
GaFeO3. The electric polarization P, the magnetization M, and the
toroidal moment T are generated along the b, c, and a axes, respec-
tively. �b� Absorption spectra of GaFeO3 �see text�. �c� MSHG spec-
trum in the Sin-Sout configuration at 10 K, which is cited from Ref.
11. Inset shows the schematic of the experimental configuration for
SHG and MSHG.
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time-resolved MSHG is a promising approach for the detec-
tion of the ultrafast dynamics in multiferroic systems.

The expression for the second-order nonlinear polariza-
tion Pi�2�� in the presence of magnetization can be written
in the form,

Pi�2�� = �
j,k

�0��ijk
c + �ijk

m �Ej���Ek��� , �1�

where �c and �m are the second-order nonlinear susceptibili-
ties ��2� related to the crystallographic SHG and MSHG, re-
spectively. The magnetic space group of GaFeO3 is Pc21n in
the ferrimagnetic phase with the spontaneous M along the c
axis. Upon the irradiation of s-polarized �E� �a� fundamental
light on the ac surface of GaFeO3 �the inset of Fig. 1�c��, the
nonzero components of ��2� are �baa

c and �aaa
m . Then, the SH

intensity I�2�� is proportional to ��baa
c �2 for the p-polarized

SH component �Sin-Pout configuration� and ��aaa
m �2 for the

s-polarized one �Sin-Sout configuration�, respectively. The
crystallographic component �baa

c is arising from the presence
of P along the b axis. On the other hand, the magnetic com-
ponent �aaa

m originates from T along the a axis.11 Thus, the
polarization-dependent measurements allow us to separate
the crystallographic and magnetic SH components. Since the
SH fields directly couple to P and T, we can detect the ul-
trafast P and T dynamics by all-optical method using the
so-called pump-probe technique. Although the dynamics of
M cannot be directly measured in the present case, it will be
derived by comparing the dynamics of P and T, as discussed
below.

An untwinned single crystal of GaFeO3 was grown by a
floating-zone method.5 The ac surface of the crystal was pol-
ished for the optical measurements. For the femtosecond
pump-probe spectroscopy, a Ti:sapphire regenerative ampli-
fier system with the wavelength of 800 nm �1.55 eV�, the
pulse width of 130 fs, and the repetition rate of 1 kHz was
used as the light source. The schematic illustration of the
experiment is shown in the inset of Fig. 2�b�. The s-polarized
�E� �a� incident probe light �frequency of ��, which was
generated by using an optical parametric amplifier, was irra-
diated on the ac surface of the crystal. The generated
s-polarized and p-polarized SH probe lights �2�� were sepa-
rated by a Rochon prism, isolated from the incident probe
light by optical filters and monochromators, and detected by
photomultiplier tubes. To obtain maximal intensities of the
SH probe light, the photon energy of the incident probe light
was set at 1.83 eV. In this case, the energy of the SH probe
light �3.66 eV� is resonant with the peak energy of the
charge-transfer �CT� transition band with a strong oscillator
strength.11 An external magnetic field of 1000 Oe, being
enough to saturate the M, was applied along the c axis,
namely, in the Voigt configuration. We have also measured
the transient reflectivity change �R /R at the photon energies
� and 2�. These signals were detected by a photodiode and
used as a complementary probe of charge dynamics.
Throughout all the measurements, the s-polarized pump
lights were used.

Figure 1�b� shows the absorption coefficient � spectra of
GaFeO3 at room temperature evaluated from the Kramers-
Kronig transformation of the polarized reflectivity spectra.

The higher-lying �	3 eV� intense absorption bands corre-
spond to the CT excitations from the O 2p to the Fe 3d
states.11,12 Figure 1�c� shows the MSHG spectrum at 10 K in
the Sin-Sout configuration on the ac surface �the inset of Fig.
1�c�� as a function of the SH photon energy.11 Three peaks
are observed around 2.84, 3.28, and 3.67 eV. These are as-
signed to the two-photon resonant transitions between the
multiplets of Fe3+ split by the crystal field, which are en-
hanced by the hybridization with the CT transition.11

First, we show in Figs. 2�a� and 2�b� the typical results for
the time evolutions of the photoinduced changes in the SH
intensities �I / I in the Sin-Sout and Sin-Pout configurations at
50 K on the ultrafast ��3 ps� and the longer ��50 ps� time
scales, respectively. The excitation density of the pump pulse
is 2.04 mJ /cm2. Immediately after the photoexcitation, the
rapid decrease in the SH intensities are observed in both the
configurations, but their subsequent behaviors are consider-
ably different from each other. These time profiles will re-
flect the dynamics of P and T, as described above. In deriv-
ing the dynamics of these two order parameters, we should
consider that the SHG can be modified by the changes not
only of �c and �m but also of the linear optical responses at �
and 2�, as given by the effective Fresnel factors.16–19 To
evaluate the latter effects, we measured the time evolutions
of the reflectivity change �R /R at the photon energies of the
fundamental �1.83 eV� and the SH �3.66 eV� lights, the re-
sults of which are shown in Figs. 2�c� and 2�d�, respectively.
The excitation density is the same as that in the �I / I mea-
surements. The time profile at 3.66 eV is similar to that at
1.83 eV, although their signs are opposite. At 1.83 eV �3.66
eV� the excitation by the pump pulse leads to an increase
�decrease� in reflectivity by �2%. This value is 1 order of
magnitude smaller than those of �I / I. This demonstrates that
the change in the SH intensities is caused not by the modu-
lation of the linear optical constants but by the direct modu-
lation of P and T.
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FIG. 2. �Color online� Time evolutions of �a�, �b� �I / I in the
Sin-Sout and Sin-Pout configurations and �c�, and �d� �R /R in the
Sin-Sout configuration at 1.83 and 3.66 eV at 50 K. The excitation
density is 2.04 mJ /cm2 in common. The schematic of time-
resolved SHG is shown in the inset of �b�.
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On these bases, we can derive the changes of P and T
from �I / I in the Sin-Pout and Sin-Sout configurations by the
following relations:

�P/P = 	��I/I�SP + 1 − 1, �2�

�T/T = 	��I/I�SS + 1 − 1. �3�

The obtained time evolutions of �P / P and �T /T at 50 K are
shown in Figs. 3�a�–3�d� for different excitation densities.
The P decreases immediately after the photoirradiation and
then partly recovers within 1 ps: the residual part recovers
with a few tens of picoseconds. The T also decreases upon
the photoirradiation with possibly two components: the fast
component appearing within 0.1 ps and the slow one with the
rise time of �10–30 ps. The rise time of the fast component
is nearly equal to that of P. The slow component almost
saturates up to �100 ps and recovers to the initial state with
the time scale of nanoseconds by the thermal diffusion. In
addition, the oscillatory components with the period of
�10 ps can be clearly seen in the time profile of �P / P �and
also �I / I in the Sin-Pout configuration in Fig. 2�b� and �R /R
at 3.66 eV in Fig. 2�d��. The spin precession is not the origin
of the oscillation because its amplitude and period show neg-
ligible changes between 10 and 250 K. Typical frequencies
of optical phonons are at least by 1 order of magnitude larger
than that of the oscillation. From the results, it is natural to
consider that this oscillation is not related to the spin dynam-
ics but attributed to an acoustic shock wave transmitting
from the surface into inside bulk.20 In the inset of Fig. 3�b�,
we plot the excitation density dependence of �P / P, �T /T,
and �R /R at 0 ps �Ref. 21� and �T /T at 1 ns. Interestingly,
the three quantities at 0 ps show quite similar behaviors,
likely indicating that the initial decreases of P and T are
governed by the identical origin, that is, the generation of the
CT excited states or the photocarrier generations. On the
other hand, �T /T at 1 ns shows different excitation density
dependence.

Next, we show the results of the temperature dependence.
Figure 4�a� shows the square root of the static SH intensities
	I�2�� in the Sin-Pout and Sin-Sout configurations as a func-
tion of temperature. It was confirmed that the SH intensities
in both the configurations did not depend on the direction of
the magnetic field. As mentioned above, 	I�2�� is propor-
tional to ��baa

c � for the Sin-Pout configuration and ��aaa
m � for the

Sin-Sout configuration, respectively. The results indicate that
��baa

c � does not change with temperature. This is consistent
with the crystalline-lattice nature of P in GaFeO3.10,11 As a
result, the temperature dependence of ��aaa

m �, which is deter-
mined by the temperature dependence of T, coincides with
that of M presented by a solid line in Fig. 4�a�. In Fig. 4�b�
the temperature dependences of �P / P and �R /R at 0 ps are
shown with excitation density of 1.85 mJ /cm2. �P / P shows
little temperature variation as well as �R /R. On the other
hand, ��T� at 0 ps shown in Fig. 4�c� becomes smaller as the
temperature is increased from 10 K and finally disappears
around TC.

On the basis of these results, we discuss the ultrafast dy-
namics of the multiferroic properties, i.e., P, M, and T. Of
these, the dynamics of M is derived by comparing the P and
T dynamics because �M cannot be extracted from the simple
arithmetic of �P and �T���i��ri�si+ri��si�� in the
present case. First, the time evolution of P, in both rise and
decay processes, quite resembles that of R, as is obvious
from Figs. 2 and 3. Considering that the time evolution of R
reflects the photocarrier dynamics, the CT excitation and the
resultant carrier generation appear to instantaneously disrupt
the spontaneous P through the changes in the charge distri-
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FIG. 3. �Color online� Time evolutions of �a�, �b� �P / P and �c�,
and �d� �T /T at 50 K for different excitation densities. In the inset
of �b�, the excitation density dependence of �P / P, �T /T, and
�R /R at 0 ps and �T /T at 1 ns are shown.
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FIG. 4. �Color online� �a� Temperature dependence of the square
root of the static SH intensity 	I�2�� in the Sin-Pout and Sin-Sout

configurations. A solid line represents the magnetization measured
in a field-cooling run under a magnetic field of 1000 Oe applied
along the c axis. �b� Temperature dependence of �P / P and �R /R at
0 ps with excitation density of 1.85 mJ /cm2. �c� Temperature de-
pendence of �T at 0 ps. The magnetization curve inversed in sign is
also shown by the dotted line for comparison.

ULTRAFAST POLARIZATION AND MAGNETIZATION… PHYSICAL REVIEW B 79, 140411�R� �2009�

RAPID COMMUNICATIONS

140411-3



bution and/or the atomic displacements �ri�. Then, the recov-
ery of P occurs with no delay after the relaxation of the CT
excited states. On the other hand, the time evolution of T
shows a different behavior, consisting of the fast and slow
components, as mentioned above. It is natural to consider
that such a difference between P and T dynamics is caused
by the dynamics of M. Up until now, the photoinduced de-
magnetization dynamics has been extensively studied in fer-
romagnetic or ferrimagnetic materials.22–25 In most cases, the
main decrease of M is caused by the thermalization of the
spin system through the spin-lattice interaction. In addition,
the relatively fast demagnetization is sometimes observed,
which has been attributed to the emissions of magnetic exci-
tations during nonradiative decay of photocarriers.25 Its rise
time is, therefore, almost equal to the decay time of photo-
carriers. For the former thermalization process, the system-
atic studies by means of the time-resolved magneto-optical
Kerr effect revealed that the time constant 
 for the spin
thermalization is proportional to the inverse of the magneto-
crystalline anisotropy usually expressed by K.25 Using this
scaling law and the K value of �1–5��105 J /m3 at 50 K for
GaFeO3,26,27 
 can be estimated as 5–50 ps. The observed
time constant �10–30 ps� for the slow component in the dy-
namics of T is consistent with this estimated value. This
result suggests that the slow decrease of T is attributable to
the decrease of M due to the thermalization of the spin sys-
tem.

On the other hand, the fast decrease of T within 0.1 ps is
even faster than the decay of photocarriers ��0.3 ps� esti-

mated from Fig. 2�c�. This suggests that the emissions of
magnetic excitations are not relevant to this process. For
such an ultrafast response of T, the contribution from the
simple P modulation will be basically large, as deduced from
the similarity in the initial P and T dynamics. In this case
because �P�=�i�ri� hardly depends on temperature, as
shown in Fig. 4�b�, the temperature dependence of �T �from
�i�ri�si term� will be similar to that of M�=�isi�, as is in
fact seen in Fig. 4�c�. In addition, taking into account the fact
that the linear ME effect in GaFeO3 is dominated by T,4,5 a
bilinear coupling between P and M, which leads to the oc-
currence of �si

me when ri changes, may be also important in
such a multiferroic as GaFeO3. Although �si

me should con-
tribute to �T, it is difficult to extract such a ME component
out of the total �T due to the large contribution from the
simple P modulation. However, the understanding of the ME
response on various time scales is of paramount importance
for the development of practical devices with the ME func-
tionality. As we have demonstrated here, the time-resolved
nonlinear optical techniques will offer a great advantage in
investigating the dynamical behaviors of multiple degrees of
freedom and their interaction in multiferroics. Moreover, in
line with the future progress of such studies, the ME mecha-
nism may provide a unique route to effectively control the
magnetic state on an ultrafast time scale.

We would like to thank Y. Ogawa who supplied the
MSHG spectrum of GaFeO3.
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