
P H Y S I C A L R E V I E W L E T T E R S week ending
30 JANUARY 2004VOLUME 92, NUMBER 4
Magnetization-Induced Second Harmonic Generation in a Polar Ferromagnet
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Second harmonic generation (SHG) induced by spontaneous magnetization has been investigated for
a polar ferromagnetic crystal of GaFeO3. The Kerr rotation of the second harmonic light becomes
gigantic with decreasing temperature below the magnetic transition temperature (�205 K), e.g., as
large as 73� at 100 K. The magnetic domains can be visualized by using that large nonlinear Kerr
rotation. The spectrum of the magnetization-induced SHG as measured indicates the two-photon
resonant electronic process on a Fe3� ion in the crystal.
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FIG. 1. (a) Crystal structure of GaFeO3. Black, gray, and
white balls indicate iron, gallium, and oxygen ions, respec-
tively. Orthorhombic unit cell with the lattice constants a �
8:72, b � 9:37, and c � 5:07 �A, and the space group Pc21n
is shown by black lines [8,9]. (b) Temperature dependence of
magnetization curves. The magnetic field is applied along the
to the best of our knowledge, would be quite interesting, c (50 and 150 K) and a axes (50 K).
Spontaneous electric polarization in a solid with bro-
ken space-inversion symmetry leads to the second-order
nonlinear optical effects, e.g., second harmonic genera-
tion (SHG) [1]. On the other hand, spontaneous mag-
netization in a ferromagnet breaks the time-reversal
symmetry, producing nonreciprocal magneto-optical ef-
fects, such as the magneto-optical Kerr effect and
Faraday rotation [2]. When the time-reversal and space-
inversion symmetries are both broken simultaneously
in a material, new optical phenomena are expected to
show up. One such example is the magnetization-induced
second harmonic generation (MSHG), namely, the phe-
nomenon that the magnetization (M) along the specific
direction activates the originally silent tensor compo-
nent(s) for the second-order nonlinear optical suscepti-
bility, causing the M-dependent SHG [3].

Up to now, the MSHG phenomena have been observed
for surfaces or interfaces of ferromagnetic materials (thin
films) [3,4] or otherwise for polar antiferromagnets [5].
In the former case, the space inversion is broken only at
surfaces or interfaces, yet the magnetization direction can
be easily reversed and hence the nonlinear magneto-
optical Kerr effect (NOMOKE), i.e., the field-direction
dependent rotation of the polarization of the second har-
monic (SH) light, is observed. On the other hand, in a
polar antiferromagnet such as YMnO3 and related crys-
tals, the centrosymmetry is broken as a whole of the
bulk crystal. In this case, some specific tensor elements
of second-order nonlinear optical susceptibility are in-
duced by the presence of the ordered spin moment in the
antiferromagnetic state, which enables one to visualize
the antiferromagnetic domain structure as well as the
ferroelectric one of the crystal by an SHG imaging tech-
nique [6].

As the natural extension of these studies, the MSHG in
a bulk polar ferromagnet, which has never been reported
0031-9007=04=92(4)=047401(4)$22.50 
since we may expect gigantic NOMOKE. In this Letter,
we have investigated the MSHG and NOMOKE of a
single crystal of GaFeO3, which is quite a rare example
where the ferromagnetism and the pyroelectricity (elec-
tric polarization) can coexist in a bulk form. Taking both
advantages of the magnetization reversibility (ferromag-
netism) and the bulk electric polarization, we could dem-
onstrate the gigantic Kerr rotation of the SH light and
image the magnetic domains which are subject to the
magnetic field. It is thus shown that the MSHG method
is a powerful tool to observe the domain structure in the
multiferroic material. We have also investigated the elec-
tric origin of the MSHG of GaFeO3 in terms of the MSHG
spectroscopy.
GaFeO3 is a polar ferromagnet which was innovated by

Remeika [7]. The crystal structure is depicted in Fig. 1(a).
We could grow a large single crystal by a floating-zone
method [10]. According to the structural analysis of the
grown crystal [11], the octahedral sites (occupancy) are
2004 The American Physical Society 047401-1
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occupied by Fe (77% at the Fe1 site and 70% at the Fe2
site) and Ga (65% at the Ga2 site), while tetrahedral sites
are mostly occupied by Ga (82% at the Ga1 site). The
magnetic transition temperature TC of the crystal is about
205 K. Figure 1(b) shows the magnetization curves.
Magnetization along the c axis (easy axis) saturates at
0.1 T (50 K) and 0.05 T (150 K), respectively.

At first, we show the MSHG in a GaFeO3 crystal. An
exciting light source was a Ti:sapphire regenerative
amplifier system (1.55 eV, 130 fs, 1 kHz). s-polarized
[ ~EE�!� k a axis] fundamental light was irradiated on the
ac surface of the crystal with the angle of incidence being
26�, as shown in Fig. 2(a). The generated SH light was
analyzed by a polarizer and detected with a photomulti-
plier tube and a boxcar averager. External magnetic fields
of �0:35 T applied along the c axis were large enough to
revert the magnetization as shown in Fig. 1(b).

The space group of GaFeO3 changes from Pc21n in the
paramagnetic phase to Pc21n in the ferromagnetic phase
with the spontaneous magnetization along the c axis.
Here we take the x, y, and z axes parallel to the a, b,
and c axes of the crystal. Upon the irradiation of
FIG. 2. (a) Experimental configuration for the measurement
of the Kerr rotation of SH light in a GaFeO3 crystal. (b) Square
root of SH intensity
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in SinSout (solid circles) and SinPout

(open circles) configurations as a function of temperature. A
solid line represents the magnetization in a magnetic field of
0.35 T applied parallel to the c axis (magnetic easy axis). A
dotted line is merely the guide for the eyes. (c) Analyzer-angle
dependence of SH intensity at 100 K, 180 K (T < TC), and
250 K (T > TC). Analyzer angles � of 0� and 90� stand for
p- and s-polarized SH light, respectively. Solid and open circles
indicate the SH intensity for �z and 
z directions of the
magnetic field, respectively.
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s-polarized [ ~EE�!� k x axis] light, generated nonlinear po-
larization ~PP�2!� is given by [12]

~PP�2!� � �0
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x�!�: (1)

�cry
yxx is a tensor element of ��2� of GaFeO3, arising from

the presence of the polarization along the b axis. The
sign of �m

xxx depends on the direction of magnetization.
On the other hand, the time-reversal operation does not
change the sign of �m

yxx. These susceptibilities are com-
plex in the presence of absorption. The square root of
SH intensity
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is proportional to j�m

xxxjjEx�!�j2

for the s-polarized component (SinSout configuration)
and j�cry

yxx � �m
yxxjjEx�!�j2 for the p-polarized one

(SinPout configuration), respectively. Figure 2(b) shows
the temperature dependence of
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p
in SinSout(solid

circles) and SinPout (open circles) configurations. A solid
line in the figure represents the magnetization in a mag-
netic field of 0.35 T applied parallel to the c�z� axis. Note
that the s-polarized component j�m

xxxj is proportional to
the magnetization. On the other hand, the p-polarized
component j�cry

yxx � �m
yxxj least changes with temperature.

This indicates that �m
yxx is negligibly small compared with

the �cry
yxx.

Analyzer-angle (�) dependence of SH light, which
represents the nonlinear Kerr rotation, is shown at various
temperatures, 250, 180, and 100 K, in Fig. 2(c). Analyzer
angles of 0� and 90� stand for p- and s-polarized SH
lights, respectively. Solid and open circles indicate the SH
intensity for �z and 
z directions of the applied mag-
netic field (0.35 T), respectively. At 250 K (T > TC), the
observed SH light is completely p polarized, as expected
from vanishing magnetic components, �m

xxx and �m
yxx.

However, the polarization of SH light rotates depend-
ing on the direction of the magnetic field when tempera-
ture is decreased below TC. The nonlinear Kerr rotation
angle � becomes gigantic in this material with decreasing
T below TC, e.g., 49� at 180 K and 73� at 100 K, respec-
tively [13].

Imaging of the magnetic domain structure can be
done by using such a large nonlinear Kerr rotation. An
exciting fundamental light (1.55 eV, 130 fs, 1 kHz) was
focused on the ac surface of a crystal with a spot size of
about 1 mm in diameter. The crystal was demagnetized
by the ac method [14] after being cooled 150 K. The
nonlinear Kerr rotation with the incidence angle of 26�

at this temperature is as large as 60�. Reflected SH light
was separated from fundamental light by bandpass fil-
ters, and its spatial variation was detected by a cooled
charge-coupled-device camera. A typical exposure time
was 30 min. However, the sensitivity would be an order
of magnitude improved if we tuned the fundamental
photon energy to the resonant condition, e.g., 1.8 eV, as
described later.
047401-2
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Figure 3(a) shows a surface topographic image. The
fundamental light was p polarized and the analyzer angle
for the SH light was 0� (PinPout configuration). The
surface of the crystal is almost flat and no significant
structure has been observed. Upon the irradiation of
s-polarized fundamental light, the polarization of the
SH light rotates as shown in Fig. 2(c). The image shown
in Fig. 3(b) was taken with the analyzer angle � being 45�

[Sin�S� P�out configuration], and the bright region should
correspond to the magnetic domain with the magnetiza-
tion along the 
z direction. When the analyzer is rotated
to 135� [Sin�S
 P�out configuration], the bright and dark
regions are exchanged as shown in Fig. 3(c), and the
bright region indicates the �z magnetic domains. Every
magnetic domain boundary always runs parallel to the
c axis, that is, the direction of easy magnetization axis,
although the domain structure varies depending on the
details of the ac demagnetization procedure. These char-
acteristics result from the large magnetic anisotropy and
the small saturation magnetization as described in
Fig. 1(b) [2]. The image shown in Fig. 3(d) is a composi-
tion of images 3(b) and 3(c) which are colored blue and
red to indicate the 
z and the �z direction of the domain
magnetization, respectively. Figures 3(e) and 3(f) were
taken in external magnetic fields of �0:05 T along the
c axis, respectively, and then processed by the same
procedure as in Fig. 3(d). It is immediately noticed that
FIG. 3 (color). (a) Topographic image of the ac surface of the
crystal as taken by the SH light in the nonmagnetic configu-
ration, i.e., Pin-Pout. Magnetic domains aligned along the c axis
were observed by reflected SH intensity in (b) Sin�S� P�out and
(c) Sin�S
 P�out configurations. With the former (latter) con-
figuration, SHG intensity from domains which are magne-
tized along the 
z (�z) direction is much larger than from
�z (
z) magnetized domains. (d) Composition of images (b)
and (c) which are colored blue and red to show magnetic
domains with the magnetization direction of 
z and �z,
respectively. In external magnetic fields of (e) 
0:05 T and
(f) �0:05 T along the c axis, the multidomain structure dis-
appeared and the magnetization is aligned uniformly over the
whole part of the crystal.
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the magnetization of the whole crystal is uniformly
aligned along the direction of the magnetic field.

To investigate an electric origin of the nonlinear mag-
neto-optical phenomena in GaFeO3, the spectrum of
MSHG was measured in the range of the SH photon
energy 2 �h! from 2.6 to 4.5 eV. An optical parametric
oscillator pumped by a third harmonic of a Nd-doped
yttrium-aluminum-garnet (Nd:YAG) laser was used as
a source of the fundamental light. The pulse width and
the repetition rate were 5 ns and 10 Hz, respectively.
An experimental setup was similar to Fig. 2(a), and the
angle of incidence was 5�. The crystal was irradiated
by s-polarized fundamental light, and the s-polarized
SH light was detected (SinSout configuration). Therefore,
only the magnetization-induced second harmonic (MSH)
signal was observed, which is proportional to j�m

xxxj
2. The

MSH intensities of the GaFeO3 crystal was normalized
by the SH signal of � quartz as the reference to correct
the spectral response of the detection system. The maxi-
mum intensity of the observed MSH in the GaFeO3 was
as large as 6% of that of � quartz.

Figure 4 shows the spectra of the MSH at 10 K (solid
line) and 220 K (dotted line) and the optical density [one-
photon absorption (OPA)] of the 40-�m-thick crystal at
10 K (dash-dotted line). The SH spectrum is plotted as a
function of two-photon energy. The upper part of Fig. 4
FIG. 4. Upper panel: energy levels of Fe3� ions in free space
and in an Oh octahedral crystal field. Middle panel: MSH and
OPA processes. The observed (calculated) level energies are
shown in units of eV. (See the text.) Lower panel: spectrum of
MSHG (magnetization-induced SinSout component) on the
GaFeO3 ac surface at 10 K (solid line) and 220 K (dotted
line) and the OPA optical density of the 40-�m-thick crystal at
10 K (dash-dotted line). The SH spectrum is plotted for two-
photon energy, i.e., photon energy of SH light.
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depicts the energy levels of a Fe3� ion in free space and in
a regular octahedral (Oh) crystal field. The symmetry is
lower in a real crystal, but the excited energy levels may
be approximated as described in this diagram. Five d
electrons of the Fe3� ion constitute a high-spin ground
state (6A1g) [15]. Two peaks are observed around 1.55 and
1.95 eV in the absorption spectrum and are assigned to the
OPA bands from the ground state of Fe3� to two lower
lying excited states: 6A1g !

4T1g and 6A1g !
4T2g [16].

These absorption bands bear small oscillator strengths as
they are barely allowed by spin-orbit coupling as well as
by noncentrosymmetric crystal field [17]. The OPA spec-
trum above 2.3 eV could not be measured directly due to
the intense charge transfer transition from the O 2p states
to the Fe 3d states.

There are distinct three peaks in the MSH spectrum
around 2.84, 3.28, and 3.67 eV at 10 K. These peaks
disappear at 220 K (>TC) in agreement with the result
shown in Fig. 2(b). The fundamental photon energies
(1.42, 1.64, and 1.84 eV) do not coincide with the peak
energies of OPA bands (1.55 and 1.95 eV). One of the
possible MSHG processes may be the magnon-assisted
transition to the OPA bands. However, magnon Raman
scattering could not be observed around 0:1–0:2 eV.
Therefore, it is natural to consider that these peaks are
in two-photon resonance with intra-atomic excited states
of Fe3�; two 4Eg, 4A1g, and 4T1g states as described in the
middle panel of Fig. 4.

The energy values of these levels were calculated using
the Tanabe-Sugano model [18], as shown as numerals (in
units of eV) in parentheses in the middle panel of Fig. 4.
The Racah parameters (B and C) and the crystal field
energy (10Dq) were obtained so as to best reproduce all
the energy values of the observed two OPA (4T1g and
4T2g) and three MSH (4Eg, 4A1g, and 4T2g) peaks. The
deduced parameters, B � 0:119 eV, C � 0:335 eV, and
10Dq � 1:69 eV, are well in accord with those of other
Fe3� systems in an octahedral ligand field [18,19]. The
good agreement between the observed and calculated
level energies supports the present interpretation of the
microscopic process of the MSHG in GaFeO3.

In summary, we have demonstrated the magnetization-
induced second harmonic generation in a polar ferromag-
net GaFeO3 crystal. The MSH intensity is as large as
the bulk inherent SH intensity. Thus the nonlinear
Kerr rotation angle becomes gigantic with decreasing
temperature below the magnetic transition temperature
(�205 K): 49� at 180 K and 73� at 100 K, respectively. By
making use of the large nonlinear Kerr rotation, the
magnetic domain structure can be clearly visualized.
The spectrum of MSHG has indicated that the MSHG
signal is two-photon resonant with intra-atomic excited
states of Fe3�.
047401-4
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