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Abstract: The dispersion of the Verdet constant of LiY g_xErxFy4 crystals was evaluated from
190 nm to 500 nm for different doping concentrations of Er ions. A 15% doping concentration
yielded a high Verdet constant of 54.5 rad/(T-m) at 193 nm. This value can be explained by the
contribution of the diamagnetic term associated with LiYF, and the paramagnetic term of the
Erions. Although the LiYF, crystal yielded a lower value of —36.6 rad/(T-m) at 193 nm from
Er-doped LiYF4, it can be used in the vacuum—ultraviolet region because of its high transmittance
at wavelengths longer than 120 nm.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The Faraday effect, a magneto-optic effect, is widely used in magnetic and electric current sensors
and Faraday rotators (FRs). [1-3] The most important application for optical systems such as
FRs is the optical isolator (OI), which is a polarization-dependent isolator for protecting light
sources and preventing feedback to laser oscillators. The Faraday effect results in a rotation of
the polarization plane of light traveling through a material when an external magnetic field is
applied, and the rotation angle 6 is expressed as

6 = VHL, (1)

where V is the Verdet constant and H is the strength of the magnetic field over the medium length
L. The Verdet constant is material-specific and wavelength and temperature-dependent. A high V
facilitates a reduction in the thickness of the media and strength of the external magnetic field.
Ideal candidate materials for FRs should have both a high transmittance and a high Verdet constant
V at the wavelength of the light source. For example, terbium gallium garnet (TGG) crystals are
commonly used as FR materials at a wavelength of approximately 1000 nm (Vg =40rad/(T-m)
at 1 =1064 nm) [4,5] and yttrium iron garnet (YIG) crystals are used at approximately 1500 nm
(Vyig =304 rad/(T-m) at A = 1550nm). [6,7] These materials exhibit high Verdet constants in
their respective wavelength regions, but cannot be used at wavelengths shorter than 390 nm
due to their large absorptions. In the deep-ultraviolet (1 =193-300 nm, DUV) and ultraviolet
(4=300-400nm, UV) regions, some materials have been reported as candidates for DUV-UV
FRs. [8-12] For example, the Verdet constant is 70.1 rad/(T-m) at A = 193 nm in synthetic quartz
glass, 180rad/(T-m) at A= 193 nm in ADA crystal, and 74.5 rad/(T-m) at A = 193 nm in DKDP
crystal. In particular, LIREF4 (RE =Tb, Dy, Ho, Er, and Yb) has been identified as a promising
material because of its high Verdet constant, owing to the contribution of rare earth element
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doping and short-wavelength absorption edge. For example, the Verdet constant of LiErF, with a
short-wavelength absorption edge of 163 nm is 516 rad/(T-m) at A =193 nm and 279 rad/(T-m)
at 4 =248 nm, which is suitable for constructing DUV FRs.

In this paper, we report the Er doping concentration dependence of the dispersion of the Verdet
constant in LiY | g_xErxF4. Non-doped LiYF4 (YLF) is a well-known laser host material with a
short-wavelength absorption edge of 120 nm. [13—15] This suggests that FRs can be constructed
not only in the DUV region, but also in the vacuum ultraviolet (VUV) region below A =200 nm.
Partially doped crystals (Er:YLF), which are known as laser active media at 551 nm and 2.8 pm
[16—19] were also evaluated, because an enhancement in their magneto-optic properties was
expected from the contribution of Er ions. In addition, the contribution of Er ions to the Verdet
constant in the DUV region was evaluated by comparison with previous results for LiErF,.

2. Experimental methods

The dispersion of the Verdet constant was measured using the polarization-stepping method. [20]
The experimental setup is illustrated in Fig. 1. An optical discharge plasma light source (Energetiq
Technology, Inc. EQ-99X LDLS) was used as the seed white light source (4 =170-2100 nm).
Two types of polarizers and spectrometers were used for accurate measurement in a wide
wavelength region (4 =190-500 nm). In the short-wavelength region (4 =193-300 nm), a
Wollaston-GlanTaylor polarizer (Kogakugiken Corp. WoG-193-E) and DUV spectrometer
(Ocean insight Maya200) were used, whereas a GlanTaylor polarizer (Thorlabs, Inc. GL10)
and a second spectrometer (Ocean Insight USB2000) were used in the long-wavelength region
(1=300-500 nm). The sample was positioned, and an external magnetic field (B=1.18T at
L=6mm, B=1.16T at L=10mm) was applied between the two polarizers. Two types of
samples were measured: LiYF4 (non-doped YLF, L=10mm) and LiY g5Er; sF4 (15% doped
Er:YLF, L =6 mm). One of the polarizers is rotated using a stepping motor with a sampling pitch
of 1°. The intensity of the transmitted light without an applied external magnetic field can be
expressed as follows:

In(9) = Iocos* (8 + 60) + Lyin. 2

where I is the maximum intensity, 6 is the rotation angle of the polarizers, 6 is the angular
difference between the two polarizers, and I,,,;, is the minimum intensity. By applying a magnetic
field to the sample, polarization rotation 6y due to the Faraday effect is induced, and thus, the
above equation becomes

I5(6) = Iocos®(0 + 6o + OF) + L. (3)
Magnet
Collimatinglens  Polarizer ,—l Polarizer

ODPLS |—=m Spectrometer

Fig. 1. Experimental setup for measurement of the Verdet constant.

OF is determined by evaluating the phase difference between the two measurement data. From
these data, the Verdet constant is derived using Eq. (1) for all wavelengths.

3. Result and discussion

Figure 2 shows the wavelength dependence of the Verdet constant and the transmittance in a
non-doped YLF crystal. Figure 3 shows the results in a 15%-doped Er:YLF crystal. The gray
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dotted lines indicate the wavelength of a typical DUV laser source. The Verdet constant exhibited
opposite signs because Er ions are paramagnetic, whereas YLF crystals are diamagnetic. The
Verdet constant dispersion of a diamagnetic material can be determined using the following

equation [21]:
2
an”—1 B
Viia(1) = —— A+ , 4
dla( ) 1 2n ( /12_/1(2]) ( )

where n is the refractive index, [22] Ap is the ultraviolet resonance wavelength, and A = (1.21 +
0.02)x107¢ rad/T and B =(1.55+0.06)x107" (rad-m?)/T, Ay =39.7 +0.2nm are the fitting
parameters.
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Fig. 2. Dispersion of Verdet constant and transmittance in non-doped YLF.
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Fig. 3. Dispersion of Verdet constant and transmittance in 15% doped Er:YLF.

Similarly, the properties of paramagnetic materials are given by the following equation [21]:

Vpam (/l) =

C (n+2)?
T n

N

—
2 -2

&)

where N is the number of atoms, T is the temperature, A7 is the dominant wavelength transition,
and C-N=-(54.4 + 0.4))(10‘18 (rad-m)/T and A7=100.3 + 1.4 nm are the fitting parameters. The
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fitting curve based on the preceding formula is represented by the solid lines in Figs. 2 and 3. YLF
has a high transmittance in the entire UV-DUYV region, but the Verdet constant is 36.6 rad/(T-m)
at 4 =193 nm. The transmittance of the non-doped crystal is low, owing to the low purity of the
crystal and its large length. For Er:YLF, although many absorption lines are associated with
the absorption of Er ions, the Verdet constant is as high as 50 rad/(T-m) at A = 193 nm at room
temperature, and the FR can be constructed in L = 15.7 mm when the magnetic fieldis B=1T.
Considering that the value is due to the contribution of the paramagnetic Er ions, it exhibits a
higher V at lower temperatures, because the contribution of these ions is temperature-dependent.
[21] In the region of the absorption lines, these properties fluctuate due to the contribution of
electronic transitions. The slow fluctuation in the measurement results at A =300-500 nm (blue
dot) is thought to be a measurement error caused by the birefringence of the crystals. Figure 4
shows the doping concentration dependence of the Verdet constant for typical excimer lasers
that are widely used as DUV light sources. At all wavelengths, the magneto-optic properties
are enhanced by increasing the Er doping concentration. The relationship between the doping
concentration of Er ion x and the Verdet constant can be expressed using the following equation:

V0ivioErFs(X) = V0iyr, X (1 = x) + Vi0igr, X X, (6)

where Vp,yr, is the Verdet constant of the non-doped YLF and Vg, is the Verdet constant of
LiErF,. The behavior of the Verdet constant at every wavelength can be explained. Table 1 lists
the Verdet constants at each wavelength. LiErF,4, which has the highest concentration of Er, is
suitable for constructing UV-DUV FRs because of its large Verdet constant, but it cannot be used
as an F2 laser with a wavelength of 157 nm owing to Er ion absorption. In comparison, YLF
crystals do not exhibit a large Verdet constant. However, their short-wavelength absorption edge
is located at 120 nm, and the Verdet constant increases as it approaches the absorption edge. The
value is predicted to be —63.7 rad/(T-m) at A = 157 nm, which facilitates the construction of FRs
in the VUV region, such as in the case of the F2 laser. Assuming a magnetic field strength of
1T, the FR can be constructed with L =12.3 mm. By controlling the doping concentration, it is
possible to use this crystal for various wavelengths in the UV-VUV region.

600 T T T T T T T T T T T T T T T T T T T T T
r . A=193 nm 1
L - A=222 nm -
500 A=248 nm
r A=305 nm b
A=351 nm

S

o

o
T

A =193 nm Ref.[9]
A=222 nm Ref.[9]
A1=248 nm Ref.[9]
A=308 nm Ref.[9]
A=351 nm Ref.[9]

w

o

o
T

T
#R RR <>

N

o

o
T

Verdet constant [rad/Tm]
o
3
T

L Il L Il L Il L Il L Il L Il L Il L Il L Il L Il
0O 10 20 30 40 50 60 70 80 90 100
Doping concentration [%]

Fig. 4. Doping concentration dependence of Verdet constant of LiY | o_xErxF4 for a typical
DUV-excimer laser.
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Table 1. Comparison of Verdet constants for several DUV-VUV excimer lasers

Laser type A XeF351nm XeCl308 nm KrF248nm KrCl222nm  ArF 193 nm F2 157 nm
LiYF4 -9.5 -12.9 -21.3 -26.4 -36.6 —63.7 (predicted)
LiY.g5Ero.15F4 13.0 18.4 30.7 37.3 54.5 -
LiErF4 [9] 128 171 279 363 516 -

4. Conclusion

The Verdet constant of LiY o—xEryF4 crystals with different doping concentration was measured
over the range of 190-500 nm. To the best of our knowledge, this paper presents the first
measurement of the Verdet constant of non-doped YLF. The measurements of partially doped
Er:YLF crystals and previously reported data on LiErF, crystals revealed a relationship between
the Er dopant concentration and the Verdet constant in the DUV region for the first time. In this
region, crystals with a high Er doping concentration, which exhibited a high Verdet constant, were
found to be suitable. However, non-doped YLF crystals can be used in the VUV region, which
is shorter than the absorption edge (169 nm) of LiErF, crystals. For example, at 157 nm—the
wavelength of the F2 excimer laser—the Verdet constant is predicted to be —63.7 rad/(T-m).
LiY o-xErxF4 is a good candidate material for an FR in the DUV-VUYV region.
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