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A B S T R A C T   

Femtosecond laser micromachining has potential application in integrated photonics thanks to its ability to 
produce micrometer-size three-dimensional structures in different types of materials, including the ones whose 
properties can be externally altered, which allows for the fabrication of optically active devices. In this work, we 
demonstrate the fs-laser fabrication of magneto-optical waveguides in CaLiBO (calcium-lithium tetraborate) 
glasses codoped with Yb+3 and Tb3+ ions. Single-mode type waveguides were produced using fs-pulses with 
~0.1 J/cm2 and 6.5 × 105 pulses/spot, an important feature for integrated photonic devices. The fabricated 
waveguides display Faraday effect, with a Verdet constant of 560◦ T− 1m− 1, for the sample containing 2% of 
Tb3+, which is equivalent to the one observed for the bulk. Such a result demonstrates that fs-laser micro
machining, in the conditions used here, does not negatively affect the magneto-optical properties of the sample. 
Thus, our results open a new pathway towards the processing of magneto-optical waveguides aimed at appli
cations in magneto-optical photonic microdevices.   

1. Introduction 

Waveguides are a fundamental part of integrated photonics, not only 
for connecting distinct components in devices but also as active elements 
that can alter light’s properties. Femtosecond laser microfabrication is a 
simple, non-contact, single-step technique widely used for fabricating a 
myriad of components, such as splitters, interferometers, resonators, 
and particularly waveguides [1–3]. Thanks to the nonlinear nature of 
the light-mater interaction when ultrashort pulses are used, energy 
transfer to the material is confined to the focal volume, which makes this 
technique an effective tool for processing materials with precision and 
high spatial resolution [4]. Hence, fs-laser micromachining has been 
applied, for instance, in fluidic optical waveguides [5], sensors [6], 
generation of nanoparticles [7], control wettability [8], etc. 

The interest in employing fs-laser micromachining to fabricate 
optically active waveguides has been growing in the last few years with 
the demonstration, for example, of emissive ones [9,10]. Materials 
exhibiting the Faraday effect, which corresponds to a rotation of the 
light-polarization by an externally applied magnetic field, can be com
bined with fs-laser micromachining to obtain optically active 

waveguides, as demonstrated in Refs. [11–15]. In this direction, 
magneto-optic glasses have appeared as an interesting class of materials 
for photonics [16]. Such glasses present Faraday effect, which is char
acterized by the Verdet constant (V). The higher V, the larger the rota
tion of light polarization induced by the magnetic field for a given 
material length over which the interaction occurs. Materials exhibiting 
Faraday effect usually contain high concentrations of rare-earth ions in 
their composition [17]. Among the rare-earth ions, Tb3+ is the most used 
element and provides a high Verdet constant [18]. For example, 
Terbium Gallium garnet (TGG) is a magneto-optical material that has 
been widely used in optical insulators [19] and magneto-optical 
switching [20]. Likewise, magneto-optical glasses, for example, have 
been used as Faraday rotators [21] and optical isolators [22], which are 
essential components for polarization control and birefringence 
compensation [23]. 

Here we demonstrate the fabrication of waveguides by femtosecond 
laser micromachining in CaLiBO (calcium-lithium tetraborate) glasses 
doped with Tb3+ and Yb3+. Such glass matrix have already been re
ported as a down-converter for solar cells [24], fluorescent waveguides 
[10], and nonlinear optical material [25]. We found the optimum 
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conditions for waveguides fabrication based on their homogeneity, 
mode profile, and losses. The produced waveguides display Faraday 
effect, with Verdet constants of − 290 and − 561◦ T− 1m− 1 for CaLiBO 
samples with 1% and 2% of Tb3+, respectively, which is equivalent to 
the one observed for the bulk material. 

2. Experimental 

The CaLiBO matrix were fabricated by the melt-quenching tech
nique, as described in Ref. [25], and contain 60B2O3 + 30CaO + 10Li2O 
(mol%). The samples used in the work are codoped with Tb3+ and Yb3+, 
with composition (99% - x) CaLiBO + 1% Yb2O3 + x% Tb4O7 with x =
1.0 and 2.0 (mol%); such samples are designated as CaLiBO1 and CaL
iBO2, respectively. 

Waveguides were micromachined using a Ti:sapphire laser oscillator 
at 800 nm, with a maximum energy of 100 nJ, operating at 5 MHz 
repetition rate and delivering 50-fs pulses [26]. The laser beam was 
focused by a 0.65-NA microscope objective in the sample, that is 
translated in a xyz stage moved a constant speed. The guiding charac
teristics of the fabricated waveguides, specifically the waveguide losses, 
guided mode profile and induced refractive index change, were 
measured using an objective lens to couple light from a HeNe laser 
(632.8 nm). In this coupling system, an objective lens (NA = 0.40) fo
cuses the laser beam in the waveguide input. The light transmitted 
through the waveguide is collected by an output objective lens (NA =
0.25). More details of the coupling system can be seen in Ref. [26]. Total 
losses are calculated by measuring the input and the output power, 
including the transmission of the optical components of the system. With 
the aid of a CCD camera, the guided modes of the fabricated waveguides 
are measured. The coupling losses are estimated, determining the mode 
mismatch between the profiles of the guided mode and the input laser 
beam, according to the method described in Refs. [27,28]. Thus, guiding 
loss is determined by subtracting the coupling loss from the total losses. 

The produced waveguides were also characterized by bright-field 
optical microscopy using a Zeiss optical microscope model LSM 700 
coupled to a CCD camera, which allowed evaluating the cross-section 
and the top view of the waveguides. 

The measurement of the Verdet constant was performed in the bulk 
sample and the waveguides using the polarization rotation configura
tion, shown schematically in Fig. 1. The sample is positioned in the 
center of a solenoid, in order to achieve a uniform magnetic field across 
its length. A He–Ne laser (632.8 nm) is coupled to a polarization- 
maintaining fiber, which is mounted in a xyz positioning stage used to 
align the light in the case of the waveguide; for the bulk sample such fine 
alignment is not necessary. An iris is placed after the solenoid to delimit 
the guided light and block any scattered light. The polarization rotation 
is determined using a rotating polarizer (analyzer) positioned before the 
detector, with the aid of a lock-in amplifier referenced by a signal 
generated from the rotating analyzer driver. 

Laser Induced Breakdown Spectroscopy (LIBS) was used to obtain 
the stoichiometry of the sample beyond the nominal value for the con
centrations. LIBS was performed in a homemade setup that uses a 150-fs 

pulses from a Ti:sapphire laser amplifier (CLARK MXR-2001) centered at 
775 nm with a 1 kHz repetition rate. The laser beam is focused on the 
sample to a spot of ~17 μm and maximum pulse energy at the sample of 
390 μJ was employed. The generated plasma spectrum is collected and 
analyzed in a spectrometer with 0.75 μm FWHM optical resolution. 

3. Results 

LIBS was carried out to investigate the stoichiometry of samples 
CaLiBO1, CaLiBO2, and CaLiBO (glass matrix without rare-earths dop
ants) as reference. The LIBS spectra contain all the main Ca and Li lines. 
For the doped samples, it was possible to observe the emissions from Yb 
and Tb, whose total areas were considered to quantify the presence of Tb 
and Yb (results not shown). The spectra used a normalization by the 
total plasma emission intensity, as described in Ref. [29]. Our results 
reveal that the ratio of the Tb concentration between CaLiBO2 and 
CaLiBO1 is (1.9 ± 0.2), which is very close to the nominal one. 

Fig. 2 shows the influence of the fs-pulse energy on the half-line 
width squared (r2) as a function of the pulse energy (log–scale), of 
lines micromachined in the volume of the samples, for a scanning speed 
of 50 μm/s that corresponds to approximately 6.5 × 105 pulses/spot. 
The lines-widths (2r) values, for both samples, increase with pulse 

Fig. 1. Experimental setup for the Faraday rotation measurements.  

Fig. 2. Squared line (L2) as a function of the pulse energy (log scale) for CaL
iBO1 and CaLiBO2 at scanning speeds 50 μm/s. 

Fig. 3. Optical microscopy of the top view of the waveguides in (a) CaLiBO1 
and (b) CaLiBO2. 
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fluence, varying from approximately 2.2 to 4.6 μm when the pulse en
ergy increases from 38 to 54 nJ. The linear behavior observed Fig. 2 
reveals that the micromachined regions follow the laser beam Gaussian 
profile. By fitting the data shown in Fig. 2 using the model proposed in 
Ref. [30], we determined the threshold energies (Fth), which are 0.07 
and 0.09 J/cm2 for CaLiBO1 and CaLiBO2, respectively. Such values 
represent the minimum fluence that needs to be used to modify the 
sample. 

Fig. 3 shows optical microscopy images of the longitudinal (top) 
view of waveguides produced by fs-laser micromachining in CaLiBO1 
and CaLiBO2 samples. These structures were produced using a fluence of 
0.1 and 0.15 J/cm2 (~6.5 × 105 pulses/spot), which were determined as 
the best conditions to achieve homogeneous waveguides. Such wave
guides were inscribed at approximately 100 μm below the sample sur
face to avoid spherical aberration and self-focusing, and with a total 
length of 7 mm. 

The mode profile of guided light at 632.8 nm shown in Fig. 4 dem
onstrates that the fabricated waveguides support the single-mode type 
operation, with an almost Gaussian intensity distribution, as displayed 
by the x and y profiles in Fig. 4. Assuming the fabricated waveguides can 
be described by step-index waveguides (cylindrical inner core of 
refractive index n surrounded by an external cladding of slightly lower 
refractive index, which in our case is the refractive index of the glass). 
One is able to fit the measured output mode profile (similar to the ones 
displayed in Fig. 4) with the well-known solution for the light distri
bution, i.e., a Bessel function of the first kind for the core and a Bessel 
function of the second kind for the cladding [31]. With such an 
approach, we estimated the laser-induced refractive index change as 
being of the order of 10− 4, which corresponds to a numerical aperture of 
about 0.08. 

The total losses of the waveguides were determined by measuring the 
light transmittance (632.8 nm) using an objective lens-based coupling 
system, taking into account the input and output objectives transmission 
(95% and 97%, respectively). Coupling losses were estimated by 
considering the Fresnel reflection and calculating the mode mismatch 
loss (~3.6 dB) [27,28]. By subtracting the total losses from the coupling 
losses, one determined a guiding loss of ~ (0.2 ± 0.1) dB/mm for both 
samples. 

Fig. 5 shows the rotation angle as a function of the magnetic field for 
bulk (a) and fabricated waveguides (b) for both samples. The Verdet 
constant is obtained from the slope of linear fit (solid lines in Fig. 5). For 
the bulk CaLiBO1 and CaLiBO2 samples, the average values of the 
Verdet constant are displayed in Table 1. Therefore, the Verdet constants 
for bulk and waveguides are the same, within the experimental error, 
indicating that fs-laser microfabrication does not impair the magneto- 
optical effect of CaLiBO glasses. As mentioned before, the Verdet con
stant describes the magnitude of the magneto-optical effect, and it is 
directly proportional to the content of Tb+3 ions in the sample. Thus, the 

Fig. 4. Image of propagated modes at 632.8 nm for (a) CaliBO1 and (b) CaLiBO2 and their respective vertical and transverse profiles.  

Fig. 5. Faraday rotation angle versus the magnetic field (a) CaLiBO bulk and 
(b) CaLiBO waveguide glasses. 

Table 1 
Values of Verdet constants for CaLiBO1 and CaLiBO2.  

Sample glasses % codoping Verdet constant (◦T− 1m− 1) 

Yb3+ Tb3+ Bulk Waveguides 

CaLiBO1 1% 1% − 292 ± 5 − 290 ± 20 
CaLiBO2 1% 2% − 560 ± 40 − 561 ± 5  
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Faraday effect for CaLiBO2, which has 2%mol of the Tb3+, should be 
twice higher than that for CaLiBO1, as observed in Table 1. Waveguides 
fabricated by fs-laser in a commercial Faraday glass (TG20) have shown 
a slight decrease in the Verdet constant compared to that of the bulk 
glass [12]. 

It is worth noting that the Verdet constant increases by a factor of 1.9 
for CaLiBO2 in comparison to CaLiBO1. Such factor matches precisely 
the proportion of Tb concentration between the samples, determined by 
LIBS, since terbium ions are responsible for the Faraday effect [11,24]. 

4. Conclusions 

We demonstrated the fabrication of waveguides, by fs-laser micro
machining, in CaLiBO glasses codoped with Yb3+ and Tb+3, which 
exhibit the Faraday effect. After determining the ideal experimental 
conditions, homogeneous waveguides were produced using fs pulses 
with a fluence of ~0.1 J/cm2 (6.5 × 105 pulses/point). Such waveguides 
exhibit single-mode type operation and display the magneto-optical ef
fect, as its bulk counterpart. Since the Verdet constants of the wave
guides are equivalent to the one for the bulk, fs-laser micromachining 
does not impair the magneto-optical response of the sample in the 
fabrication conditions proposed here. Therefore, our results pave the 
way for processing magneto-optical waveguides aimed at applications in 
magneto-optical integrated photonics. 
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