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Nonlinear interferometry-based metrology of
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Magneto-optical properties of materials are utilized in numerous applications both in scientific research and

industry. The novel properties of these materials can be further investigated by performing metrology in the

infrared wavelength range, thereby enriching their potential applications. However, current infrared metrology

techniques can be challenging and resource-intensive due to the unavailability of suitable components. To address

these challenges, we propose and demonstrate a set of measurements based on nonlinear interferometry, which

allows us to investigate magneto-optical properties of materials at infrared wavelength range by performing optical

detection at the visible range. For a proof-of-principle study, we measure the Verdet constant of a bismuth iron

garnet crystal, over a spectral bandwidth of 600 nm in the near-infrared range.
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1. INTRODUCTION

Infrared (IR) metrology is an active area of research, since a
number of interesting physical properties of solid state and bio-
logical systems can be captured in the IR range [1,2], including
Faraday rotation spectroscopy [3,4]. Conventional IR metrology
techniques require light sources and detectors that operate at IR
wavelengths. Hence, the efficiency of these techniques is lim-
ited by the performance of the existing IR detectors (above 3
µm wavelengths), which includes the need for their operation
at cryogenic temperatures, which reduces their accessibility and
ease of use [5–8]. Note that although the InGaAs-based detectors
can perform optical detection efficiently at room temperature up
to 3 µm [9], most of the detectors functional at 3–10 µm wave-
length and beyond need cryogenic operations, see Ref. [5] for
details. For instance, the efficiency of mercury cadmium tel-
luride detectors is limited due to their high dark counts, low
sensitivity even at cryogenic temperatures, and susceptibility to
surrounding temperature fluctuations [5,10].

Alternatively, IR imaging and polarimetry can be performed
by upconversion of the IR signal, where an additional high-
power pump laser is employed to convert the wavelength of the
IR photons to visible (or near-IR) wavelengths, where efficient
detectors are easily available [11,12]. However, the necessity for
a high-power laser may restrict the widespread application of
this method.

Another method relies on the nonlinear interferometry of
correlated photon pairs generated via spontaneous parametric
downconversion (SPDC) [13–15], where one of the photons is
generated at visible wavelength (signal), and the other at infrared
(idler). In nonlinear interferometry, also known as SU(1,1) inter-
ferometry, the photon pairs are generated in two nonlinear
crystals. An indistinguishability between SPDC photon pairs
generated in these crystals is achieved by creating the path
identity of the idler photons, which induces coherence between
the signal photons. As a result, interference for signal photons
becomes sensitive to the amplitude, phase, and polarization of
the electric field of idler photons. Thus, light–matter interactions
at IR wavelength can be studied by probing the sample with idler
photons and analyzing the interference for the signal photons at
visible wavelengths. The main advantage of this method is that
it does not require a detector for IR, the detection can be per-
formed at visible wavelengths, where efficient Si-based detectors
are available. Additionally, SU(1,1) interferometry-based IR
metrology provides superior signal-to-noise ratio compared with
traditional direct IR detection methods [16]. With such nonlin-
ear interferometry, a wide spectral tunability of the photons can
be achieved by changing the phase matching within the same
nonlinear crystal. The notion of “induced coherence without
induced emission” was introduced by Wang el. al. [15], and later
demonstrated in various applications, including spectroscopy
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[13,17–26], imaging [26–35], holography [36], as well as optical
coherence tomography [37–40]. Polarization degree-of-freedom
of the photons in such schemes is exploited for metrology
applications [41,42], tomography [43], and quantum erasers
[44,45].

Through the present work, we demonstrate a polarimetry
method for measuring the magneto-optical properties of mate-
rials at IR wavelengths. Our technique is based on nonlinear
interferometry of non-degenerate SPDC photon pairs that are
generated by optically pumping a nonlinear crystal, which is
embedded into an SU(1,1) (Michelson type) interferometer. The
idler photon generated at IR wavelength serves as the probing
photon, while the signal photon generated at a visible/near-IR
wavelength is detected. In such a system, any change in the polar-
ization of the idler photons introduced by the magneto-optical
properties of the sample at IR wavelength is inferred by studying
the interference of the signal photons. For a proof-of-principle
demonstration of our method, we measure the Vedet constant
and saturation Faraday rotation of a Bi3Fe5O12 (BIG) crystal in
the wavelength range of 1540–2141 nm by performing detection
at 820–708 nm, respectively.

2. THEORETICAL MODELS

The interference pattern of signal photons Is in a nonlinear inter-
ferometer with optically active media at the idler arm of the
interferometer is expressed as follows [42]:

Is ∝ 1 + |τi |2 |t| |µ| cos(φp − φi − φs + Φ), (1)

where |τi | is amplitude transmission coefficient for the idler
photons through the optical components (|τi |2 accounts for the
double pass of the infrared photons through the specimen); |µ| is
the normalized correlation function for the SPDC photons; φp,
φs, φi are acquired phases by pump, signal, and idler photons,
respectively [14];Φ is the initial phase in the interferometer. The
parameter |t| is polarization transfer which signifies the polar-
ization component after passing through all the optical elements,
which corresponds to the projection to the initial polarization
state.

The visibilityV of the interference pattern is defined from the
maxima and minima of interference fringes and is proportional
to the losses in the interferometer |τi |2, polarization transfer |t|,
and correlation function |µ|:

V = Imax
s − Imin

s

Imax
s + Imin

s

∝ |τi |2 |t| |µ|. (2)

The parameter |t| is calculated employing Jones matrix formal-
ism [42]. Here we use combinations of half-wave plate (HWP),
quarter-wave plates (QWP), and a polarizer to observe the Fara-
day rotation introduced by a sample and construct two schemes
for the polarimetry measurements. For case I, the idler pho-
tons propagate through the HWP, the sample, the polarizer, then
reflect from the mirror and travel back along the same path
[see Fig. 1(a)]. For case II, the idler photons travel through the
QWP and the sample, before reflecting back from the mirror
[see Fig. 1(b)]. Thus, the parameter |t| is defined by transfor-
mation matrices MHWP(θHWP), MQWP(θQWP), MP(θP), MF(θF),
and MM for HWP, QWP, polarizer, the sample with Faraday
rotation, and mirror, respectively (see appendix A). Here θHWP,
θQWP, θF, and θP are the polarization rotation angles of the idler
photons introduced by HWP, QWP, the sample, and the polar-
izer, respectively. Thus, in the scheme for case I the combined
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Fig. 1. Graphical representation of Jones matrix formalism and
simulated two-dimensional mapping showing variation of normal-
ized visibility as a function of Faraday rotation angle introduced by
the sample and the rotation angle of the (a) HWP (with polarizer
position fixed) and (b) QWP.

Jones matrix after a double pass through the optical components
is given by

JI =MHWP MF MP MM MP MF MHWP. (3)

The initial state |σð of vertically polarized idler photons can
be written as |σð =

(

0 1
)⊺

. Hence, the resulting polarization
state of the idler photons is described as

|σðI = JI |σð. (4)

Since interference visibility for the signal photons is propor-
tional to |t| from Eq. (1), the visibility for the interference of
signal photons in this scheme is defined as a function of both
θHWP and θF (see appendix A for more details),

V I
= | cos(2θHWP + θF) cos(2θHWP − θF)|. (5)

Next, the combined Jones matrix for case II can be written as

JII =MQWP MF MM MF MQWP. (6)

Then, in this case the normalized visibility as a function of θQWP

and θF is given by

V II
= | cos(θQWP) cos(θF)|. (7)

Figure 1(a) [Fig. 1(b)] shows the mapping of normalized inter-
ference visibility as a function of the Faraday rotation angle by
the sample and the angle of rotation of the HWP [QWP], calcu-
lated using Eq. (5) [Eq. (7)]. In both visibility maps, the higher
values correspond to better indistinguishability of the idler pho-
tons, which is discussed more in detail in the following sections.
In the experiments the visibilities can be measured depending on
the orientation of the wave plates for a given applied magnetic
field (or the introduced Faraday rotation). These measurements
correspond to the horizontal cross sections of the graphs in
Fig. 1.

3. EXPERIMENTAL SETUP AND MEASUREMENT
PROTOCOLS

A simplified schematic of our experimental setup is shown in
Fig. 2. Signal–idler SPDC photon pairs are generated by focus-
ing the continuous-wave green laser (532 nm wavelength, 40
mW power, Laser Quantum) pump beam into a periodically
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Fig. 2. Simplified schematic of the experimental setup based on
an SU(1,1) interferometer: PPLN, periodically poled lithium nio-
bate; DM1, dichroic mirror that transmits idler photons and reflects
signal and pump photons; DM2, dichroic mirror that reflects pump
and transmits signal; Ms and Mi, signal and idler mirrors, respec-
tively. Interference of the signal photons are captured using the
sCMOS camera.

poled lithium niobate (PPLN) nonlinear crystal (Covesion). The
PPLN crystal consists of multiple periodic poling channels,
each designed to meet different quasi-phase matching (QPM)
conditions. QPM via different poling and temperature tuning
allows generating idler photons over a 1500–2300 nm wave-
length range, while conjugate signal photons are generated at
824 nm to 692 nm. After the PPLN crystal the co-propagating
signal and idler beams are separated using a dichroic mirror
(DM1) and collimated using two lenses, each with f = 125
mm focal length. The signal and idler photons propagate along
the two arms of the SU(1,1) interferometer and reflect back
from two metallic mirrors. The mirror Mi at the idler arm is
mounted on a motorized translation stage, which allows us to
introduce the additional phase for the idler photons. The pump
beam following the signal path is reflected back by the mir-
ror Ms into the PPLN crystal, which generates the signal and
idler SPDC photons for the second time. After separating the
signal and pump photons by a second dichroic mirror (DM2),
the signal photons are focused onto a sCMOS camera (Thor-
labs, Inc.). At the input of the sCMOS camera we use a notch
at 532 nm and a bandpass filters to block any residual pump
photons.

The BIG sample under study is placed in the path of idler
photons (see the crystal structure of the sample and its magne-
tization properties given in appendix B). An externally applied
magnetic field B to the sample along the optical axis results in
Faraday rotation of the polarization of idler photons. Below the
saturation field, the Faraday rotation angle ΘF increases linearly
with the strength of the applied magnetic field as follows:

ΘF = V(λ)Bl, (8)

where l is length of the crystal along the light propagation direc-
tion (in our case l = 0.38 mm). Thus, at the linear regime of the
Faraday rotation it is possible to measure the Verdet constant
V(λ).

To detect the Faraday rotation introduced by the sample we
use two different configurations of the idler arm of the interfer-
ometer. In case I, after the DM1 idler photons pass through the
HWP, BIG sample, and polarizer. The HWP introduces a known
polarization transformation to idler photons, which is followed
by Faraday rotation from the BIG crystal. Subsequently, the
polarizer projects the polarization back to its initial vertically

polarized state, as it was before the HWP. Note that this orienta-
tion of the polarizer remains unchanged for all the experiments
presented here. After reflecting back from Mi, the idler photons
travel back along the same path through the polarizer, BIG, and
HWP. The polarization state of the vertically polarized photons
is not changed by the polarizer, though it is altered by the Fara-
day rotation in the BIG crystal and the retardation introduced by
the HWP. In case II, a known amount of retardation is introduced
to the idler photons by QWP, which follows the Faraday rotation
by the BIG crystal. These two operations are then applied in
reverse order after the photons are reflected back by mirror Mi.

We analyze the resulting polarization state of the idler photons
by measuring the visibilities of the interference fringes for the
signal photons captured using the sCMOS camera. Note that
the integration time for each of these measurements is 30 ms.
These fringes are observed via introducing a relative phase by
translating the mirror Mi along the optical axis of the idler
arm. Thus, by capturing the variation of visibility pattern as a
function of Faraday rotation angles at different applied magnetic
fields B, we study the magneto-optical properties of BIG at IR
wavelengths, according to Eqs. (5), (7), and (8).

4. EXPERIMENTAL RESULTS

First, we pump the PPLN crystal along a polling period that
allows generation of the signal and idler photons at 813 nm and
1540 nm, respectively (see the signal spectrum in appendix C).
The full-width at half-maximum of the spectrum is 1.4 ± 0.02
nm, which gives us lcoh = 0.48 ± 0.01 mm coherence length. We
measure the intensity of signal photons across ≈ 0.8 mm path
length difference without and with the sample at the path of
idler photons (see Figs. 8 and 9 in appendix C) and confirm
the calculated coherence length experimentally. The inclusion
of the BIG crystal into the path of idler arm changes the optical
path length to≈ 0.53 mm, which depends on the refractive index
of BIG and its thickness l. In this case the optical path length
difference can be compensated by shifting the position of the
mirror Mi.

First, we perform interference measurements for cases I and
II without introducing the BIG crystal into the interferometer
(see Figs. 10 and 11 in appendix D for cases I and II, respec-
tively). The visibility of the interference fringes depends on the
orientation of the wave plates (θHWP for case I and θQWP for case
II) as calculated by our theoretical model in Eq. (5) for case
I and Eq. (7) for case II. Next, we introduce the BIG sample,
balance the interferometer arms, and perform the polarimetry
measurements.

4.1. Results for Case I: With HWP and Polarizer

We measure the visibility of the interference fringes for the
signal photons with the orientation of the HWP at zero magnetic
field B = 0 mT, which is shown in Fig. 3(a). The normalized
visibility V is maximum when θHWP = 0◦. It reaches minimum
value when θHWP = 45◦, and restores its maximum again when
θHWP = 90◦, which is in accordance with Eq. (5) for θF = 0◦.

The visibility as a function of θHWP for different strengths of
the magnetic field is shown in Fig. 3(a). Interestingly, initially
one minimum in the visibility curve at B = 0 mT splits into
two for B ≠ 0 mT. The separation of these minima increases
with the strength of the applied magnetic field and reaches a
maximum for the saturation field. These results are consistent



122 Vol. 3, No. 2 / 25 April 2025 / Optica Quantum Research Article

Fig. 3. (a) Visibility of interference fringes of signal photons
depending on the rotation angle of the HWP at different magnetic
field strengths applied to the BIG crystal. (b) Spatial intensity dis-
tribution of the signal photons revealing constructive interference
patterns captured using the sCMOS camera. A few of such patterns
are shown for different magnetic field strengths and HWP rotation
angles.

with the theoretical model given by Eq. (5). We fit the experi-
mental data for B = 75 mT and 141 mT, keeping θF as the fitting
parameter, which yields θF = 34.08◦ ± 0.22◦ and 44.34◦ ± 0.46◦,
respectively.

Change in the visibility of the interference pattern is asso-
ciated with indistinguishability of SPDC photons generated in
two passes of the pump beam through the nonlinear crystal. The
Faraday rotator together with the wave plate and the polarizer
change the polarization state of idler photons, which reduces the
degree of indistinguishability and hence, the interference visi-
bility of signal photons [42]. The stronger magnetic field causes
larger Faraday rotation, reducing the degree of indistinguisha-
bility further. As an example, Fig. 3(b) shows a few measured
spatial intensity distributions for constructive interference of
signal photons for different values of θHWP and B.

4.2. Results for Case II: With QWP

In this scheme, we replace the HWP shown in Fig. 2 with a
QWP, remove the polarizer, and perform manipulation of the
input polarization of idler photons by rotating the QWP. The
dependence of the visibility of the interference fringes on the
orientation of the QWP for different values of B is shown in
Fig. 4. For B = 0 mT and θQWP = 0◦, the photons generated
during the forward and backward pass of the pump are indis-
tinguishable, being in the same polarization state. However, the
degree of indistinguishability is reduced with increasing θQWP,
and the visibility of the interference fringes reaches a minimum
when θQWP = 45◦. Additional polarization rotation introduced by
the BIG varies with the strength of the magnetic field B, and the
maximum visibility of the interference fringes are reduced by
increasing the magnetic field strength. Visibility curves depend-
ing on the orientation of the QWP for each of the values of B

are fitted to Eq. (7), whereas, the Faraday rotation angles caused

Fig. 4. Visibility of the interference fringes for the signal photons
measured as a function of the rotation angle of QWP for differ-
ent magnetic field strengths, causing different amounts of Faraday
rotations.

by the BIG crystal are determined (see the summarized Fara-
day rotation angles depending on the applied magnetic field
in Table 1 in appendix E). For the applied magnetic fields
B = 75 mT and 141 mT the resulting Faraday rotation angles
are θF = 31.24◦ ± 0.15◦ and 44.9◦ ± 0.45◦, respectively, which
agree with the measured values in case I. It is worth noting that
limited measurement resolution and possible occurrence of off-
sets while setting the orientations of the polarizer and the QWP
have possibly resulted in the appearance of the minimum visi-
bility in Fig. 4 at QWP rotation angles slightly higher than 45◦.
Fluctuations of the data points at higher QWP rotation angles
can be attributed to the susceptibility of the interference visi-
bility to mechanical vibrations caused by large rotations of the
QWP by the motor and its larger backlash errors.

The motivation behind choosing two different polarimetry
protocols is to validate our proposed IR metrology method
with substantial experimental results obtained under differ-
ent measurement settings. For instance, experiments in case
I involve polarimetry with linear polarization states of the
photons, whereas in case II, we investigate the evolution of
elliptically polarized states. Additionally, note that the optical
components used in our experiments introduce insertion losses,
which can potentially alter the indistinguishability conditions of
the photons and influence the visibility. However, by employ-
ing two different protocols, we investigate relative changes in
visibility due to variations in the polarization states of the pho-
tons, while photon losses through the optical components remain
constant across all polarization states. These observations estab-
lish that the indistinguishability of the photons is influenced by
changes in polarization.

4.3. Wavelength Dependent Faraday Rotation

Next, we generate the idler photons at IR wavelengths ranging
from λidler = 1516 nm to 2141 nm. The coarse tuning of λidler

is done by changing the poling period and fine-tuning is done
by changing the applied temperature to the PPLN crystal while
being in the same poling channel. Following the energy con-
servation law, the detected signal photons are generated in the
range of 708 nm to 820 nm (see Table 2 in Appendix F for the
details). To capture the dependence of the Verdet constant V(λ)
on wavelength we choose the scheme in case I of the interferom-
eter, as both the maxima and the minima of the visibility undergo
changes with the applied magnetic field. For each wavelength we
capture Faraday rotations for different strengths of the applied
magnetic field B. Following the same protocol as for the data
captured at λ=1540 nm, we measure V(λ) at IR wavelengths
over 600 nm bandwidth range [see Fig. 5(a)].
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Fig. 5. (a) Verdet constant depending on wavelength. Points cor-
respond to data measured employing the interferometry scheme.
Inset shows Faraday rotations caused by the BIG crystal with applied
magnetic field and its linear fit for λidler = 1540 nm. (b) Maximum
Faraday rotation (at saturation magnetic field) introduced by the
BIG sample depending on wavelength: the hexagons represent the
experimental data measured in interferometry scheme, and the filled
circles show the values provided by the manufacturer of the BIG
crystal. The solid line represents the fit of a polynomial to these
points. (c) Wavelength-dependent absolute values of deviation of
our measured data from the fitted polynomial.

The estimated Faraday rotation angles for case I are plotted
depending on B in the inset of Fig. 5(a). The data that are below
the saturation field Bsat are fitted as a linear curve. The slope
of the fit allows estimating the Verdet constant V(λ) for a BIG
crystal at λ = 1540 nm. Note that beyond the saturation field
at B = 150 mT the Faraday rotation angle is θF = 45.0◦ ± 0.5◦,
which is consistent with the results of the magnetic characteriza-
tion we perform for BIG and discussed in appendix B. The plot
shows that V(λ) decreases with the wavelength and becomes
significantly small at 2141 nm. From the acquired data we also
estimate the Faraday rotation angles at saturation magnetic field,
which are shown in Fig. 5(b).

To quantitatively compare our results with the classically
measured data obtained from Thorlabs, we proceed as follows.
First, we fit the classical data to the polynomial described in
Eq. (9) to a high degree of accuracy (R2

= 0.99999):

f (λ) = 294.244 − 287.161λ + 100.910λ2 − 12.502λ3. (9)

Next, we calculate the absolute deviations of our experimen-
tal data from the polynomial fit at different wavelengths and
present the results in Fig. 5(c). It is evident that the devia-
tions are small, with a maximum of approximately 6% at any
given wavelength. This indicates that our measured values for
wavelength-dependent saturation Faraday rotation are in good
agreement with the classically measured data.

5. DISCUSSION AND CONCLUSIONS

To summarize, we have demonstrated a metrology scheme based
on nonlinear interferometry to investigate the magneto-optical
properties of a specimen at IR wavelengths. The method is
implemented by using an SU(1,1) interferometer, where the
paths of the signal and idler SPDC photons construct the
two arms of the interferometer. Through our experiments, a
polarization rotation of the idler photons introduced by the
sample at IR wavelength is inferred by studying the interfer-
ence of the signal photons. This allows us to perform the
measurement of magneto-optical properties of the sample at
IR wavelengths by performing detection at visible or near-IR
wavelengths.

For a proof-of-concept demonstration of our method, we per-
formed metrology of magneto-optical properties of Bi3Fe5O12

crystal, which shows detectable Faraday rotation at IR wave-
length range. We formulated theoretical analysis for calculating
the visibility of the interference for signal photons as a func-
tion of the polarization rotation introduced by the sample at the
idler photons wavelength. We captured the Verdet constant and
Faraday rotation angles over a bandwidth from 1516 to 2141 nm,
while the detection is performed at the range from 820 nm to 708
nm. The results obtained through our method show consistency
with the classically measured data, which proves the applica-
bility of our method. Note that our method is not particularly
restricted to the above wavelength range, but rather can be func-
tional over a broader wavelength region in the infrared domain.
For instance, by choosing different QPM conditions in PPLN
crystal used in the experiments, the metrology experiments can
be performed at even longer wavelengths, up to 5 µm, which is
given by the transparency range of the PPLN crystal. The method
can be extended even further toward measuring materials which
show detectable Faraday rotation at longer wavelengths (5–10
µm) using suitable nonlinear crystals like silver gallium sulfide
[46] and gallium phosphide [47].

Although the article in Ref. [42] previously investigated the
application of nonlinear interferometry for detecting polariza-
tion change, the present work advances significantly in terms
of developing an infrared polarimetry method by bridging
the domain of nonlinear interferometry with magneto-optics,
exhibiting its validation with sufficient experimental results sup-
ported by theoretical models and applying it toward studying
Faraday rotation of bismuth iron garnet in IR wavelengths.
The proposed method and its experimental demonstration in
the present paper open up possibilities for unleashing magneto-
optical properties of a large class of materials, that is not yet well
explored due to technical challenges [48,49]. Such investigations
can reveal novel phenomena of these materials in the IR wave-
length range, which can significantly boost their applications in
scientific research and in industry. For instance, our method can
be applied for performing polarimetry characterization of mate-
rials anticipating their applications as optical isolators at IR.
Additionally, IR polarimetry can have applications in defense
and facial recognition at night [50] and in characterization of
painting materials [51]. These applications rely on polarimetry
measurements of reflection and thermal emission from surfaces,
which is rather complex to analyze. Such measurements can
benefit from our IR polarimetry technique. Our method also
provides a new path toward investigating light–matter interac-
tion phenomena in novel material systems such as topological
insulators, which have exotic surface states that are sensitive to
the helicity of light [52,53].



124 Vol. 3, No. 2 / 25 April 2025 / Optica Quantum Research Article

APPENDIX A: CALCULATION OF THE INTERFER-
ENCE VISIBILITIES FOR SCHEMES OF THE INTER-
FEROMETER IN CASE I AND CASE II

To calculate the parameter t expressed in Eq. (1), we first deter-
mine the transfer matrix for the optical components described
in Section 3 for cases I and II. Change in the polarization of the
idler photons by each of the optical components is determined by
employing Jones matrix formalism. According to the schemes of
the interferometer we express Jones matrices for HWP and QWP,
Faraday rotator, polarizer, and a mirror as M(θHWP), M(θQWP),
M(θF), MP, and MM, respectively,

MHWP =

(

cos 2θHWP sin 2θHWP

sin 2θHWP − cos 2θHWP

)

, (A1)

MQWP =

1
√

2

(

1 + i cos 2θQWP i sin 2θQWP

i sin 2θQWP 1 − i cos 2θQWP

)

, (A2)

MF =

(

cos θF sin θF

− sin θF cos θF

)

, (A3)

MP =

(

0 0
0 1

)

,MM =

(

1 0
0 1

)

, (A4)

where angles θHWP,QWP,F denote angles between initial polariza-
tion state of the idler photons and an orientation of the wave
plates, or Faraday rotation. In Eq. (A4) the matrix for polarizer
MP is given for the vertical orientation, which is aligned with
the initial polarization for the idler photons. The matrix MM

is given by the unit matrix since the mirror does not alter the
polarization of the propagating beams.

In case I, the polarization is changed by the HWP, BIG sample,
and polarizer at the forward path along the arm of the SU(1,1)
interferometer:

M I
1 =MHWP MF MP =

(

0 sin (2θF + θHWP)
0 cos (2θF + θHWP)

)

. (A5)

After the reflection from Mi, the combined matrix is given
in reverse order M I

2 =MP MF MHWP. Hence the total transfer
matrix is defined as

JI =M I
1 MM M I

2 =
1
2

(

cos 2θF − cos 4θHWP − sin 2θF − sin 4θHWP

sin 2θF − sin 4θHWP cos 2θF + cos 4θHWP

)

.

(A6)
The initial state |σð of vertically polarized idler photons can be
written as |σð =

(

0 1
)⊺

. The final state of the idler photons
after using the Jones matrix and simplification of the equations
is given by

|σðI = JI

(

0
1

)

=

1
2

(

− sin 2θF − sin 4θHWP

cos 2θF + cos 4θHWP

)

. (A7)

The resulting interference depends on the vertical polariza-
tion component. Thus, the visibility of the interference fringes
depends on the orientation of the HWP and the Faraday rotation
as follows:

V I
=

1
2
|(cos 2θF + cos 4θHWP)| = | cos (2θHWP + θF) cos (2θHWP − θF)|.

(A8)
Similarly, in case II, the matrix for combined QWP and BIG
crystal is given by

M II
1 =

√
2

2

(

cos θF + i cos (2θQWP + θF) sin θF + i sin (2θQWP + θF)
− sin θF + i sin (2θQWP + θF) cos θF − i cos (2θQWP + θF)

)

.

(A9)

Fig. 6. Isothermal magnetization data as a function of applied
magnetic field. The upper inset shows single-crystal θ-2θ x ray
diffraction scan data and the lower inset shows the cubic lattice
structure of BIG.

Hence, the Jones matrix for double-pass configuration is JII =

M II
1 MM M II

2 . The final visibility depending on the orientation
of the QWP and the Faraday rotation by the BIG sample is given
by

V II
= | cos(θQWP) cos(θF)|. (A10)

APPENDIX B: CHARACTERIZATION
OF THE BI3FE5O12 SAMPLE

We perform magnetization and x ray diffraction (XRD) measure-
ments for characterizing of B3Fe5O12 crystal used in our
measurements. Figure 6 shows the isothermal magnetization
curve measured (using a superconducting quantum interference-
based magnetometer by Quantum Design) as a function of
externally applied magnetic field at 300 K. The data shows
that magnetization saturates when the magnetic field is approx-
imately 100 mT, which is consistent with the magnetic-field-
dependent Faraday rotation results shown in the inset of Fig. 5(a).
The upper inset of Fig. 6 shows the θ–2θ XRD scanning depict-
ing only the (444) peak, that confirms the single crystallinity of
the BIG sample [54,55]. The unit cell is cubic with a = 12.493
Å (see the lower inset of Fig. 6).

APPENDIX C: COHERENCE LENGTH OF THE
IDLER PHOTONS AT 1540 NM

The spectrum of the signal SPDC photons generated from PPLN
crystal with 7.4 µm poling periodicity and T=126◦C applied
temperature is shown in Fig. 7. The central wavelength of the
spectrum is 813 ± 0.2 nm, the bandwidth is 1.40 ± 0.02 nm,
which gives the 0.48 ± 0.01 mm coherence length.

An initial assessment of the coherence length of the photons
is necessary to estimate the translation limit of the idler mirror
Mi within which, we can observe interference. Once having
this knowledge, constraining our measurements within this limit
ensures capturing the interference fringes of the signal photons.
Importantly, capturing the fringes across the total coherence
length allows us to identify the position of Mi where the visibility
of the fringes is a maximum. We perform all our measurements
across this position of Mi to obtain the maximum possible signal-
to-noise ratio.

Intensity of the signal photons captured as a function of
the translation of Mi (MTS25/M, Thorlabs Inc.) shows the
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Fig. 7. Optical spectrum of the signal photons at 813 nm. The
data is fitted to a sinc2 curve. The linewidth is 1.40 ± 0.02 nm, which
is the QPM bandwidth of the photons at near-IR range.

Fig. 8. Interference fringes depending on the additional phase
introduced by translating mirror Mi of the interferometer when
the sample is absent. The inset shows an enlarged view of the
interference data around the balanced position of the interferometer
and its fit to a cosine function.

interference of the signal photons in Fig. 8. The interference
is observable within the coherence length of ≈ 0.44 of the
SPDC photons, which is twice the width of the envelope (due to
double pass configuration) taken at the 1/e amplitude decay
of the interference fringes [56], see Fig. 8. In the balanced
position of the interferometer, the visibility of the interfer-
ence is a maximum. The inset at the bottom of Fig. 8 shows
an enlarged view of the interference fringes close to the bal-
anced position of the interferometer. Due to the double-pass
along the arms of the SU(1,1) interferometer, the periodic-
ity of the interference fringes corresponds to half of the idler
wavelength. Fitting the data to a cosine curve gives the periodic-
ity of the interference fringes, which is 759 nm. We attribute
the error in this value to the irreversibility caused by the
backlash error of the translation stage and other mechanical
components.

The interference fringes after the insertion of the BIG crystal
into the idler arm of the interferometer are shown in Fig. 9. Due
to change in the optical path length, the balanced position of the
interferometer is shifted by 0.53 mm. This change of the optical

Fig. 9. Interference fringes depending on the translation of the
mirror Mi when the sample is present. The interference fringes at
the optical path length difference of 0.53 mm are shown in the inset.
The fitting is performed using a cosine function.

path length corresponds to the 0.38 mm thickness of the BIG
sample and depends on the wavelength of the idler photons (as
refractive index of a medium varies with wavelength of the light
according to the Sellmeier relation [57]). The inset at the bottom
in Fig. 9 shows an enlarged view of the interference fringes and
their fit to cosine curve.

APPENDIX D: VISIBILITY OF THE INTERFERENCE
WITHOUT THE SAMPLE

In case I, in the absence of a BIG sample, the visibility of
interference fringes for signal photons depends on the orienta-
tion of the HWP and polarizer (see the inset in Fig. 10). Since
the polarizer is aligned with the initial polarization of the idler
photons, the visibility of the interference is given by the orien-
tation of the HWP only. For each rotation angle of the HWP we
introduce additional phase into the interferometer by translating
mirror Mi over a few periods of λidler, capture the interference
fringes, and estimate the visibilities, see Fig. 10(a). The con-
structive interference pattern of the signal photons captured by
the sCMOS camera at angles of HWP at 0◦, 45◦, and 90◦ are
shown in Fig. 10(b).

In case II, when we replace the HWP by a QWP and remove
the polarizer (see the inset of Fig. 11(a)), the balance condition
for the interferometer changes. We balance the interferometer by
translating the mirror Mi. Next, we record the change in visibility
of the interference depending on the orientation of QWP in the
absence of the BIG sample (see Fig. 11(a)). Likewise, the con-
structive interference pattern of the signal photons at orientation
angles of QWP at 0◦, 45◦, and 90◦ are shown Fig. 11(b). Both
of the obtained visibility data are in a good agreement with the
theoretical analysis given by Eq. (5) (case I) and Eq. (7) (case II).

To determine the interference visibility, for each position of
the idler mirror Mi, we integrate the intensity counts of the
signal photons over a specific number of pixels from the cen-
tral fringe of the interference pattern captured by the camera.
(Notably, the spatial extent of these pixels is significantly
smaller than that of the central fringe itself.) The integrated



126 Vol. 3, No. 2 / 25 April 2025 / Optica Quantum Research Article

Fig. 10. (a) Visibility of the interference at the absence of the
sample as a function of HWP orientation. (b) Examples of the
constructive interference pattern captured by sCMOS camera at a
few orientation angles of the HWP.

Fig. 11. (a) Visibility of the interference at the absence of the
sample as a function of QWP orientation. (b) Examples of the
constructive interference pattern captured by sCMOS camera at a
few orientation angles of the QWP.

counts Is vary sinusoidally with the position of the mirror Mi,
exhibiting maximum (Imax

s ) and minimum (Imin
s ) values, which

correspond to constructive and destructive interferences, respec-
tively. These extrema are obtained by fitting the data to a
sinusoidal function. The visibility is then calculated using the
formula (Imax

s − Imin
s )/(Imax

s + Imin
s ).

APPENDIX E: FARADAY ROTATION ANGLES
MEASURED VIA NONLINEAR INTERFEROMETRY

In Table 1 we show the experimentally measured Faraday
rotations depending on the applied magnetic fields in case I
and II.

Table 1. Applied magnetic field strengths and meas-

ured Faraday rotations

Magnetic field (case I) Faraday rotation(case I)

75 ± 8 mT 34.08◦ ± 0.22◦

141 ± 15 mT 44.34◦ ± 0.46◦

Magnetic field (case II) Faraday rotation(case II)

36.5 ± 3.9 mT 16.46◦ ± 0.47◦

75 ± 8 mT 31.24◦ ± 0.15◦

106 ± 4.1 mT 42.31◦ ± 0.08◦

141 ± 15 mT 44.9◦ ± 0.45◦

APPENDIX F: WAVELENGTH-DEPENDENT
FARADAY ROTATION

To perform metrology of the Verdet constant and the Fara-
day rotation at the saturation magnetic field over a broad
IR wavelength range, we generate the idler photons in the
range of 1540 nm to 2141 nm by pumping the PPLN through
different quasi-phase-matched channels and setting the corre-
sponding temperatures. We measure the signal (visible/near-IR)
photon spectra using a spectrometer (HR4000, Ocean Optics)
and determine the signal wavelengths. Following the energy
conservation, we determine the wavelengths of idler photons.
Table 2 summarizes signal (λsignal) and idler (λidler) wavelengths,

Table 2. Poling periods of the PPLN and temperatures

for generating signal and idler photons at different wave-

lengths. The wavelength of the pump laser is 532 nm in

all these cases

Polling

period

Temperature Signal wavelength

(detected)

Idler wavelength

(Probed)

7.4 µm 378 K 820 nm 1516 nm
7.4 µm 399 K 813 nm 1540 nm
7.4 µm 423 K 805 nm 1568 nm
7.71 µm 303 K 793 nm 1617 nm
8.36 µm 352 K 725 nm 2000 nm
8.36 µm 571 K 708 nm 2141 nm

Fig. 12. Variation of visibilities of interference of the signal
photons with the rotation angle of the HWP for different idler
wavelengths.
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with corresponding values of the polling periods and PPLN
temperatures.

For each of these cases, we measure visibility of the interfering
signal photons as a function of the input polarization of the idler
photons. Figure 12 shows the visibilities of the interference
pattern depending on HWP rotation angle (protocol for the case
I) and their fit using Eq. (5). We determine θF from the fitting and
estimate the Verdet constant. For the estimation of the Verdet
constant we choose the magnetic fields below the saturation
field. At the saturation magnetic field we calculate the Faraday
rotation angles as a function of wavelength.
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