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ABSTRACT
The three-dimensional (3D) two-photon laser fabrication techniques for metal, polymer, and magneto-optical structures
are presented. Two-photon-induced reduction of metal complex ions was developed to create 3D metal micro/nano
structures. Owing to the inhibition of unwanted growth of metal nano crystals using surfactant molecules, we have
successfully improved the spatial resolution of fabricated metal structures down to 100 nm in linewidth. Arbitrary shaped
3D silver structures with high electric conductivity were fabricated. Two-photon-induced photopolymerization technique
has been applied for the photonic wire bonding. We have demonstrated the optical interconnection of III-V based DFB
lasers and photo detectors by polymer wires with optical coupling loss less than 0.3dB. We also applied two-photon laser
irradiation technique for the modification of the magnetic properties of cerium-substituted yttrium iron garnet crystal
(CexY3-xFe5O12: Ce:YIG). A Ce:YIG layer was epitaxially-grown on a monomagnetic garnet (<111>-SGGG) substrate.
3D fs laser scanning in the Ce:YIG layer creates the micrometer patterns of both refractive index and magnetic properties
change of the crystal. We demonstrated the micro/nanometer scale patterning of both optical and magnetic properties in
the Ce:YIG crystal.
Keywords: two-photon, polymerization, reduction, metals, magneto-optical materials, metamaterials, femto-second laser,
three-dimensional structures

1. INTRODUCTION
Femtosecond laser processing has recently been applied to a wide variety of fields, such as laser ablation, lithographic
fabrication, and photo-reduction reaction [1-4]. Since this fabrication technique is based on nonlinear multi-photon
absorption, it is possible to highly localize only at the focal voxel [5]. Successive chemical or physical reactions can be
also confined in a small volume, allowing for both three-dimensional (3D) and sub-diffraction (~100 nm) resolutions in
the fabrication [6, 7]. By utilizing such unique abilities of the direct laser writing, there have been a number of reports on
the formation of 3D micro/nanostructures in transparent materials [8-12] and the development of novel optical functional
devices [13-16]. In those studies, although 3D photonic devices were nicely demonstrated based on the refractive index
change induced by high-intense laser pulses, glasses and polymers were mainly used as photo-reactive media and other
optical materials are not well studied.

2.

TWO-PHOTON REDUCTION FOR 3D METAL STRUCTURES

In this section, we demonstrate the fabrication of three-dimensional metal structures. Recently, metamaterials has
attracted much interest from researchers by introducing a new paradigm in electromagnetism. Metamaterial is a new
class of artificial materials made of three-dimensional (3D) metallic nanostructures. Electromagnetic responses of the
metamaterial are specified by its internal nanostructures, not by the composition. Therefore, by engineering the
nanostructures, we are able to create unprecedented optical functionalities at will, even optical magnetism and negative
index of refraction, which are never provided by natural materials [17-21].
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There have recently been a number of reports on the realization of metamaterials by using lithography-based
nanofabrication technologies, bringing various new optical phenomena into reality. However, such metamaterials
demonstrated so far are mostly two-dimensional (2D) planar structures with strong anisotropy, thus their optical
functionalities are extremely limited. This is due to lack of the ability to make arbitrary 3D metallic nanostructures in
such conventional technologies, and the realization of 3D isotropic metamaterials remains a major challenge.
To overcome this limitation, we propose a novel laser fabrication technique based on two-photon-induced reduction of
metal complex ions to realize 3D metallic micro/nanostructures. Electrically conductive silver nanostructures with
arbitrary 3D shape are demonstrated. Using this technique, we fabricated plasmonic metamaterials that exhibit magnetic
resonances with negative permeability at far-infrared frequencies [22].
Figure 1 shows a schematic of this two-photon reduction technique [3, 4]. A mode-locked Ti:Sapphire laser was used as
a light source. The laser beam was focused in the material that contains metal-ions using an oil-immersion objective lens.
When the focused laser beam illuminates the metal-ion solution, metal-ions absorb two photons simultaneously and they
are reduced to the metals. Owing to the nonlinear properties of two-photon absorption process, only at the laser beam
spot this metal reduction process occurs and tiny metal particles are created in the three-dimensional space.
As a photoreactive medium, we initially use silver-ion solution, which was prepared by mixing 0.2 mol/l silver nitrate
(AgNO3) aqueous solution with 0.01 wt% Coumarin 440 (Exciton Inc.) ethanol solution in a 1 : 1 volume ratio at room
temperature. The solution had peak absorption and fluorescence wavelengths of 350 nm and 430 nm due to the
Coumarin 440. Since the AgNO3 aqueous solution without the dye is originally colorless, suggesting that its absorption
cross-section is very small at visible wavelengths, incident light of 800 nm in wavelength is mainly absorbed by
Coumarin 440 through the TPA process.

Femtosecond Near Infrared Laser

c

Objective Lens
Host Material
with Aua+ /Ag+

excited state

tv
11v

ground state
3D Metal Structures

Figure 1 Schematic of two-photon-induced reduction process.
Figure 2 shows the basic scheme of the reduction of silver ions through the photoinduced electron transfer from the dye
molecules to silver ions [23]. The electron transfer (ET) from the LUMO level of the excited dye to silver ions leads to
the creation of silver atoms. This photosensitized reduction process allows a low laser power to trigger the reduction of
silver ions, and sub-diffraction-limit fabrication is realized while suppressing local heating. Some of electrons will
undergo charge recombination (CR) with the dye and sacrificial donor, and this CR sets the upper limitation of
production rate of silver atoms. The ET from the sacrificial donor to the HOMO level regenerates the neutral state of the
dye, allowing further absorption of photons and production of silver atoms. Inside the laser spot, silver poly-crystal
grows continuously through these sequential reactions.
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Figure 2 Basic scheme of photoinduced electron transfer from the dye molecules to silver ions for the reduction of silver
ions. Symbols denote: Ag+, silver ions; Ag, silver atom; ET, the electron transfer; CR, charge recombination; HOMO,
the highest occupied molecular orbital; LUMO, the lowest unoccupied molecular orbital.
During the fabrication, quenching of the fluorescence of the dye was clearly observed, indicating the photosensitized
reduction occurred. Figure 3 is an optical microscope image of 2D silver mesh with a total size of 120 × 120 µm2. The
total exposure time, laser power, and scan speed were 12.15 s, 13.66 mW, and 50 µm/s, respectively. As seen in the inset
SEM image of Fig. 3, the minimum wire width of 400 nm was achieved. In addition to the improved reduction properties
and spatial resolution based on the photosensitized reduction process, the electrical properties of the wires were at least
as good as those fabricated without using a dye.
The advantage of the two-photon-reduction technique as a fabrication method of fine metal structures is that it can create
the highly electric conductive metal structures regardless of the micro/nano-meter scale. To verify the electrical
continuity of the metal structure, the resistivity of the fabricated metal wires was measured and the resistivity was
estimated as 5.30 × 10-8 Ωm. This value is only 3.3 times larger than that of bulk silver (1.62 × 10-8 Ωm), and this
indicates the high conductivity of the fabricated silver wires. The discrepancy is attributed to the roughness and
oxidization or sulfurization of the silver wire surface.

Figure 3 Optical microscope image of 2D silver mesh with a total size of 120 × 120 µm2. The minimum width of the
silver wire was 400 nm.
Figure 4 is scanning electron micrograph of 3D self-standing silver structures. Fig. 4(a) shows silver gate microstructure
on a glass substrate, whose width, height, and line width of the 3D silver gate are 12, 16, and 1.5 µm, respectively. Fig.
4(b) is a top-heavy silver cup. For the fabrication of 3D structures, we introduced upside-down configurations, since the
deposited silver is not transparent at 800 nm in wavelength. The formation mechanism of 3D structures is based on
crystal growth rather than aggregation of the particles; otherwise the produced silver particles should fall down without
being deposited in this configuration. This is also supported by the observation of the surface roughness in Fig. 4, which
consists of silver poly-crystal structures. Since the photo-reductive reaction is susceptible to the conditions in the
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solution (convection, turbulence, and so on), the efficiency of the reaction at far from the substrate is rather low as
compared to that at the interface between the substrate and the solution. The high reactivity of the solution enabled us to
build up solid silver structures efficiently and repeatedly. The strength of the structures produced was sufficient to
fabricate a silver cup that could independently stand on the substrate, as seen in Fig. 4.

I

Figure 4 Scanning electron micrographs of 3D silver structures. (a) A micro-sized 3D silver gate structure standing on a
glass substrate without any support. (b) top-heavy silver cup on a substrate. The height and the top and bottom diameter
of the silver cup were 26 µm, 20 µm, and 5 µm, respectively.
ci:s
..........

The major problem that inhibited the nanoscale resolution is the unwanted crystal growth during laser irradiation.
Therefore, the main issue to gain the nanometer scale depends on a way to avoid this unwanted crystal growth and
produce smaller nanoparticles to serve as building blocks. To this end, we introduced a dopant surfactant molecule, a
nitrogen-atomcontaining alkyl carboxylate (n-decanoylsarcosine sodium, NDSS) as an inhibitor of crystal growth into
silver-ion solution [7, 24]. Figure 5 shows the absorption spectra of 0.05 mol/l diammine silver ions (DSI) aqueous
solution mixed with 0.099 mol/l NDSS aqueous solution. For the reference in Fig. 5, we also show the absorption spectra
of pure DSI and pure NDSS aqueous solutions. An absorption band with the peak at 302 nm is clearly visible in the
spectra for both the pure DSI and the mixture of DSI and NDSS solutions, but not in that for pure NDSS. This absorption
band originates from the DSI itself. In all spectra, the remarkable other absorption band is not observed at the laser
wavelength of 800 nm. This implies that the photo-induced reduction of complex silver ions was associated with exciting
the chemicals by the TPA process.
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Figure 5 Absorption spectra of 0.05 mol/l DSI aqueous solution mixed with 0.099 mol/l NDSS aqueous solution (solid
line), pure 0.05 mol/l DSI aqueous solution (dotted line), and pure 0.4 mol/l NDSS aqueous solution (dashed line). The
inset is molecular structure of NDSS.
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Figure 6 shows 2D and 3D silver nanostructures fabricated in the silver-ion solution with NDSS. Fig. 6(a) is a silver wire
fabricated on a glass substrate with a laser power of 0.87 mW and a scan speed of 6 µm/s. The formation mechanism of
silver structures is completely different from the previous case without NDSS. At the first stage of the photoreduction
process just after the laser irradiation, NDSS molecules immediately cover the surface of the silver particles after the
nucleation process and then eliminate further crystal growth and decrease the particle size down to around 20 nm. These
growth-suppressed particles densely aggregate to compose silver patterns. The concentration of particles is higher at the
center of the focused laser spot, since there is a higher nucleation probability associated with the higher laser intensity.
At the same time, this higher laser intensity also helps to break the surfactant layer surrounding the particles, which in
turn enhances the adhesion between the particles. These two conditions lead to the aggregation of silver particles directed
to the center of the laser beam. As a result, we have successfully improved the spatial resolution down to 120 nm, as
shown in Fig. 6(a). Fig. 6(b) demonstrates self-standing 3D silver pyramids on a glass substrate. These silver pyramids
structures were strong enough to resist the surface tension in the washing process, which demonstrates that the silver
particles were closely combined. The right inset in Fig. 6(b) reveals that the height was 5 µm and the angle for each leg
relative to the substrate was 60º. Consequently, the direct photoreduction of complex metal ions with the help of
surfactant molecules could lead to 3D metal nanostructures with the resolution exceeding the diffraction limit of light.

(a)

(b)

Figure 6 Scanning electron micrographs of a silver structures fabricated using a surfactant-assisted two-photon-induced
reduction. (a) A silver line whose width was 120 nm. (b) SEM image of the self-standing silver pyramids taken at an
observation angle of 45°. Inset is the magnified image showing the detail of the silver pyramid.

3. PHOTONIC WIRE BONDING BY TWO-PHOTON-POLYMERIZATION
Optical interconnection technique provides significant performance improvement and power savings over copper-based
solutions in conventional large-scale integrated circuits (LSIs) [25]. From the viewpoint of CMOS technology, photonic
integration of various optical functionalities on silicon (Si) is now being focused for intra-chip interconnects. On this
platform, great effort has been devoted for introducing light source with low power consumption, including hybrid Si
evanescent lasers [26] and photonic crystal lasers [27] as leading examples. We have also proposed III-V semiconductor
membrane lasers directly attached on the Si chip using benzocyclobutene (BCB) adhesive bonding [28]. While the
device can realize ultra low threshold current thanks to strong optical confinement, it is quite difficult to transfer emitted
light to the Si side due to the existence of the BCB adhesive layer between the III-V component and Si.
To overcome the above problems, we consider introducing three-dimensional freeform polymer waveguide fabricated by
the two-photon polymerization technique, named photonic wire bond (PWB) [29]. As a first step toward this goal, here
we demonstrated direct optical connection between a GaInAsP/InP membrane laser and a detector on Si wafer by using
PWB and succeeded 150-µm optical transmission with connection loss below 11dB under the driving power of 24mW.
Figure 7 provides the concept of chip-scale optical interconnection based on PWB and details of the designed coupling
structure between PWB and membrane laser. Here we chose SU-8 (n= 1.57) as the polymer material of PWB in terms of
two-photon-polymerization.
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The cross-sectional structure of the core layer of membrane laser is also illustrated in Fig. 7(b). A membrane laser
consists of a thin semiconductor core layer sandwiched by low refractive index claddings such as air, BCB, or SiO2.
Therefore, an optical confinement factor to the active region of the membrane laser is significantly enhanced because of
the high-index contrast between the core and claddings. A lower threshold current operation could be expected with
these effects that lead to ultralow power consumption. Due to the insulation property of the cladding layers in this
structure, a lateral current injection structure should be introduced in order to achieve electric excitation [30]. In terms of
Fabry-Perot (FP) laser, the induced light is directly emitted from the facet of the active region. Thus, we considered an
end face contact between PWB and the core layer of the LCI-FP membrane laser for higher coupling efficiency.
111-V Membrane LD
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n-InP
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- i -InP cap layer 100 nm
GaInASP SCH 15 nm

PWB
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Figure 7 (a) Concept of inter-chip optical interconnection between two membrane optical chips based on photonic wire
bonding. (b) Details of the transition section between a Lateral current injection (LCI) FP laser and a polymer PWB
waveguide.
In the first step of this study, two III-V LCI optical components were designed to be manually mounted on a common Si
host substrate by Benzocyclobutene (BCB) adhesive bonding and then embedded into the photo-sensitive resist SU-8.
Direct laser writing by femtosecond laser beam is then used to build 3D-freeform PWB in the volume of the resist to
connect the separated optical components located on different chips. After the two-photon-lithography process, the rest
part of SU-8 was removed by developer solution. The light source used for direct laser writing was a mode-locked Ti:
sapphire laser with an 800nm wavelength, 80fs pulse width, and 82MHz repetition rate. The laser beam was focused in
SU-8 and induced two-photon absorption by using objective lens in an inverted microscope, which can also be used to
observe the actual positions of the coupling structures. The PWB polymer waveguide geometry can be adapted to the
observed relative positions by configuring the scan path of laser beam. Therefore, high-precision alignment of the
relative position of optical devices becomes obsolete, which paves the way to 3D-freeform optical interconnection.
The completed sample is shown in Figure 8(a) together with the detail view of PWB by scanning electron microscope in
Fig. 8(b). The distance between two chips is nearly 150 µm. 1.5 µm-width-PWB with aspect ratio of 1:3 can be obtained
when we used the objective lens with NA of 0.95 and set the laser power to be 88mW during the lithography, which is
considered to be the optimized condition up to now toward designed shape in simulation.
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Figure 8 (a) Optical microscope image of the completed sample: the III-V LCI laser and detector chip (same structure
with laser) is connected by PWB. (b) Scanned electron microscope image of the PWB between two chips, which width is
around 1.5 µm.
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Figure 9(a) illustrates how we assess the coupling loss between PWB and these two III-V optical components (with the
same structure). We measured the photocurrent Ipd of the detector regarding the current I1 injected into the laser. The
result is shown in Fig. 9(b); the measured light output P1 of this laser is also provided in Fig. 9(b) for comparison.
According to the experimental result, the threshold current of the laser (25 mA) was consistent with the rise up current of
the detector, which proves an appropriate optical transmission between two chips via the PWB. The concrete coupling
loss between PWB and these two III-V optical components were estimated according to the following steps. Firstly the
light output P2 trying to get into the PWB can be theoretically calculated according to P1 because the ratio of light output
from both facet mainly relies on the reflection ratio of each facet mirror. Next, the photosensitivity of the detector was
measured by the incident light P4 entering the facet without PWB, which is nearly 0.09 A/W according to the result
shown in Fig. 9(c). The light power P3 absorbed by the detector can be estimated through the photocurrent Ipd and the
photosensitivity. The total coupling loss between the PWB and laser/detector chips can be assessed by comparative
analysis of P2 and P3 (i.e. 10log (P3/P2)). As a result, 10dB of the loss was estimated, which means roughly 5dB for each
side.
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Figure 9 (a) Schematic diagram of the assessment of coupling loss between PWB and III-V optical components. (b)
Measured photocurrent Ipd of the detector regarding of the injection current to laser I1 together with the laser I-L
characteristic. (c) property of an individual PD.

4. FEMTOSECOND LASER FABRICATION IN CE:YIG
To explore versatile applications of the two-photon laser fabrication, we demonstrate laser microstructuring of
ferrimagnetic ceramic materials. Specifically, Ce:YIG is used as a photo-reactive medium, and we show that laser
irradiation modifies both the optical and magnetic properties of the irradiated Ce:YIG areas [31].
Ce:YIG is one of the most typical ferrimagnetic ceramic materials with a large Faraday rotation and high transparency at
infrared wavelengths [32, 33]. Because of its excellent magneto-optical performance [34], Ce:YIG has been widely used
for nonlinear optical devices, such as Faraday rotators and non-reciprocal waveguide devices to break the time-reversal
symmetry of light propagation in photonic integrated circuits (PICs) [35-38]. Although Ce:YIG has many potential
applications in PICs, there is one major issue in the process of their fabrication; Ce:YIG is not inherently compatible
with PICs consisting of semiconductor optical components. There, an adhesive agent or plasma-assisted direct bonding
[39, 40] are currently employed for YIG joining, but neither of these processes is sufficient for mechanical, chemical,
and thermal durability. On the key issue of how one can incorporate optical and magnetic components into one device,
our proposed technique is very appealing because optical and magnetic microstructures can be directly fabricated at one
time without any additional process. Furthermore, even complex optical and magnetic stereostructures can be produced,
thus being a potential approach to develop novel 3D magneto-optical devices for optical communication and photonic
applications [41].
Figure 10(a) shows a Ce:YIG wafer used for the experiment. A 1.2-µm-thick single-crystalline Ce:YIG layer was
epitaxially grown on a <111>-oriented nonmagnetic garnet substrate ((GdCa)3(GaMgZr)5O12 or SGGG) using magnetron
sputtering with a substrate temperature of 690 °C and an argon atmospheric pressure of 0.8 Pa. The sample had a mirrorlike surface with a yellowish green color and a relative refractive index of 2.2. Fig. 10(b) depicts the X-ray diffraction
spectrum of the Ce:YIG/SGGG wafer. Very sharp Bragg reflections from a Ce:YIG <888> plane are clearly resolved
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with Kα1 and Kα2 lines, demonstrating high crystallographic quality of the grown Ce:YIG layer. The linear absorption
spectrum of the sample is shown in Fig. 10(c). At the fundamental wavelength of 800 nm, there is no significant
absorption, whereas it sharply increases around 400 nm, suggesting that incident femtosecond pulses centered at 800 nm
is absorbed by the multi-photon process. In the successive magneto-optical polar Kerr effect measurement, we also
confirmed that the as-grown sample exhibited a weak coercive force of 30 Oe.
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Figure 10 (a) 1.2-µm-thick single-crystalline Ce:YIG layer epitaxially grown on a <111>-oriented nonmagnetic garnet
(SGGG) substrate. (b) X-ray diffraction spectrum of the Ce:YIG/SGGG wafer and (c) its linear absorption spectrum.
For all experimental results reported here, a mode-locked Ti:Sappphire femtosecond laser system (Spectra-Physics,
Tsunami with Millennia Vs) was used as a light source. The center wavelength, pulse width, and repetition rate were 800
nm, 80 fs, and 82 MHz, respectively. The direct laser writing was carried out using an inverted microscope (Olympus,
IX71) where the beam from the laser system was tightly focused into the Ce:YIG layer using an objective lens (40×, NA
= 0.9). The focused laser beam was then scanned two-dimensionally (x-y scanning) using a closed-loop-controlled twoaxis stage (Sigma Koki, BIOS-402T with FC-501G) with a lateral resolution of 10 nm. The longitudinal (z) position of
the laser spot was also controlled by translating the objective lens using a computer-controlled motor stage with a
resolution of 62.5 nm. The fabrication process was continuously monitored from the backside of the wafer (SGGG side)
using a CCD camera (SONY, XC-77).
As shown in Figure 11(a), Ce:YIG was exposed by scanning the laser spot with a constant speed of 100 µm/min for
different irradiation powers ranged from 30 to 77 mW. Figs. 11(b) and (c) are the reflected and phase-contrast optical
microscope images of the fabricated line patterns, which are five single-pass lines with different powers [(i) - (v)], and a
multi-pass line (20 scans) with 48 mW [(vi)]. When the laser power was 60 mW or higher, thermal ablations in the
Ce:YIG layer were observed, shown by the two dark lines in Fig. 11(b) and by the two bright (yellow) lines in Fig. 11(c).
At moderate powers, the color phase of Ce:YIG was just changed from yellowish to darkish green without any cracking
[two thin lines (ii) and (iii) in Fig. 11(c)], suggesting its optical properties were modified by the laser irradiation. The
measured width of these two lines, (ii) and (iii), were 1.5 µm and 750 nm, which can be applicable to optical waveguides
at infrared wavelengths. On the other hand, for the laser power of 30 mW or lower, no remarkable change was observed
in the optical microscope images.
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Figure 11 (a) Schematic of the direct laser writing in a Ce:YIG layer on a SGGG wafer with a scanning speed of 100
µm/min. (b) Reflected and (c) phase-contrast optical microscope images of the sample irradiated by single scanning with
a laser power of (i) 30 mW, (ii) 38 mW, (iii) 48 mW, (iv) 60 mW, and (v) 77 mW, and (vi) by multiple (20) scanning
with 48 mW.
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To show that, unlike conventional materials used in femtosecond laser processing, such as glasses and polymers, it is
possible to control both the optical and magnetic properties of the exposed Ce:YIG layer, we investigated the effect of
laser irradiation on the Ce:YIG properties by quantitatively evaluating the refractive index and magnetization of the
exposed Ce:YIG layer.
The change in refractive index of the exposed Ce:YIG layer is the most important property for optical waveguide
applications. To this end, we firstly measured the refractive index change by employing a quantitative phase imaging
(QPI) technique [42]. The QPI is a state-of-the-art technology, based on optical interferometry, to map the image of pathlength shifts associated with the specimen. This image reveals quantitative information about both the local thickness
and refractive index of the structure. By comparing QPI information between the exposed Ce:YIG with that for an as
grown Ce:YIG reference, the intracrystal refractive index of the exposed Ce:YIG can be determined [43, 44]. The
refractive index and the thickness of the non-exposed Ce:YIG was measured beforehand with an ellipsometer and
scanning electron microscope. Figures 12(a) and 12(b) are the QPI images measured at a wavelength of 632.8 nm,
showing the in-plane distribution of the refractive index change of the fabricated line patterns [(vi) and (ii) in Fig. 11(c)].
From the images, the refractive index of the exposed regions was quantitatively determined and increased by
0.015±0.001 (0.7% of Ce:YIG refractive index). To form an optical waveguide in the Ce:YIG with the refractive index
change of 0.7%, a waveguide width has to be 10 µm or more for sufficient optical confinement. On the other hand, the
edge-transition width of the fabricated line is less than 500 nm, which is much smaller than the waveguide width,
ensuring no unwanted effect on the wave-guiding performance.
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Figure 12 In-plane distribution of refractive index change of the exposed Ce:YIG lines measured with a quantitative
phase imaging technique. (a) and (b) correspond to (vi) and (ii) in Fig. 11(c), respectively. (c) and (d) are the averaged
profiles of the refractive index change in the measured regions of (a) and (b).
The change in magnetization of the exposed Ce:YIG layer is another important property for novel magneto-optical
device applications. To characterize the magnetic-domain configuration in the Ce:YIG layer, the magneto-optical polar
Kerr effect (MOKE) measurement was carried out. Figure 13 shows the schematic magnetization (M-H) curve of the
Ce:YIG layer and the corresponding MOKE images measured with different external magnetic field. In Fig. 13(a), the
blue curve is for the exposed region, and the red curve is for the non-exposed one, and points (i) – (vi) on the curves
correspond to MOKE images (i) - (vi), respectively. Note that this M-H curve was estimated from the magnetic-domain
configurations of each MOKE image and is given simply to assist the understanding of the magnetic properties of
MOKE images. The MOKE images were measured using a mercury lamp at room temperature with an external magnetic
field (parallel to the surface layer). The dark regions are positively magnetized, and the light regions are negatively
magnetized.
Firstly, the sample was measured by increasing the magnetic field from -500 Oe to 500 Oe. At an external magnetic field
of -470.7 Oe, the entire Ce:YIG layer was negatively magnetized [(i) in Fig. 13]. This means that the Ce:YIG layer,
including irradiated regions, was magnetized in the same direction as the magnetic field. As magnetic field increased in
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the positive direction, the MOKE images changed from (ii) to (iii). The exposed regions easily changed their
magnetization in response to the external magnetic field. For the non-exposed regions, on the other hand, the
magnetization was maintained. Note that no phase change were observed for the upper two lines because their magnetic
property was erased due to the ablation. At an external magnetic field of 495 Oe, the entire Ce:YIG layer was positively
magnetized [(iv) in Fig. 13]. Then, the sample was measured by sweeping the magnetic field from the positive side (500
Oe) to the negative side (-500 Oe) and observed that the magnetic-domain showed a hysteretic cycling [(v) and (vi) in
Fig. 13]. Form these results, we concluded that the laser irradiation induced dramatic change in the magnetic property of
the Ce:YIG layer from hard to soft, thereby locally controlling the magnetization inside the exposed Ce:YIG layer.

(a)

M

(v)

(iv) (b)

- : as-grown
- : exposed

VI

(i)

(ii) iii)

(ÌÌÌ)

JR

Figure 13 (a) Schematic of magnetization (M-H) curves of a Ce:YIG layer with and without the irradiation. (b) Phasecontrast microscope image of the measured area and the corresponding magneto-optical polar-Kerr-effect images
measured with an external magnetic field of (i) -470.7 Oe, (ii) -25.3 Oe, (iii) 24.3 Oe, (iv) 495 Oe, (v) 197.9 Oe, and (vi)
-223.5 Oe.
We have demonstrated the femtosecond laser fabrication of optical and magnetic microstructures in Ce:YIG. The laser
irradiation induced local changes in both optical and magnetic properties of Ce:YIG. The QPI technique proved that the
refractive index was increased by 0.7%, and the MOKE measurement showed that the magnetization property is changed
from hard to soft, decreasing the coercivity. These results demonstrates the usefulness of the direct laser writing in
Ce:YIG and other magneto-optical materials; Magneto-optical elements combined with semiconductor optical
components, e.g., optical waveguides, can be incorporated monolithically into one device.
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