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Abstract:
We employ three highly sensitive spectrometers: a photoacoustic spectrometer, a photothermal common-path interferometer
and a whispering-gallery-resonator-based absorption spectrometer, for a
comparative study of measuring the absorption coefficient of nominally
transparent undoped, congruently grown lithium niobate for ordinarily
and extraordinarily polarized light in the wavelength range from 390 to
3800 nm. The absorption coefficient ranges from below 10−4 cm−1 up to
2 cm−1 . Furthermore, we measure the absorption at the Urbach tail as well
as the multiphonon edge of the material by a standard grating spectrometer
and a Fourier-transform infrared spectrometer, providing for the first time
an absorption spectrum of the whole transparency window of lithium
niobate. The absorption coefficients obtained by the three highly sensitive
and independent methods show good agreement.
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1.

Introduction

With the availability of laser sources reaching nowadays several kW of light power the demands
on optical materials increase. Optical elements have to be very transparent since even small
absorption below 10−2 cm−1 can cause damage, because the absorbed power for a light beam
of 1 kW is already 10 W for 1 cm sample thickness. Regarding laser sources, especially those
based on optically nonlinear crystals require high power. The strong pump beam in combination
with the crystal absorption leads to undesired effects as thermal lensing and detuning of the
phase matching, limiting the performance of the light source. Thus, knowing the absorption
of an optical material, especially in it’s highly transparent region, is the key to understand it’s
limitations. The spectra may also provide hints for an improvement of their transparency, in
particular if defects can be identified based on their spectral fingerprint.
The standard methods to measure absorption like grating spectroscopy (GS) or Fouriertransform infrared spectroscopy (FTIR) require an absorption of at least 1 % for a reasonable
signal-to-noise-ratio (SNR). In a cm-sized sample, this leads to a measurable absorption coefficient of ? 10−2 cm−1 . To overcome this limitation, one can increase the sample thickness.
In many cases, however, this is not possible. Thus, more sensitive methods are needed. Different techniques for measuring low absorption coefficients are nowadays available. Mostly,
they exploit the fact that the majority of the absorbed energy is transferred into heat. Thus,
laser calorimetry (LC) measures the increase in temperature directly and has become an ISO
standard method [1]. Photoacoustic sensing (PAS) of small absorption is widely used for gases
and liquids [2] and has recently been successfully applied to solid state materials as well [3].
Here, the pressure wave caused by pulsed illumination, local heating and thermal expansion
of the sample can be measured using a microphone or a piezoeletric transducer. Furthermore,
different thermal lensing techniques exist, that detect the change of the refractive index due to
the increase in temperature, like photothermal common-path interferometry (PCI) [4] and the
laser-induced deflection technique (LID) [7]. Both methods are based on a pump-probe technique with a high-power pump beam inducing the temperature change and a weak probe beam,
which is disturbed by the inhomogeneous refractive index profile.
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The development of whispering gallery resonators (WGR) has given rise to a new highly
sensitive loss measurement method. In these monolithic cavities, light is guided by total internal
reflection and is attenuated only by absorption and scattering of the bulk material. For highly
transparent materials the light travels up to several km in the sphere, thereby overcoming the
limitation of small optical path length for standard spectrometers. So far WGRs have been
employed to determine the materials bulk attenuation for a few wavelengths only [8]. More
detailed absorption spectra have not been taken by this method, yet.
Most highly sensitive techniques, like PAS, PCI or LID, are indirect and/or rely on a calibration. Thus, the material beeing characterized, has, e.g., to show a strong absorption band, that
can be determined by standard methods, such as GS or FTIR and then be used for calibration.
To evaluate the reliability of such a calibration and thus, of the measured values, the comparison
of different techniques, measuring small absorption, is important. Despite a number of publications about different methods, there is still a lack of such a comparative study. Our aim is to
compare the photoacoustic spectrometry (PAS), the photothermal common-path interferometry
(PCI) and the whispering-gallery-resonator-based absorption spectrometry (WGRAS). Furthermore, we compare the obtained spectra at the points of higher absorption to those of the same
sample studied with a grating spectrometer (GS) and a Fourier transform infrared spectrometer
(FTIR).
As the sample for this study we have chosen an undoped, congruently grown lithium niobate
crystal (LiNbO3 ). The material is important for nonlinear frequency conversion due to its high
nonlinear-optical coefficients, the possibility to create quasi phase matching domain structures
and its low absorption over a wide spectral range.
The sample preparation and its characteristics will be discussed in the following section 2.
Subsequently, the three sections 3, 4 and 5 will describe PAS, PCI and WGRAS, respectively,
their results and limitations. In chapter 6 the absorption spectra are compared also with data
obtained by a GS, followed by a discussion of the advantages and disadvantages of the three
methods applied (section 7) and a conclusion of the findings (chapter 8).
2.

Sample preparation and characteristics

The transparency window of LiNbO3 is given by the band edge at around 320 nm and the
multiphonon absorption in the IR, starting at around 3000 nm (see Fig. 1). As the absorption
here is larger than 10−2 cm−1 , the edges can be resolved easily by standard methods, such as
GS and FTIR. Published absorption spectra for undoped LiNbO3 also exist only for the edges
of the transparency window [9, 10]. In the range from 800 to 2000 nm the absorption coefficient
is still not known, as GS and FTIR reach their detection limit (see Fig. 1).
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Fig. 1. Absorption spectra of undoped, congruently grown LiNbO3 for ordinarily (left) and
extraordinarily (right) polarized light, measured with a grating spectrometer (GS, 200 to
3000 nm) and a Fourier transform infrared spectrometer (FTIR, 3000 to 6000 nm).
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The absorption coefficients of LiNbO3 may vary, depending on the position in the grown
boule and on the manufacturer. In order to compare different spectrometer types, it is hence crucial to employ the same sample for all measurements, as it is done in this work. As a preparation
for the measurements, the crystal has been cut into two pieces, the first with the dimensions of
11.7 × 6.8 × 6.1 mm3 (z, x, y) for PAS, PCI, GS and FTIR measurements and the second piece
was used to manufacture a whispering gallery resonator of 0.5 mm height (z) and a diameter of
about 2 mm (x, y).
3.
3.1.

Photoacoustic spectroscopy (PAS)
Measurement principle

This section gives a short description of photoacoustic spectroscopy (PAS, [2]) employed for
the measurements presented in this article. A detailed description can be found in [3]. The
measurement principle is shown in Fig. 2. A focused nanosecond laser pulse illuminates the
sample and, due to absorption, deposits some part of its energy inside the material. This leads to
local heating after thermalization of the deposited energy. As a consequence, thermal expansion
causes the emission of a pressure wave. A piezoelectric transducer attached to the edge of the
sample detects the photoacoustic wave.
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Fig. 2. Measurement principle of the photoacoustic spectrometer: Partial absorption of a
laser pulse leads to a heating of the sample, which causes a pressure wave due to thermal expansion. This acoustic wave then travels through the crystals and is detected by a
piezoelectric transducer, attached to the surface of the sample.

The voltage UPhAc at the detector, corresponding to the peak pressure of the acoustic wave,
is proportional to the amount of absorbed light energy. Knowing the incident pulse energy
Epulse and a wavelength independent calibration coefficient K, one can determine the absorption
coefficient α:
SPhAc
UPhAc
α=
=
,
(1)
Epulse K
K
with the photoacoustic signal SPhAc = UPhAc /Epulse .
In the presented setup a nanosecond laser system is used as the pump-light source for the
excitation of photoacoustic waves. The third harmonic (355 nm) of a Nd:YAG laser pumps an
optical parametric oscillator (OPO) that covers the wavelength range from 406 to 2500 nm. The
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laser light is, if necessary, attenuated and focused into the sample. A pyro-electric detector at
the back of the sample measures the energy of the transmitted laser pulses. The photoacoustic
signal obtained gives still a relative value for the absorption coefficient and requires therefore a
calibration.
3.2.

Calibration

The PAS setup covers the wavelength range from 406 to 2500 nm. If there is an absorption
band present in this range that can be measured with both, a standard grating spectrometer and
the PAS, then a comparison of the data provides the calibration coefficient K. For a detailed
description see [3]. In the available spectral range, LiNbO3 crystals exhibit only the bandedge absorption (Urbach tail) as an absorption feature that might be useful for this calibration.
However, the linear absorption coefficient for wavelengths close to the band edge are difficult to
measure with PAS due to the strong contribution of two-photon-absorption at typical intensities
of the ns-laser pulses.
Thus, in the case of LiNbO3 crystals, the measurement has to be calibrated indirectly:
LiNbO3 crystals contain hydrogen atoms bound as OH− groups. A fundamental vibration of
the OH− group exhibits a strong absorption band around 2870 nm [11], which can be detected
easily with standard grating spectrometers (see Fig. 1). The excitation of the first overtone of
the OH− vibration leads to an absorption band at 1470 nm. The ratio of the band intensities
between fundamental and overtone excitations was determined by Förster et al. in proton exchanged lithium niobate to a value of 175 [12]. In undoped LiNbO3 the absorption band of
the overtone is difficult to measure with standard transmission spectrometers, but can be observed with the PAS. Consequently, the PAS spectrum can be calibrated with the absorption
band at 1470 nm, since its band intensity can be determined by measuring the fundamental
OH− absorption at 2870 nm with a standard spectrometer.
3.3.

Results and limitations

Figure 3 shows the absorption spectra measured by the photoacoustic spectrometer for the
undoped LiNbO3 sample. The OH− overtone at 1470 nm used for the calibration is very pronounced for ordinarily polarized light.
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Fig. 3. Absorption spectra of undoped, congruently grown LiNbO3 for ordinarily (left) and
extraordinarily (right) polarized light, measured with photoacoustic spectroscopy (PAS).
See Data File 1 and Data File 2 for underlying values.

The absorption measurements with PAS are limited by the pump power available. In order
to detect an absorption coefficient of 10−5 cm−1 , a pulse energy of 80 mJ would be needed
(see Eq. (1) and [3]). Especially at the edge around 2500 nm the pulse energy of the OPO
decreases significantly, leading to a higher inaccuracy of the measured values, as it can be
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seen by the size of the error bars in Fig. 3. In the most transparent wavelength regime of the
crystal at around 1750 nm, the detection limit of the method is reached, which corresponds to
an absorption coefficient of about 10−4 cm−1 , as the maximal pulse energy here reaches only
a few mJ. However, in materials with higher thermal expansion coefficients this value can be
significantly lower [3].
Another limitation is the two-photon absorption, which plays a key role at the band edge, and
prevents reliable measurements at wavelengths below 400 nm. In order to distinguish between
single and two-photon absorption, the pump power can be varied. The PAS signal increases
linearly with increasing pump power in the case of single photon absorption while it increases
quadratically for two-photon absorption.
A systematic error can be caused by the calibration. For materials without an absorption
feature within the covered wavelength window, a calibration is more sophisticated and thus
only a relative value for the absorption is obtained.
4.
4.1.

Photothermal common-path interferometry (PCI)
Measurement principle

Photothermal common-path interferometry (PCI) is based on a phase-sensitive pump-probe
technique [4]. A schematic of the setup is shown in Fig. 4. A strong continuous wave (cw)
pump beam is focused into the sample and heats it locally due to light absorption. The rise in
temperature leads to a local change of the refractive index and the center of the 2-4 times larger,
weak probe beam, coinciding with the pump beam, undergoes a phase shift. During further
propagation of the probe beam, the disturbed inner part of it interferes with the undisturbed
outer part of the probe beam. A photodiode behind a pinhole detects the resulting intensity
change in the center of the beam. To gain a higher sensitivity, the pump beam is modulated by
a chopper wheel, and a lock-in amplifier is employed.
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Fig. 4. Measurement principle of the photothermal common-path interferometer: The refractive index change caused by the absorbed energy of the pump beam leads to self interference of the probe beam. The intensity change in the probe beam center is detected by a
photodiode. A Lock-In amplifier is used.

In the setup we employ as the pump source a self-built cw optical-parametric oscillator
(OPO) with a power between 0.3 and 3 W. This OPO spans the wavelength regime from 1460 to
1880 nm for the signal wave and 2460 to 3800 nm for the idler wave. In order to achieve a better signal-to-noise ratio, the probe laser, a Helium-Neon laser, is power stabilized. The crossing
angle of 7◦ between pump and probe laser gives a moderate resolution in the longitudinal direction of 0.5 to 1 mm, which enables to differentiate between bulk and surface absorption. The
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LiNbO3 sample has been mounted in the setup with the x-axis of the crystal in the pump beam
direction and the z-axis in the pump-probe crossing plane (see Fig. 4). The chopper modulates
the pump beam with 386 Hz.
4.2.

Calibration

The measured PCI signal is proportional to the absorption coefficient and to the pump power.
The proportionality factor depends on setup parameters (beam sizes, crossing angle, probe
beam polarization etc.) and material properties (thermo-optic and elasto-optic coefficients, thermal conductivity, thermal expansion, etc.). The easiest way for a calibration is like for the PAS
the comparison of the PCI signal obtained in a strong absorption band to the measurement data
of a standard spectrometer such as a GS or FTIR. If the material of interest does not show such a
strong absorption band in the wavelength range available, one can also calibrate the setup itself.
This is done by measuring the PCI signal for a highly absorptive sample (in our case NG 12
Schott Glass) with a known absorption coefficient and relating it to the absorption coefficient,
obtained with one of the standard methods (GS or FTIR).
After this calibration, when studying other materials, the different properties are taken into
account using a material correction factor. Once, this factor has been obtained for one setup and
material, it can be applied to all comparable PCI setups, by using the setup correction factor.
This calibration is independent of the polarization of the pump beam. Only the polarization
of the probe beam has to be known. In the case of LiNbO3 the material correction factor has
been determined by Alexandrovski employing the absorption of a strongly iron-doped sample
at 1064 nm with the z-axis of the crystal lying in the plane of the two crossing beams. To our
knowledge this value (0.7, [5]) has not been published so far.
Having a widely tunable OPO as a pump source we could verify this factor for undoped
LiNbO3 , measuring the absorption coefficient in the fundamental OH− absorption band with its
center at 2870 nm, thus, applying both methods for calibration. Since the absorption coefficient
is well above 0.1 cm−1 it can be measured by an FTIR. Figure 5 shows this comparison. The
factor holds under the condition, that in addition to the z-axis also the x-axis of the crystal has
to lie in the plane of the two crossing beams.
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Fig. 5. FTIR measurement of the absorption coefficient of the fundamental OH− vibration
band in LiNbO3 at 2870 nm for ordinarily polarized light. The red circles are the calibrated
PCI values, and the orange curve is the FTIR measurement of the sample.

4.3.

Results and limitations

The absorption spectra obtained with the PCI are shown in Fig. 6. The fundamental OH− vibration band at 2870 nm and its overtone at 1470 nm can be identified in the spectra. Both
absorption bands are much weaker for extraordinarily than for ordinarily polarized light.
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Fig. 6. The absorption spectra of undoped, congruently grown LiNbO3 for ordinarily (left)
and extraordinarily (right) polarized light, measured with photothermal common-path interferometry (PCI). See Data File 3 and Data File 4 for underlying values.

The detection limit of PCI depends mainly on the pump power available and the above mentioned properties of the investigated material. For the investigation of LiNbO3 it is in our case
10−5 cm−1 for 1 W pump power. In the signal wavelength range from 1460 to 1880 nm the
cw-OPO delivers typically more than 1 W, so the detection limit is below 10−5 cm−1 , which is
one order of magnitude smaller than the values measured.
For very high light intensities a limitation of the technique is caused by nonlinear effects in
the material such as the optical Kerr effect and two-photon absorption, which contribute to the
change of the refractive index. For LiNbO3 n2 is in the range of 10−15 cm2 /W [6]. Given the
beam diameter of the pump beam in our setup (50 - 100 µm), these effects cause at a pump
power around 100 W a refractive index change of 10−9 , which corresponds to the detection
limit of 10−5 cm−1 in the absorption coefficient. As pump powers of only a few Watt were used
in the presented experiment, the nonlinear effects are negligible.
The error of the PCI signal after removing and again mounting the sample is below 5 %. In
addition, the calibration may cause a systematic error. As described in the preceding chapter,
the calibration delivers consistent results at strong absorption bands. However, it is difficult
to evaluate, if the absorption coefficient cannot be measured by a standard spectrometer. Here
doping of the material, as done by Alexandrovski for LiNbO3 , can help.
5.
5.1.

Whispering-gallery-resonator-based absorption spectroscopy (WGRAS)
Measurement technique

In whispering gallery resonators (WGR) light is guided by total internal reflection. Quality
factors, i.e. the number of oscillations required for the electric field to decay to e−π of its initial
value, of 108 lead to an effective optical path length of Leff = Qλ /n ≈ 50 m in the material,
where λ ≈ 1 µm is the wavelength and n ≈ 2 the refractive index of the resonator. Thus, the
sensitivity of absorption measurements should be orders of magnitude higher for WGRAS than
for GS or FTIR.
We position a prism of higher refractive index than that of the resonator close to the WGR
employing evanescent wave coupling. In order to match the modes of the resonator, the laser
source frequency is tuned without mode hops. As laser sources we use a tunable Ti:sapphire
laser without and with frequency doubling as well as an OPO pumped by the Ti:sapphire laser.
Thus, the wavelength regions from 700 to 1000 nm (Ti:sapphire laser), from 350 to 500 nm
(frequency doubled Ti:sapphire laser), from 1000 to 1500 nm for the signal wave and from
1700 to 2600 nm for the idler wave of the OPO are covered. In combination, a large part of
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the transparent region of the material is covered. The distance d between prism and resonator
can be varied by a piezo actuator (see Fig. 7 (left)). A detector is positioned at the back of the
prism to measure the power of the light reflected by the prism base. By monitoring the pump
light versus the frequency shift of the laser one can measure the linewidth of the respective
resonator modes (see Fig. 7 (right)). From the linewidth ∆νFWHM the Q-factor can be calculated
by Q = ν0 /∆νFWHM , where ν0 is the center frequency of the pump light.
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Fig. 7. Left: Experimental setup. Right: WGR mode. From its linewidth, the Q-factor can
be calculated.

The Q-factor of the resonator results mainly from three loss mechanisms: coupling loss,
surface scattering, and bulk loss including bulk absorption and bulk scattering:
1
1
1
1
=
+
+
.
Q Qc Qσ Qκ

(2)

Here Qc , Qσ and Qκ quantify these loss mechanisms.
The coupling loss decreases exponentially with d [13]. Thus, Q−1
c can be neglected in Eq. (2).
In order to be able to neglect surface scattering, the WGR is polished with a diamond slurry.
Atomic force microscope (AFM) measurements of the surface of the resonator show that the
surface roughness is sufficiently small to neglect Q−1
σ in Eq. (2). Thus, Q is given solely by the
bulk losses from which the extinction coefficient can be calculated by using Qκ = 2πn/(κλ )
[8]. Thus, by measuring the intrinsic linewidth ∆νintr for large distances d, one can calculate an
absolute value for the extinction coefficient κ of the material.
5.2.

Results and limitations

The results of the extinction measurements obtained by WGRAS are shown in Fig. 8 for o- (left)
and e-polarized light (right). The onset of the band edge (κ ≈ 10−2 cm−1 ) can be resolved
as well as the most transparent regime (κ = 9×10−5 cm−1 ) of LiNbO3 at around 1750 nm.
Furthermore, for o-polarized light the overtone of the OH− vibration band at 1470 nm, is clearly
seen.
A limit of this technique is given by the linewidth of the scanning laser – in our case being
around 100 kHz. It has to be lower than the linewidth of the measured resonator mode to be
able to resolve the latter. The results shown in this work extend to the edge of the measurable
extinction coefficient of around 5×10−5 . To overcome this limit, one can perform cavity ringdown measurements with the WGR [14].
Uncertainties using WGRAS arise from the fits to the data to get ∆νFWHM and Qintr (below
10 %). Furthermore, WGR modes in the observed spectrum may overlap, resulting in an overestimated linewidth. Therefore, in general all points shown in Fig. 8 represent an upper limit
for the extinction. In contrast to the other two techniques presented, WGRAS does not require
a calibration to measure the extinction coefficient, which reduces the systematic error of the
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Fig. 8. Extinction coefficient of undoped, congruently grown LiNbO3 for ordinarily (left)
and extraordinarily (right) polarized light, measured by whispering-gallery-resonator-based
absorption spectroscopy (WGRAS). See Data File 5 and Data File 6 for underlying values.

measurement.
6.

Absorption spectra: comparison and discussion

The absorption spectra of undoped, congruently grown lithium niobate (LiNbO3 ) measured
with the three described techniques are shown in Fig. 9(a) and 9(b) for comparison. For a better clarity they are divided in measurements with ordinarily (see Fig. 9(a)) and extraordinarily
(see Fig. 9(b)) polarized light. Together, the methods cover the wavelength range from 390 to
3800 nm, which includes the window of highest transparency of the crystal. The absorption
coefficient is measured from below 10−4 cm−1 at around 1750 nm up to 2 cm−1 at the fundamental OH− absorption at 2870 nm. The measurements performed with PAS and PCI have
been calibrated independently.
The absorption starts at 390 nm in the range of 10−2 cm−1 and drops with increasing wavelength for both polarizations. This absorption in the visible spectral range can be referred to
Fe2+ impurities in the crystal [15]. Such impurities originate usually from impurities in the
crucibles that are used for the growing process. At around 820 nm the absorption reaches a
local minimum with a value of around 4×10−4 cm−1 before an absorption band between 1000
and 1500 nm rises, which is stronger for o- than for e-polarized light. This absorption band can
also be attributed to Fe2+ impurities [15].
The overtone at 1470 nm of a known OH− absorption band, centered at 2870 nm [9] is
observable with all three techniques. As expected, it is stronger for o-polarized light. Towards
higher wavelengths, the value drops to its minimum of around 10−4 cm−1 between 1700 and
1800 nm, before rising again. The maxima at 2260 and 2480 nm wavelengths, which have
already been observed in FTIR measurements of magnesium-doped LiNbO3 by Vainio et al.
[16], are seen clearly. They result from mixed OH− stretching and libration transitions. The
absorption coefficient around the latter maximum is higher for e-polarized light. The already
mentioned OH− absorption at 2870 nm is clearly visible for both polarizations, while it is
stronger for o-polarized light. The following maxima for e-polarized light at 3100 and 3400 nm
have also been observed by Vainio et al. in magnesium-doped lithium niobate, with the first
one frequency shifted to below 3000 nm. At around 3300 nm the multiphonon absorption band
starts to dominate the measurements and its contribution increases with longer wavelengths.
In general the measurements coincide very well, although for WGRAS the extinction coefficient is shown. Furthermore, for WGRAS there is no λ −4 -dependence for the extinction
coefficient observable, what is the typical dependence for Rayleigh scattering, the main contribution to bulk scattering. Both facts lead to the conclusion that absorption is the dominating
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Fig. 9. Absorption spectra of undoped, congruently grown LiNbO3 in logarithmic scale
(a) for ordinarily and (b) for extraordinarily polarized light: The results from the measurement of a photoacoustic spectrometer (PAS), a photothermal common-path interferometer (PCI) and a whispering-gallery-resonator-based absorption spectrometer (WGRAS) are
shown.
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contribution to the extinction in LiNbO3 and not bulk scattering. So the labeling in Fig. 9,
stating the Lambert-Beer coefficients α, is valid. Another consequence of the equality of the
absolute values is, that the different calibrations for PAS and PCI hold, even for absorption
coefficients of the order of 10−3 to 10−4 cm−1 .
However, there are some differences in the spectra shown. In the blue and green region and
in the band from 1000 to 1500 nm, PAS leads to a higher absorption coefficient than WGRAS.
These differences may originate from multiple-photon processes in the material. These effects
can be seen only for PAS because it utilizes a pulsed light source in contrast to WGRAS, where
weak CW light is used. For the blue and green region, two-photon absorption is most likely the
additional loss mechanism, as starting from 600 nm, towards the band edge, the cross-section
for two-photon absorption is non-zero and increasing. For the absorption band around 1100 nm
a three photon absorption process could explain the difference [17]. One IR photon excites
Fe2+ impurity ions into a crystal-field splitting level, and from this excited state a two-photon
absorption process transfers the electrons into the conduction band. We conclude that the results
for WGRAS are more trustworthy in these wavelength regions than the ones obtained by PAS.
In the absorption minimum around 1750 nm all methods show similar values although, especially for e-polarized light, the results begin to differ. Considering the fact, that all techniques
get here close to their detection limit and thereby the uncertainties get larger, the spreading of
a factor two for the measured values is still a good agreement.
From the successful calibration of the PAS measurement it can be concluded that the ratio
of the band intensities of fundamental and overtone OH− vibrations has indeed in undoped
lithium niobate a value of about 175. This number was originally taken from studies with proton
exchanged lithium niobate by Förster et al. [12].
Savchenkov et al. published an estimation for the Q-factor of different WGRs made of
LiNbO3 of different compositions without specifying the polarization [8]. The estimation consists in a model for the absorption coefficient only considering the losses caused by UV absorption, bulk Rayleigh scattering and multiphonon absorption:
α ' αUV eλUV /λ + αR λ −4 + αIR e−λIR /λ

(3)

Here, αUV , λUV , αR , αIR and λIR are the parameters determining the above mentioned absorption types. The extrapolation based on the semiphenomenological model Eq. (3) and the by
Savchenkov et al. collected fragmentary data on absorption is shown in Fig. 10 (left). Due to
the lack of data, the fit is limited to a rather small wavelength region. In this region he gives a
projected lower absorption limit for LiNbO3 of 10−4 cm−1 . A fit to our more integral data using
the same model Eq. (3) is shown in Fig. 10 (right). It gives a theoretical absorption minimum
of 10−5 cm−1 , so an order of magnitude lower than the estimation given by Savchenkov et al.
In principal the model describes the absorption quite good although not as good as, e.g., in the
case of optical fibers, where the theoretical limit described with the model given by Eq. (3) for
the absorption coefficient can be reached [18]. From the fit made based on our data it is obvious
that for a more accurate description the model has to be expanded by the absorption caused by
the above mentioned impurities. Nevertheless, the theoretical limit seems to be reachable by
removing these impurities.
Now we compare the data achieved with that from standard GS, which is possible only in the
regions where the absorption exceeds 10−2 cm−1 , i.e. between 350 and 800 nm, and between
2200 and 3000 nm. results are shown in Fig. 11(a) for the visible wavelength range and in
Fig. 11(b) for the NIR regime. In the visible spectral range, WGRAS and the GS show accurate
agreement, while the PAS values are higher, which has been explained above. In the infrared
regime the PAS, PCI and GS data show good agreement for both polarizations in the absorption
bands at 2260, 2480 and at 2870 nm. Slight differences of the absolute values of these peaks
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Fig. 10. Left: Data for the absorption coefficient of LiNbO3 collected by Savchenkov et al.
(blue dots, polarization of the light not given) together with his estimation for the theoretical
shape of the absorption. Right: Absorption coefficient measured by PAS, PCI and WGRAS
of undoped, congruently grown LiNbO3 for ordinarily polarized light with the fit using the
same model.
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Fig. 11. Comparison of the absorption coefficient measured by PAS, PCI and WGRAS of
undoped, congruently grown LiNbO3 with values obtained by studying the same sample
with a standard GS in (a) the visible and (b) the near infrared light range. Left: ordinarily
polarized light. Right: extraordinarily polarized light.
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and at absorption values below 10−2 cm−1 are due to the fact, that the detection limit of the GS
of about 1 % per 1 cm sample length is reached. Together, this comparison shows, that all three
methods are reliable to measure low absorption.
7.

Comparison of the applied methods

Generally, a difference between PAS and PCI on the one hand and WGRAS on the other hand
is, that latter one measures the extinction coefficient, while first ones measure the absorption.
If the extinction is dominated by absorption, like in the investigated case, they coincide. For
some applications, like studies of the damage threshold of a material, only the absorption is of
relevance. If such materials exhibit simultaneoously scattering and absorption, then WGRAS is
not a good choice.
The main disadvantage for PAS and PCI is the calibration. Both require a strong absorption
band beeing present in the measurable wavelength range. Otherwise one obtains only a relative
picture of the absorption. WGRAS measures in contrast an absolute value. But it is a destructive
method, because a resonator has to be manufactured out of the material of interest. Also the
manufacturing process of the resonator requires several steps and the polishing has to be good
enough in order to neglect surface scattering. However, for PAS and PCI, the samples have to
be polished just to optical quality and have to fit into the setup - but they have to be larger than
those for WGRAS.
Regarding the availability of laser sources, PAS has a big advantage, as it uses a pulsed
source. This laser type is commercially available for a broad range of wavelengths. For cw
light this is not yet the case, especially not with the power, that PCI requires. WGRAS only
requires a light power of some µW, which makes the search for a suitable light source easier,
but mode-hop-free tuning and a narrow linewidth are needed.
The sensitivities for PAS, PCI and WGRAS are for LiNbO3 quite the same. For PAS and PCI
it increases with increasing light power. This means that for a high sensitivity, high power is
needed which may lead to non-desired effects, affecting the absorption measurements. For PAS,
as shown, nonlinear absorption, such as multiple-photon processes and for PCI the non-linear
Kerr effect can play a role. For the weak powers as they are used for WGRAS such problems do
not exist. Here, the sensitivity can be enhanced by cavity ring-down measurements and thereby
solely is limited by the polishing of the resonator surface. The highest yet published Q-factor
of 1011 for CaF2 [19] results in an extinction coefficient of 6×10−7 cm−1 .
Considering the speed of data acquisition, PAS and PCI show strong advantages as they can
be totally automated. The time needed to obtain a spectrum is still quite large for WGRAS, as
the alignment of the evanescent field coupling has to be done so far for all individual wavelengths.
In conclusion, a combination of PAS or PCI with WGRAS could be the most advanced way
to measure low absorption. The absolute value can be measured with WGRAS at some wavelengths, and this value can then be used for the calibration of the other, faster methods. For the
region of higher absorption, standard methods like GS or FTIR can be employed. Combining
all the methods, a material can be fully characterized regarding its absorption coefficient. In
this study, this is done for the first time for undoped, congruently grown LiNbO3 . Its absorption
coefficient for the whole transparency window from around 380 to 6000 nm is shown in Fig. 12
for o- and e-polarized light.
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Fig. 12. Absorption spectra of congruently grown LiNbO3 for the entire transparency window, measured by PAS, PCI, WGRAS, GS and FTIR. (a): ordinarily polarized light. (b):
extraordinarily polarized light.
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8.

Conclusion

For the first time, we have measured the absorption coefficient of an undoped, congruently
grown lithium niobate crystal in its entire transparency window from 320 to 6000 nm for ordinarily and extraordinarily polarized light using three independent, highly sensitive spectroscopy
techniques (PAS, PCI and WGRAS), as well as two standard spectrometer types (GS, FTIR).
The absorption coefficient varies over more than five orders of magnitude. The minimum value
measured for the absorption is about 10−4 cm−1 at 1750 nm wavelength.
The comparison of the results obtained by different methods shows good agreement. This
punctuates the reliability of the techniques and, in the case of PAS and PCI, their calibration.
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