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1. Introduction

Nonlinear materials play a crucial role in nonlinear and quantum
optics, particularly in frequency mixing processes such as
sum- and difference-frequency generation, as well as up- and

down-conversion. One promising research
direction involves the use of nonlinear
media for applications in the mid-infrared
(mid-IR) spectral range. In this case, the
requirements for nonlinear media include
a broad transparency window at mid-IR
range, robustness to high peak powers of
the pump lasers, and high nonlinear con-
version efficiency. One of such candidates
is silver gallium sulfide (AgGaS2 or AGS)
nonlinear crystal also known as silver thio-
gallate. This crystal exhibits a broad trans-
parency window, high nonlinearity among
existing nonlinear materials, and a high
damage threshold.[1,2] These properties
enable its effective use in difference-
frequency generation (DFG),[3] optical
parametric oscillators,[4,5] optical paramet-
ric amplification[6,7] and optical parametric
generation[8–11] in the mid-IR range.
Moreover, AGS has been demonstrated
in mid-IR metrology schemes based on
nonlinear interferometry.[12–14] These
applications highlight the importance of
accurate dispersion analysis in AGS in
the mid-IR range.

The dispersion characteristic of nonlinear crystals in the
mid-IR range can be measured by classical methods, such as
“minimum-deviation technique”.[15,16] This method employs a
tunable narrowband light beam, generated by an IR light source
and a monochromator, which is then directed into a prism
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Nonlinear optical materials designed for mid-infrared applications gain
increasing interest in photonics and quantum-optical research. However, many
of these materials remain unexplored in the broad mid-infrared range due to
the limited availability of suitable equipment. Silver thiogallate (AgGaS2) is one of
the widely known nonlinear crystals used in mid-infrared frequency-conversion
applications. While its transmission and refractive indices are well characterized
up to 10.6 μm, dispersion properties beyond this wavelength remain unreported.
In this work, a quantum-optical approach is employed to determine the refractive
indices of AgGaS2 across an extended mid-infrared wavelength range. Correlated
photon pairs are generated in the crystal, where one photon in a pair is generated
at a near-infrared wavelength and the other in the mid-infrared. Due to the
correlations, detecting the spectrum of the near-infrared photons allows inferring
the crystal’s dispersion properties in the mid-infrared region up to 21 μm,
without the need for infrared light sources or detectors. Sellmeier equations
are further proposed that accurately describe both ordinary and extraordinary
refractive indices across the entire transparency range of the crystal. The results
are consistent with previously reported data below 10 μm and demonstrate
the suitability of AgGaS2 for frequency-conversion processes over an extended
wavelength range.
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fabricated from the material under study. Another classical
approach involves harmonic generation (second harmonic gen-
eration or sum frequency generation) within the nonlinear crys-
tal using IR laser sources.[17,18] However, the use of tunable IR
light sources in these methods limits the range of wavelengths
achievable at the experiments. Additionally, these techniques rely
on direct detection using IR detectors, which often have low effi-
ciency and may require cryogenic cooling.[15]

Another method for measuring the dispersion characteristics
of nonlinear crystals is DFG.[3] This technique uses two single-
mode diode lasers operating in the visible range to generate a
mid-IR beam within the nonlinear crystal under study.
Wavelength tunability is achieved by voltage ramping of the
diode lasers. However, this limits the achievable single-mode
operation range and consequently restricts the DFG tuning
range. Additionally, the technique still relies on direct detection
of the IR light. To overcome the limitations of IR detection,
upconversion techniques can be employed, where an IR laser
source is mixed with a visible laser in a nonlinear crystal to
generate a beam in the visible range, facilitating easier detec-
tion.[19,20] However, this approach still requires a tunable IR
source to cover a broad wavelength range, and involves the
use of two lasers.

An alternative method for spectroscopy of nonlinear media in
mid-IR range is using the quantum-optical phenomenon of
spontaneous parametric down conversion (SPDC),[21] where pho-
tons from a laser pump source may spontaneously decay into a
pair of correlated photons called signal (with higher energy) and
idler. Depending on phase-matching requirements in the crystal
the signal and idler SPDC photons can be generated having visi-
ble (or near-IR) andmid-IR wavelengths, respectively. Due to cor-
relations between photons, the properties of the crystal in the IR
range can be inferred by detecting the signal SPDC photons in
the visible (or near-IR) spectrum. As a result, this technique does
not require IR light sources or IR detection. The method has
already been demonstrated using doped lithium niobate nonlin-
ear crystals[22] and can be extended to other nonlinear materials.

The dispersion characteristics of AGS nonlinear crystals are
known up to 10.6 μm,[18] but remain unreported beyond this
range. In this work, we employ the SPDC generation technique
to measure the refractive indices of AGS nonlinear crystals
across a broad mid-IR wavelength range. Using a continuous-
wave laser, we generate signal and idler SPDC photons in the
near-IR and mid-IR regions, respectively. By detecting the spec-
trum of near-IR photons using a Si-based camera, we retrieve the
dispersion characteristics of the AGS crystals up to 21 μm.
Furthermore, we propose corrected Sellmeier equations to accu-
rately describe the ordinary and extraordinary refractive indices
of AGS crystal across a broad range of wavelengths. The obtained
results are in good agreement with previously reported refractive
index data up to 10 μm and enable precise modeling of nonlinear
frequency-conversion processes in AGS over a broader spectral
region that has not been previously explored.

2. Theory

The process of SPDC takes place in a nonlinear crystal, where the
photons of the pump laser have a probability of decaying into a

pair of correlated photons.[23] In the approximation of a collinear
pump beam, and assuming that the transverse size of the laser
mode is much smaller than the transverse dimensions of the
crystal, the state vector of the biphoton field in Dirac notation
is given by the following[24]

jψi ¼ jvaci þ
X

kp , σp

X

ks, σs

X

ki , σi

Fðks, kiÞaþksaþki jvaci (1)

where |vac〉 is the initial vacuum state, aþks and aþki are creation
operators of signal and idler photons in modes ks and ki, respec-
tively, kj ( j= p, s, i) are respective wave vectors for pump, signal
and idler photons, σj are the polarization states of the photons,
Fðks, kiÞ is the amplitude of the two-photon field, which is
defined by the phase mismatch Δk in a nonlinear media[25]

Fðks, kiÞ ∝ sinc Δkðks, kiÞ
L
2

� �
(2)

Δkðks, kiÞ ¼ j~kpj � j~ksj � j~kij ¼ kp � kscosθs � kicosθi (3)

where L is the length of the nonlinear crystal, θs and θi are
the emission angles of the signal and idler SPDC photons,
respectively. The frequency-angular spectrum of signal SPDC
is given by the square of the two-photon amplitude defined in
Equation (2).

To obtain both ordinary (no) and extraordinary (ne) refractive
indices of the nonlinear crystal via SPDC generationmethod, one
needs to exploit type II phase-matching requirements, where the
extraordinary pump is converted into ordinary (signal) and
extraordinary (idler) waves. In this case, taking into account
energy conservation and the phase-matching conditions in the
crystal, Equation (3) can be expressed as

Δkðθc,ωs,θsÞ ¼
npðθcÞωp

c
�nsωs

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� sinθs
ns

� �
2

s

�niðθcÞ⋅ðωp �ωsÞ
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ωssinθs
niðθcÞ⋅ðωp �ωsÞ

 !
2

vuut
(4)

where θc is the phase matching angle defining the crystal cut,
ωs and ωp are frequencies of the pump and signal photons, θs
is the external emission angle of the signal SPDC photons out-
side of the nonlinear crystal, npðθcÞ ¼ neffp ðθc, ωpÞ, ns ¼ nosðωsÞ,
niðθcÞ ¼ neffi ðθc, ωp � ωsÞ are the refractive indices of the crystal
at the frequencies of the pump, signal and idler photons, respec-
tively. The effective refractive index neffp,i for the extraordinary
wave (for pump and idler waves) depends on the orientation
of the nonlinear crystal θc and is given by[26]

neffp,i ðθc, no, neÞ ¼ nop,i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 θc

1þ nop,i
nep,i

� �
2
tan2 θc

vuuut (5)

Therefore, determining the ordinary and extraordinary refrac-
tive indices of the nonlinear crystal at the idler photon frequen-
cies no,ei requires the acquisition of at least two signal SPDC
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spectra at distinct phase-matching angles θca in order to solve the
corresponding system of equations

Δkðθca,ωs, θsÞ ¼ 0 (6)

where Δk is given by Equation (4), and a denotes the equation
number in the system.

3. Experimental setup

The experimental setup is shown schematically in Figure 1. In
the experiment we use the near-IR continuous wave (cw) laser
source (with 783.80� 0.02 nm wavelength, 120mW power) to
pump a silver thiogallate nonlinear crystal (with L= 2mm
length) characterized by a broad transparency range in the
mid-IR (see Figure S1, Supporting Information). The crystal is
cut for type II phase matching (e! oþ e) at an orientation of
51.1°, enabling the generation of SPDC photon pairs in a
non-degenerate regime at room temperature. In this regime,
the signal photons are produced in the near-IR wavelength range,
while the idler photons are generated in the mid-IR region. The
AGS crystal is integrated into a nonlinear interferometer setup
consisting of a parabolic and a flat mirror (see Ref. [12] for more
details). In this configuration, SPDC photon pairs are generated
twice – once during the forward propagation of the pump beam
and again upon its reflection. The detected interference in this
case is given by the product of the spectrum of signal SPDC pho-
tons and the modulation component

Is � sinc2ðΔkL=2Þ½1þ cosðΔkLþ Δk0εÞ � (7)

where ε/2 is the displacement of the crystal from the focal dis-
tance f1 of the parabolic mirror (PM), Δk0 is the phase mismatch
in the medium outside of the crystal. The interference for the
signal SPDC photons is recorded using a spectrometer and an
electron-multiplying charge-coupled device (EMCCD) camera.

Incorporating a spectral instrument (spectrometer) to the record-
ing system allows obtaining visual 2D spectra in wavelength-
angle coordinates.

Spherical aberrations occurring at nonzero angles in the spec-
trometer are accounted for in the experiments, (see Figure S2,
Supporting Information). The signal is detected in the near-IR
wavelength range ≈815–880 nm, corresponding to the mid-IR
range for the conjugate idler photons ≈7–21 μm. The refractive
indices of the ordinary and extraordinary waves in the AGS
crystal are determined by recording three SPDC spectra to
enhance measurement accuracy and by solving a system of three
equations Δkðθca, no, neÞ ¼ 0.

The nonlinear interferometry scheme is not essential for char-
acterization of the crystal, as a signal SPDC generation would
suffice. However, registering the interference pattern of SPDC
photons enables precise alignment of the lens system, the spec-
trometer, and the EMCCD camera to accurately capture the spec-
tra of the signal SPDC photons in the wavelength-angular
domain. Misalignment of the lenses or improper positioning
of the camera can distort the spectra along the angular axis.
The use of the interferometry scheme ensures that the system
is aligned to record the spectra precisely at the Fourier plane,
as any misalignment would result in blurred interference
fringes. This scheme enables for the unambiguous transforma-
tion of angular coordinates into spatial ones, thereby significantly
simplifying spectral processing.

4. Results

4.1. Observation of the Signal SPDC Spectra

During the experiments, the phase-matching angle of the AGS
crystal is set to three different values and the crystal position to
εexp> 0. The corresponding SPDC spectra are recorded within
20 s acquisition time and G= 295 multiplication parameter,
see Figure 2. The spectra shown in Figure 2a–c are obtained
using two sequential exposures on the EMCCD camera, as the
system’s spectral window is limited to ≈39.4 nm at the near-
IR range, (see Figure S3, Supporting Information). The detected
wavelengths of the signal SPDC photons range from 810.6 nm to
880 nm, corresponding to mid-IR idler wavelengths of ≈23.7 to
7.2 μm. The nonlinear interferometry scheme still enables mea-
surement of the SPDC spectra. Only a portion of the spectrum is
modulated due to the interference, which does not affect the
main objectives of the experiments.

The recorded SPDC spectra exhibit a characteristic elliptical
shape, consistent with previous studies reporting SPDC spectra
extending into regions influenced by polariton scattering.[27,28]

However, in the range of 825–832 nm, which corresponds to
≈13.8–15.7 μm in the mid-IR, the spectra broaden, see the
detailed view in Figure 2d.

This range coincides with the two-phonon absorption bands of
the AGS crystal.[29] Beyond 16 μm, the absorption decreases
exhibiting a narrow transparency window up to 17.5 μm
(see Figure S1, Supporting Information), while the SPDC spectra
are observed up to 21 μm.[30,31] The spectral broadening within
the ≈14–16 μm range can be attributed to light scattering by

Figure 1. Experimental setup for measuring the spectrum of signal SPDC
photons. The setup is based on a nonlinear interferometry scheme incor-
porating a nonlinear crystal, a PM, and a flat mirror. A cw laser is directed
into the nonlinear crystal via a dichroic mirror, after passing through a
laser line filter, an optical isolator, and a half-wave plate (λ/2). The gener-
ated signal SPDC photons are separated by the dichroic mirror, then pass
through a pump-wavelength notch filter and a band-pass filter. The signal
is subsequently focused by a lens system into the entrance slit of the spec-
trometer. The wavelength-angular spectrum of the signal SPDC photons is
then recorded by an EMCCD camera positioned at the output of the
spectrometer.
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polaritons, where the spectral profile is given by Lorentzian line
shape.[28,32–34]

The experimental phase-matching angles set for the AGS crys-
tal can be determined from Figure 2a–c, since in all three spectra
the idler SPDC photon wavelengths in the collinear regime are
below 10.6 μm, where the refractive indices of the crystal are
known.[17,18] The corresponding collinear SPDC spectra for
the signal photons are presented in Figure 2e. The phase-match-
ing angles obtained from the experimental measurements are
48.40°� 0.04°, 51.60°� 0.04°, and 53.40°� 0.04°, respectively.
Theoretical SPDC spectra, accounting for the interference mod-
ulation observed within the spectra, are shown by the solid curves
in Figure 2e.

4.2. Analysis of the SPDC Spectra

To further analyze the spectra of signal SPDC photons, we apply
a blurring filter to the experimental data to reduce interference
modulation effects, (see Figure S3, Supporting Information).
Using these processed spectra and the known phase-matching
angles θca (a= 1,2,3), we solve the system of three nonlinear
equations (6), (see Figure S4, Supporting Information), to obtain
the wavelength-dependent effective refractive indices for idler
photons neffi ðθca, noi , nei Þ, where the idler wavelength λi is given

by λi ¼ λs λp
λs�λp

. Next, taking into account the ellipsoid of the refrac-

tive indices from Equation (5), we determine the ordinary noi and
extraordinary nei refractive indices of the crystal by numerically
minimizing the corresponding system of equations using the
nonlinear least-squares method

1
½neffi ðθcaÞ�2

� cos2 θca
½noi �2

� sin2 θca
½nei �2

! 0 (8)

The results for ordinary noi and extraordinary n
e
i refractive indices

of the AGS crystal at the mid-IR range are presented in Figure 3a.
Both refractive index curves exhibit distinct reoscillations

around 15 μm, indicating the presence of absorption bands of
the crystal in this region.[29,30] The accuracy of refractive index
estimation in our measurements is on the order of 10�3, which
is sufficient for a wide range of mid-IR optical applications.
This is also proven with measurement of the experimental
SPDC spectra for the phase-matching angle θc= 43.03�
0.04°, where wavelengths for the idler SPDC photons are greater
10.6 μm, see Figure 3b.

In Figure 3b the upper half of the graph shows the theoretical
spectrum calculated using refractive indices from Figure 3a, and
the lower half corresponds to the measured spectrum. (The
whole data is shown in Figure S5, Supporting Information.)
The experimental and theoretical spectra in Figure 3b are in good
agreement, confirming that the derived refractive indices are
suitable for determining the phase-matching conditions in non-
linear frequency conversion processes.

Figure 3a also shows a comparison of the obtained data with
the Sellmeier equations for AGS crystal from Ref. [18] We note
that the curves for the refractive indices from literature in
Figure 3a agrees with the obtained data up to ≈13.7 μm for
extraordinary waves and up to ≈14.7 μm for ordinary waves.
For longer wavelengths the corrected Sellmeier coefficients
are needed. Therefore, we approximate the measured refractive
indices with the new Sellmeier equations, see Figure 4.

Figure 2. Wavelength-angular spectra of signal SPDC photons for the orientation of the nonlinear crystal θc at a) 48.4°, b) 51.6°, and c) 53.4°, respectively.
The scale bar shown at (c) is applicable for graphs (a) and (b) as well. The detected wavelengths for signal SPDC photons are shown in lower x-axis and
corresponding idler photon wavelengths – in upper x-axis. d) The part of the SPDC spectrum from graph (a) showing the region, where AGS crystal
presents significant absorption. e) The spectra for signal SPDC photons at collinear angles θs= 0°. The points correspond to experimentally measured
spectra, and the solid curves show the corresponding theoretical plots.
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n2e ¼ 5:5465þ 0:2163
λ2 � 0:101

� 2:7694 · 10�3λ2 þ 2:5684

· 10�6λ4 � 1:2795 · 10�8λ6
(9)

n2
o ¼ 5:7929þ 0:2301

λ2 � 0:078
� 2:3138 · 10�3λ2 � 1:4579

· 10�6λ4 � 0:4032 · 10�8λ6
(10)

The new Sellmeier coefficients accurately describe the refrac-
tive indices over a wide spectral range from the visible region up
to 21 μm (with the exception of the regions with scattering on
polaritons, that are not included in the approximation). The the-
oretical SPDC spectrum for the AGS crystal, calculated using

Equation (9 and 10), agrees well with the experimental results
as well, (see Figure S6, Supporting Information).

5. Discussion and Conclusion

AGS is a chalcopyrite crystal with a tetragonal structure in 42m
space group.[35] Growing high-quality AGS crystals is a challeng-
ing task due to its congruent melting and tendency to form
defects. The most common and effective method for growing
AGS crystals is the Bridgman-Stockbarger method. It involves
slowly moving an ampoule with molten material through a tem-
perature gradient, which leads to crystallization. Precise control
of both the growth rate and the temperature gradient is crucial
for producing high-quality crystals. Following growth, the crystal
undergoes additional annealing to remove scattering centers.
Strict adherence to all technological procedures enables the fab-
rication of high-quality AGS crystals with absorption coefficients
below 0.005 cm�1, as used in our experiments. Generally, AGS
crystal is known to be transparent up to 13 μm. However, there is
a narrow transmission window of AGS crystal after a strong
absorption band at 13.8–15.7 μm,[31,36] as also demonstrated in
our work (see Figure S1, Supporting Information).

The lattice parameters, refractive indices, and other properties
of AGS can vary slightly depending on the growth methods
and technologies used.[37] However, variations introduced by
different growth techniques do not result in significant changes
in the crystal’s linear or nonlinear-optical properties.[38,39]

Therefore, the reported Sellmeier coefficients in Equation
(9 and 10) should be accurate for the AGS crystals grown using
different methods.

Equation (9 and 10) describe the refractive indices of AGS
crystals up to 21 μm, as no phase matching is observed for
SPDC generation at longer wavelengths. This limitation is
primarily due to the strong absorption of AGS in this spectral
region. However, beyond 100 cm�1 (λ> 100 μm), the absorp-
tion decreases again,[40] suggesting potential applications and

Figure 3. a) Calculated refractive indices of AGS crystal for ordinary and extraordinary waves. Solid curves correspond to calculated refractive indices,
dotted curves show refractive indices from Ref. [18] b) Spectrum for signal SPDC photos from AGS crystal oriented at θc= 43.03� 0.04°. The detected
wavelengths for signal SPDC photons are shown in lower x-axis and corresponding idler photon wavelengths - in upper x-axis.

Figure 4. Refractive indices fitted with Sellmeier equations. Solid curves
before 10.6 μm correspond to Sellmeier equations from Ref. [18] Solid
curves beyond 10.6 μm show calculated ordinary and extraordinary refrac-
tive indices in our measurements. Dotted curves show the approximations
with new Sellmeier coefficients given in Equation (9 and 10).
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characterization of the crystal in the THz range using the
demonstrated method. Moreover, the presented refractive index
calculation method is not limited to AGS crystal. It can be
extended to other nonlinear crystals. Recent studies highlight
several promising materials for mid-IR nonlinear optics,[41,42]

further expanding the applicability of this approach.
In conclusion, in this work we demonstrated the use of SPDC

for measuring the refractive indices of a nonlinear crystal across
a broad mid-IR wavelength range. Operating in a non-degenerate
SPDC regime enables indirect characterization the mid-IR opti-
cal properties of crystals by detecting correlated near-IR photons
with conventional Si-based detectors and available optics. Using
this approach, we determined the refractive indices of an AGS
nonlinear crystal up to 21 μm, while performing detection in
the 815-880 nm range. It should be noted that the approach used
in the work allowed us to advance into the long-wave region
despite the strong lattice absorption of the crystal, which is hardly
possible using classical methods. Whereas previous studies
reported AGS refractive indices only up to 10.6 μm, our results
extend the Sellmeier equations to longer mid-IR wavelengths.
The achieved accuracy of the method is on the order of
1·10�3, making it suitable for precise dispersion characterization
of nonlinear crystals in mid-IR range.

Although AGS is often reported in the literature to be trans-
parent only up to 13 μm, in practice it exhibits a narrow trans-
parency window around ≈15.7–17.5 μm,[36,43] allowing for the
nonlinear conversion up to 21 μm in our experiments. This
advancement highlights the importance of investigation of the
nonlinear crystal in extended range of IR wavelengths to broaden
their usage in frequency-conversion possesses, including SPDC
processes in nonlinear interferometry schemes.[12–14]
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Supporting Information is available from the Wiley Online Library or from
the author.
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