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Entangling entanglement: coupling
frequency and polarization of biphotons

on demand
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Quantum information is often carried in the frequency and polarization degrees of freedom (DoFs) in
single photons and entangled photons. We demonstrate an approach to couple and decouple the
frequency and polarization DoFs of broadband biphotons. Our approach is based on a nonlinear
interferometer consisting of alinear dispersive medium and a polarization controller in between the two
biphoton sources (nonlinear media). When the two DoFs are decoupled, maximally polarization-
entangled biphotons are observed in the polarization DoF, while interference fringes are observed in
the spectrum of the biphotons. When the two DoFs are coupled, by adjusting the polarization
controller, interference fringes disappear from the spectrum and instead appear in the degree of
polarization entanglement, varying between 0 and 1, depending on the signal and idler frequencies.
Our approach offers a convenient means of tuning the polarization entanglement and can be employed

for arbitrary biphoton polarization state generation.

Much of the development in the fields of quantum optics and quantum
information processing relies on our ability to effectively manipulate
biphoton states in various degrees of freedom (DoFs). Biphoton manip-
ulation is in fact a necessary step towards generating arbitrary biphoton
states required for many quantum applications'™ and for studying funda-
mental physics”.

In the realm of generating biphotons, nonlinear optical processes, such
as spontaneous parametric down-conversion (SPDC), have traditionally
served as workhorses” . Nevertheless, they are usually incapable of offering
a dynamic way of manipulating the properties of the generated biphotons in
various DoFs. Hence, additional steps are required either before or after the
generation of biphotons from a nonlinear process*'*"* to directly manip-
ulate biphotons in various DoFs.

Direct manipulation of biphotons within a specific DoF, however, may
not always be straightforward. An alternative approach has been proposed,
involving the indirect manipulation of biphotons through the utilization of
an ancillary DoF to establish coupling with the target DoF'’~*'. Manipulation
of the more accessible ancillary DoF will result in an appropriate change of
the target DoF of biphotons. This form of indirect biphoton manipulation
requires a reliable way of coupling between DoFs of biphoton state in the
first place. Several techniques have been reported in the literature to facilitate
such coupling, including the use of linear optics and mode selection’, as well
as the incorporation of active elements such as frequency shifters'*”.

Even though biphotons with coupled DoFs have a unique role in
generating complex photonics states, there are few studies offering techni-
ques for generating such states, including cluster states™>*. In contrast,
within the classical realm, there is a well-established practice of coupling
various DoFs to create classical nonseparable states of light, often referred to
as “classical entanglement”*~**. This is commonly achieved by coupling the
polarization and spatial modes of the electromagnetic field through the use
of spatial light modulators, liquid crystal g-plates, J-plates, or
metamaterials’’ . Nonetheless, it is crucial to note that this form of cou-
pling does not offer the capability to independently control one DoF by
adjusting the other.

Here, we propose and demonstrate a method for generating biphotons
with coupled DoFs (polarization and frequency), by utilizing a common-
path nonlinear interferometer (CP-NLI) without the need for postselection
or active elements. The method allows for the coupling and decoupling of
the two DoFs of biphotons on demand through a simple polarization
transformation. As a result of the coupling between two DoFs, biphoton
properties in polarization DoF (such as polarization entanglement) can be
controlled and tuned by choosing different frequencies of biphotons.

Prior to providing a comprehensive explanation of our technique,
we would like to remark that biphotons with coupled DoFs differ from
two other commonly known categories of biphotons, namely hybrid-
and hyper-entangled biphotons. Hyper-entangled biphoton states'’
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can be expressed as:

|Whyper> — |]/JD0F1> ® |V/D0F2> R - ® |I//D0Fn>, (1)

where [y/P°F" ) is the maximally-entangled biphoton quantum state in DoF

n. The hyper-entangled biphoton state consists of a tensor product in each
DoF (|y™F")) and there exists no coupling between these DoFs.

In the case of hybrid-entangled biphotons’~**, one DoF of one photon
is entangled to a different DoF of the other photon in the pair. The most
simple form of such a biphoton state can be written as:

|1//hybrid> = %(KQ ® |’72> + |¢> ® |’1§_>)7 (2)

where |(; >(|C 1¢>) and |172>(|112L>) are the orthonormal bases in the Hilbert
space of the first and second photon in the pair, respectively. For instance,
¢, ) may represent the path state of one photon, while |, ) is the polar-
ization state of the other photon in the pair.

For biphotons with coupled DoFs, on the other hand, the entire
biphoton wavepacket in one DoF is coupled or entangled to that in the other

DoF. A simple example of such a state, which is also considered in this work,
can be expressed as:

|v/coupled> \/— (|V/DOF1> ® |V/DOF2> + |V/2DOF1> ® IWIZDOF2>)7 (3)

where |yPF™)(i = 1,2;m = 1,2) is the entire biphoton wavepacket in
DoF m, which is also orthogonal to |1//D°F"’>(i # j). This class of biphoton

states cannot be factorized into the tensor product in different DoFs (unlike
hyper-entangled biphotons).

The basic idea of generating biphotons with coupled DoFs is based
on interfering biphoton amplitudes generated coherently in two non-
linear media which are separated by a linear dispersive medium, as
shown in Fig. 1a. The output biphoton wavefunction, assuming equal
amplitude contribution from the two nonlinear processes, can be
written as:

1 .
7[em(wA,wB)|w1> + |1[/2>] ® |wA7 (‘)B>7

NG 4)

|1//NLI> =

where |y,) and |y,) are the two interfering biphoton wavefunctions,
generated separately in the two nonlinear media, and a(wa, wg) is a
frequency-dependent relative phase due to the linear dispersive medium.
Note that the wavefunction in Eq. (4) is not normalized.

If |y, ) and |y, ) are two identical polarization states, such as being
equivalent to |‘P+> /‘(| HV) + | VH)), the output state will be

v

l¥aw) = ® [ ) 4 1]|w,, wg), (5)

which, regardless of «, is in the polarization state |\I’+> with an amplitude
modulation dependent on «. The spectral intensity ({(Yril¥nir)) varies as
cos?(a/2), which means that the interference fringe can be observed in the
frequency DoF of biphotons. Also, it can be seen that the polarization and
frequency DoFs are decoupled from each other.

Now if |y, ) and |y, ) are different and orthogonal to each other, e.g,

ly,) = |®7) = =(IHH) — | VV)) and |y,) = [¥*), then
1 .
|‘/’NLI> = ﬁ[em(w”ws)|®_> + |\{j+>] ® |wy, “’B>. 6)

The spectral intensity ((yri|¥arr)) becomes frequency independent, while
the polarization state is dependent on « (and hence on frequency). It shows
that the degree of polarization entanglement (expressed as
concurrence”'C™ = | cos a(w 4, wp)|) depends on the frequencies of
biphotons, hence the polarization and frequency DoFs are coupled to each
other. As a result of this coupling, we can control the entanglement in one
DoF (polarization) by varying the other DoF (frequency).

Since |®~) can be obtained from |‘I’+> by a simple polarization
rotation, we can always switch from the biphoton state with decoupled DoFs
[Eq. (5)] to the one with coupled DoFs [Eq. (6)] and vice versa. The role of
the polarization controller (PC) in Fig. 1 is to couple or decouple the two
DoFs on demand.

Results and discussion
Experimental setup
To demonstrate our approach experimentally, we use a reflective CP-
NLI” shown in Fig. 1b. The biphoton amplitudes generated by the
forward-propagating and back-reflected pump interfere with each
other. The reflective CP-NLI automatically satisfies the requirement of
having identical biphoton emission spectra for the two interfering
biphoton wavefunctions. Furthermore, since the loss (waveguide loss
& reflection loss) are approximately the same for the pump and the
signal/idler, this reflective CP-NLI configuration also automatically
ensures that the interfering biphoton wavefunctions have approxi-
mately equal amplitudes.

Our experimental setup is illustrated in Fig. 2. The reflective CP-NLI
consists of an approximately 20-cm-long periodically-poled silica fiber

Fig. 1 | Common-path nonlinear interferometer a
(CP-NLI). a General scheme of a CP-NLI consisting
of two nonlinear media, pumped to generate
polarization-entangled biphotons. The wavefunc-
tion of the biphotons from the first nonlinear
medium |y, ) undergoes a transformation Rand
interferes with the biphoton wavefunction from the
second nonlinear medium |y, ). The transformation
R determines the output state |y, ). b A modified
reflective CP-NLI. The biphoton amplitudes gen-
erated from the forward and backward paths inter-
fere with each other. PC: polarization controller.
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Fig. 2 | Schematic of the experimental setup. The
780 nm pump from a narrow-band laser diode is
sent to the PPSF through a wavelength division
multiplexer (WDM). The polarization of the pump
is controlled by a polarization controller (PC1) for
type II phase-matched SPDC. The biphotons gen-
erated from the forward and backward paths inter-
fere, producing an output state, which is sent to the

measurement apparatus. In inset a, the L/C band
splitter separates signal (A > 1564 nm) and idler

(A < 1564 nm) into two spatial modes, where we can
use polarization analyzers (PA_1 and PA_2) to
characterize the polarization state through quantum
state tomography (QST). This setup is also used to
obtain frequency-resolved QST by inserting a dis-
persion compensating module (DCM). In inset b, we

use this DCM to temporally disperse the biphotons
for spectral measurements’.
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(PPSF)* serving as a nonlinear medium, an approximately 5m-long SMF-
28 fiber functioning as a linear dispersive element, and a fiber-based
polarization controller used to perform polarization transformation. The
reflector is implemented via metal coating of one end of the SMF-28 fiber
connector. The nonlinear medium PPSF is used for generating broadband
polarization-entangled biphotons (|¥*))”~”. Its broad emission band-
width and negligible group birefringence significantly simplify the con-
struction of an all-fiber reflective CP-NLI. To produce type-II SPDC, we
employ a continuous-wave 780 nm diode laser (Toptica DL-Pro) as the
pump. The coherence length of the pump is much greater than the group
delay between the pump and signal/idler, allowing us to generate coherent
biphotons in maximally polarization-entangled states in both the forward
and backward directions.

To demonstrate the coupling between the frequency and polarization
DoFs, we measure the degree of polarization entanglement (more specifi-
cally, concurrence), as a function of signal/idler frequencies. To obtain the
density matrix for each signal and idler frequency pair, we incorporate a
dispersion compensating module (DCM) which maps the spectrum into the
delay of the arrival time of signal and idler photons. We perform standard
16-measurement QST and employ the maximum likelihood method to
derive the density matrix for each wavelength. The DCM maintains an
approximately constant nominal dispersion of around 707 ps/nm. The
shortest coincidence window is dictated by the time jitter of the detectors
~256 ps, which gave us a wavelength resolution of approximately
0.36 nm (50 GHz).

Priciple of the approach

First, we give a brief derivation of the output quantum states from the CP-
NLI for both the decoupled and coupled cases. The general quantum state of
biphotons at the output of the CP-NLI in Fig. 1 is derived in ref. 3, which
considers both the polarization and frequency DoFs, as well as pump
coherence. After pumped for type-II SPDC, the quantum state of biphotons
generated from a nonlinear medium of a length L is:

lv) = [ dwsdwgloy, wp)etont [l aly ”
7

AT At
-‘re‘AaAVaBH] | vac),

where &1'\5, (&+S,/) is the creation operator of the signal (idler) field with S'(S”)
polarization; Akyyy =k, —k,  —k, — kqpy is the phase mismatch
between the pump (V), s1gnal (H) and 1dler (V) in the quasi-phase-matched
(QPM) PPSF  structure, and Akyyy is similarly defined;
A = [Akyya(wa, wp) — Akypy(wa, wp)]L  is  related to the group

birefringence of the PPSF*. The biphoton amplitude is defined as:

Pwy, wp) = [ dwpAg(wp, w,, wp)f (wp)L ®)
X sinc(ATkL)(?(wP — wy — Wg),

where flwp) is the pump linewidth, A(wp, w, , wp) includes the nonlinear
susceptibilities and other phase factors. To simplify the analysis, we made
the approximation Akyvy=Aky v across the entire phase-matching
bandwidth and substituted them with Ak. The approximation is justified
due to the extremely low group birefringence of the PPSF* and leads to
A< 1. Consequently, the same spectral amplitude is used for the [HV),,
and IVH)wA‘wB states in Eq. (7).

The coherent superposition of the two biphoton amplitudes results in
the following generic form:

lynu) = f doadwy [$pp(w,, wp) HH)
+ vy, wg)| HV)
+ ¢y u(w,y, wp)| VH)
+ ¢y y(@p, wp)| VV)] ® |y, wg),

(©)

where ¢gg(w,, wp) is the biphoton amplitude of each polarization state.
Note that ¢g ¢ (w, , wg) includes the effects of both dispersion of the linear
medium and polarization transformation of PC2. Their collective effect can
be modeled by two consecutive transformations:

R=TxU, (10)
where T = eXko@)lo | @ eXko@lo] is the phase accumulation due to dis-
persion of the linear medium and U = U, ® Uy is the polarization

transformation of PC2 which effects a global biphoton state rotation. Note
that U is assumed to be weakly wavelength-dependent, such that

0 o~ b e cos 0
AT BT e 5in 6

—el® sin@). an

e % cos O

The polarization transformation plays an essential role as it is responsible for
coupling the frequency and polarization DoFs of biphotons. It is assumed
that PC2 has broad spectral coverage over the signal and idler bandwidth,
therefore the angles 0, ¢, and ¢, are the same for both photons. The values
of ¢, and ¢, are determined by the birefringence introduced by the PC2. For
simplicity, we set ¢; = ¢, =0, but our findings can be easily generalized to
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Table 1 | Features of biphoton states with decoupled and coupled DoFs

Case 1 Case 2

U 10 4 (1 -1

AB) (O 1 ) V211

Schmidt form € >po| ® Ixq >Freq c1lé >Pol ® Ixq >Freq + CQ|€2>P0\ ® |X2>Freq

Schmidt rank 1 2

P (w, wg) 00 0O 1 —Pp(wa, wg)  —pp(wa, wg) =il
110 1 10 1| —Po(@a, ws) Polwa, wg)
2o 110 4| —polwa, wg) 1 1 Po(wa; wg)

0000 -1 Po(wa,wg)  po(wa, ws)
Concurrence C"wp, wg) =1 C™(wp, wg) = | COS 2a(wp, W)

cases with non-zero ¢; and ¢,. Under these assumptions, we obtain’

[va) = 3 J dwydwg {[— sin 26| HH )
+ cos 20| HV ) 4 cos 26| VH) + sin 26| VV )]
+ [eZivz(a)A.wB)l HV> 4 GZia(wmws)| VH )]}

® Pwy, wp)|wy, ‘UB>7

(12)

where a(wa, wp) = Ako(wa, wp)Lo + Ak(wa, wp)L, the phase mismatch of
the pump, signal, and idler fields in the linear (denoted by subscript 0) and
nonlinear medium, respectively.

To demonstrate this effect, we consider two special cases shown in
Table 1. For Case 1, there is no polarization rotation (6= 0) and the two
DoFs of biphotons become decoupled. The amplitudes of | HV ) and | VH )
in Eq. (12) contain contributions from forward- and backward-propagating
biphoton, which eventually leads to interference between the biphoton
amplitudes. For Case 2, the polarisation is rotated by 6 = /4 and the two
DoFs of biphotons become coupled, as will be shown in Section “Case 2:
biphotons with coupled DoFs”.

To illustrate the coupling between the two DoFs, we first consider
Schmidt decomposition of the biphoton states into frequency and polar-
ization, ie. |yy;) = Ek|€k>Pol|Xk>Freq' Note that the definition of sub-

systems we use here differs from the one normally used in the literature,
where the two subsystems consist of signal and idler photons. However,
since our focus is on the coupling between two DoFs of biphotons, we
consider the complete biphoton state in both polarization |¢, k>Pol and fre-
quency |)(,<>Freq DoFs as our subsystems for decomposition. With this

definition of subsystems, biphoton states with Schmidt rank greater than 1
indicate that the two subsystems are entangled, implying a coupling between
the two DoFs. Consequently, apart from the entanglement between the two
photons in the polarization DoF, the two DoFs themselves are also coupled.

Case 1: biphotons with decoupled DoFs

When there is no polarization rotation (6=0) applied to the biphoton
amplitude, the quantum state at the output of the CP-NLI can be derived
from Eq. (12) as:

IwNLI>casel = %fdede[l HV) + | VH >]®

. 13
Hwy, wp)[1 + eZla(wA’wB)“‘UA: wB>a (13
The rank-1 biphoton state can be written in Schmidt form
|wNLI>casel = |51>Pol ® |X1 >Fr(—:q7 (14)

where Ifl>Pol = |\P+> and |X1>Freq = fdede¢(wA7 wB)[l + ezia(wA’wB)]
|w,, wg ), implies that the polarization and frequency DoFs are completely
decoupled from each other.

of the biphoton state |yy).. s proportional  to
|$(w,, wp)>cos’afw , , wp)*, which results in the appearance of spectral
fringes. These fringes are generated by the interference between forward-
and backward-propagating biphoton amplitudes and are associated with the
spectral phase a(w,, wg). By employing the spectral measurement apparatus
illustrated in Fig. 2b for coincidence detection in a polarization-independent
manner, we experimentally observe this phenomenon, as shown in Fig. 3a,
which agrees well with the simulation curve. The minor discrepancy
between the experimental data and the simulation curve can be attributed to
the conversion from time to wavelength, which is based on the dispersion of
the DCM, ignoring all higher orders. The spectral intensity fringes clearly
show that tracing over the polarization DoF does not affect the frequency
DoF of biphotons, and the two biphoton amplitudes continue to spectrally
interfere with each other as expected.

Our focus now shifts to examining the polarization DoF of biphotons.
Trace over the frequency DoF and generate the reduced density matrix of
the biphoton state:

~red - pol
casel

= Trpe (vau > <‘/’NLI )}

. (15)
Jdw,dwpf(wy, wp) X Pl (@a, W),

flwy, wp) = [$(w,, wB)IZ (with Hwy, wp) = P(wy, wg)
[1 4 e?*@a@s)]) is a slow-varying frequency-dependent factor that is not of
importance here. p_,,, (w,, wg) is the density matrix corresponding to each
signal and idler frequency-conjugate pair. For the biphotons with decoupled
DoPs, pl,..;(ws, wp) represent a maximally polarization entangled state
(concurrence C(w,,wy) =1) and is independent of signal and idler

frequencies. Upon evaluating the integral in Eq. (15), the reduced

o . . ared-pol
polarization density matrix pzzsﬂpo

where

is obtained, as presented in Table 1.

The coherence elements in ﬁi:fe_l P! indicate that quantum interference has
not been destroyed by tracing over the frequency DoF. As a consequence,
the entire biphoton wavepacket remains in a maximally-entangled
polarization state, which has been confirmed experimentally using the
QST measurement apparatus illustrated in Fig. 2a. The level of polarization
entanglement, as observed in the experimentally acquired polarization
density matrix shown in Fig. 3b, is of high degree [C" = 0.95(2)]. It is
significant to note that the coherence in the polarization DoF is preserved
even after integrating over the signal and idler frequencies, due to the
decoupling of the two DoFs.

Case 2: biphotons with coupled DoFs
When a polarization rotation of 6 = 71/4 is applied to the biphoton ampli-
tude,

|1//NLI>case2 = %fdede[_| HH> + |VV>

Ziel@re)(|HV) + | VH 16
In order to gain further insight into the biphoton state, we analyze its te (IHV) +]VH))] (16)
spectral intensity by tracing over the polarization DoF. The spectral intensity ®P(w,, wp)lwy, ).
npj Quantum Information | (2024)10:38 4
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Fig. 3 | Experimentally measured biphoton properties in polarization and
frequency DoFs. In Case 1 (no polarization rotation) the two DoFs are decoupled:
a The interference fringes are observed in the spectrum intensity. The experimental
data are obtained from the setup depicted in Fig. 2b, and the simulation curve is
obtained through a function proportional to |¢(«w , , wy)|*cos?a(w, , wy). b The high
degree of polarization entanglement [concurrence C™ = 0.95(2) and fidelity

Re(p)

Im(p)

Re(p)

F=97.2%]. In Case 2 (a polarization rotation of 71/4) the two DoFs are coupled:

¢ Tracing over the polarization DoF destroys the interference in the spectrum. The
measured spectrum of the biphoton state at the output of the NLI is identical to that
from the SPDC source. d Tracing over frequency DoF leads to the depletion of
polarization entanglement [C*! = 0.10(4)]. The cut-off wavelengths of the DCM
constrain the range of the spectrum.

The amplitudes of | HH ) and | VV') are nonzero and, in contrast to Eq. (13),
the frequency and polarization DoFs cannot be separated due to their cou-
pling. Note that Eq. (16), which is the biphoton wavefunction resulting from
our CP-NLI has the same form as Eq. (6) except for a global phase. Therefore,
changing 6 from 0 to 77/4 accomplishes the aim of dynamically switching
between decoupling and coupling of the polarization and frequency DoFs,
resulting in frequency-dependent entanglement in polarization.
The Schmidt decomposition of the state in Eq. (16) yields:

2
|V/NLI>caseZ = Z Ck|£k>Pol ® |)(k>Freq7 (17)
k=1
where a=6= %’ |£1>P01 = _ch_)’ |€2>P01 = I\P+>’ |).(1>Freq =
J dw,dwgd(wy, wp)lw,, “’B> |X2>Freq = fd“’Ad“)Bezux(w"’wﬁ)(l5
(wy, wp)|wy, wg > Since the Schmidt rank for |V/NL1>

and

casez 182and ¢; = ¢y, the

frequency and polarization DoFs are maximally coupled.

Following a similar approach, we trace over the polarization DoF and
analyze the spectrum of the biphotons. The absence of interference between
the biphoton amplitudes from the forward and backward paths leads to the
disappearance of spectral fringes. This is verified using the spectral mea-
surement apparatus depicted in Fig. 2b, and there is no modulation of
spectral intensity for Case 2, as can be seen in Fig. 3c.

Likewise, we trace over the frequency DoF and form the reduced
density matrix:

~red - pol
Pease2

= Trpreq(I¥n1 ) (W)

= fdedeg(wAv W) X Pl Wy, wp),

(18)

where g(wa, wp) = |¢(wa, wp)|* is also a slow-varying frequency-dependent
factor. p., ,(w A, wp) is the density matrix presented in Table 1, where
po(wy, wp) = e2%@r@s) s a function of the dispersion of the linear material.
Calculating the integral in Eq. (18), we obtain a reduced polarization density
matrix:

1 0 0 -1
desa 1] 0 11 0
pzseZPO =7 ’ (19)
4 0O 1 1 O
-1 0 0 1

which is a mixed state: pr P = LAY + |07 )(D7]). A low con-
currence of C*® = 0.10(4) was measured, as shown in Fig. 3d. It should be
noted that the experimental concurrence is not reduced to zero, as the
manual PC has limited tuning accuracy and the biphoton amplitudes from
the two paths are not equal. The results depicted in Fig. 3¢, d support the
coupling between the two DoFs of biphotons, as tracing over one DoF affects
the other DoF by destroying the quantum interference. One can clearly see
that [yy;) ..., is always a maximally polarization entangled, regardless of
w4 and wp. However, the polarization state of |y, )., .., depends on signal
and idler frequencies w, and wp.

The unique signature of the biphoton state in Eq. (18) is that the density
matrix pl,,(w,,wg) is frequency dependent for each signal and idler
frequency-conjugate pair. This is a result of the coupling between the
polarization and frequency DoFs of the entire biphoton wavepacket. To
observe this property, we spectrally resolve the concurrence by performing
QST" on many frequency-conjugate pairs (over a 60 nm bandwidth).
Figure 4 show that the concurrence of the biphotons is frequency-depen-
dent, ranging from 0.12(5) to 0.98(2), with the variation given by

case2
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Fig. 4 | Frequency-resolved quantum-state tomography. a The concurrence is
dependent on the signal/idler photon frequencies (wavelengths) when the polar-
ization and frequency DoFs are coupled. The error bars represent the standard
deviation obtained from the Monte Carlo simulations fed by the actual coincidence
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measurement data. The polarization state density matrix reconstructed from the
polarization quantum-state tomography with high concurrence C** = 0.95(3) and
fidelity F = 97.4% (b), and low concurrence =01 1(4) and fidelity F = 51.0% (c).

C™ = | cos2a(w,, wp)|. In other words, the degree of polarization
entanglement of biphotons can be controlled by tuning their frequencies.
Although the observed fringes in Fig. 4a are related to those in Fig. 3a, it is
important to note that the former exhibits fringes in concurrence while the
latter displays fringes in spectral brightness. This means that the polarization
rotation of 77/4 converts the modulation of brightness to the modulation of
concurrence. Moreover, the modulation pattern observed in Fig. 4 depends
on the dispersion of the linear medium a(w,, wp) and can be tailored
accordingly.

The reflective CP-NLI enables us to tune concurrence from 0 to 1
by selecting appropriate frequency pairs. Furthermore, as concurrence
is invariant under local unitary operations, local polarization trans-
formations can be combined with our system to obtain any arbitrary
pure biphoton polarization state, ranging from a completely separable
state to a maximally entangled state. It is worth noting that a broad
biphoton bandwidth is not always necessary for polarization entan-
glement tuning, although it does make frequency-dependent con-
currence obtainable with only a modest amount of dispersion.
Equation (6) suggests that polarization entanglement can be controlled
by the interference between two maximally-entangled Bell states (|J® ™)
and |‘I’+>) with varying relative phase a(w,, wg). For the case of nar-
rowband biphotons, where it is not practical to use the frequency-
dependent phase for entanglement tuning, phase modulators can still
be used to arbitrarily vary & and control the entanglement or obtain any
arbitrary biphoton polarization state in a CP-NLI.

Our theoretical analysis and experimental results demonstrate
the coupling and decoupling phenomena by observing the frequency
(or polarization) while tracing over the other DoF. When the two
DoFs are coupled, tracing over one of them results in the destruction
of quantum interference in the other DoF. The loss of spectral fringes
is a clear indication of the destruction of quantum interference in the
frequency DoF, while a biphoton polarization state with low con-
currence is an indication of the destruction of quantum interference
in the polarization DoF.

In conclusion, we introduce an approach for coupling and
decoupling two DoFs (polarization and frequency) of biphotons

through a reflective CP-NLL. In contrast to previous methods'**’, our

approach eliminates the need for phase stabilization or active element
for DoF coupling. We further experimentally demonstrated the
on-demand coupling/decoupling of the two DoFs through a
straightforward polarization transformation within the CP-NLI
Once the two DoFs of biphotons were decoupled, the interference
fringes were initially observed in their spectrum. As a consequence of
coupling the two DoFs, the interference fringes disappeared and were
transferred to the polarization domain and resulting in frequency-
dependent polarization entanglement. This feature could be utilized
to adjust the polarization entanglement by selecting different
frequency-conjugate pairs of biphotons. Moreover, we anticipate that
the CP-NLI approach can be extended to other DoFs, such as time
bins, spatial modes, and orbital angular momentum. The class of
biphotons with coupled DoFs introduced here, combined with the
technique mentioned in ref. 18, can be further exploited for the
generation of two-photon cluster states™, which has unique appli-
cations in one-way quantum computing®”. Overall, our approach
offers a convenient and flexible means of controlling DoFs that could
be useful for quantum information processing, quantum sensing, and
the study of the foundations of quantum mechanics.

Methods

CP-NLI with one nonlinear medium

In the reflective CP-NLI setup as shown in Fig. 2, we integrate a high-
reflectivity broadband mirror at one end of the NLI, enabling the
interference of biphoton amplitudes in both forward and backward
directions upon reflection. This process is executed through the
plasma sputtering physical vapor deposition (DC magnetron)
method. Operating with Ar™ at a flow rate of 30 sccm within a con-
trolled vacuum chamber held at a temperature of 20 °C, and main-
taining pressure below 3 mTorr, we apply 200 W of DC power for
45 min. This procedure yields a thin copper layer measuring 800 nm
in thickness, meticulously deposited atop a fiber connector. Conse-
quently, this mirror serves as an effective broadband reflective surface
for both signal (idler) and pump fields.
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