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ABSTRACT

The geometric phase, arising from the cyclic/non-cyclic evolution of a polarization state of light, is typically measured using
interferometric methods that often introduce unwanted dynamic phase contributions. Here, we present a phase measurement
technique based on the quantum correlation of pair photons to measure the geometric phase of a classical beam without any
dynamic phase contribution. The transfer of the geometric phase of the classical pump beam onto polarization-entangled pair
photons generated via spontaneous parametric down-conversion in a Sagnac interferometer scheme enables easy control over the
quantum state. Characterization of the quantum states reveals that the geometric phase of the pump beam controls the coincidence
counts, entanglement visibility, Bell’s parameter, quantum-state tomography, and fidelity, in close agreement with theoretical
predictions. We observe sinusoidal modulation of Bell’s parameter and state fidelity with changes in the geometric phase, resulting
in transitions between orthogonal Bell states and Bell-like maximally entangled states. Our results establish the geometric phase of
the classical pump as a tunable parameter for quantum state control, offering a compact, passive platform for phase manipulation
in quantum photonic systems, enabling geometric-phase-controlled quantum operations, and compensating for the unwanted
phase acquired by the quantum state during propagation.

plates sequentially [8]. Such a simple realization of the dispersion-
free phase has enabled access to robust, broadband elements and

1 | Introduction

The geometric phase, also known as the Pancharatnam-Berry
phase [1, 2], arises from the cyclic evolution of a classical or
quantum state on its parameter space, has found widespread
applications across classical and quantum optics, including quan-
titative phase imaging [3], clock interferometry for enhanced
metrology [4], optimal output coupling in oscillators [5], fre-
quency shifting [6], and quantum gates for quantum computing
and quantum key distribution [7]. In optics and photonics, the
geometric phase is readily implemented through the evolution of
the polarization state of the light beam on the Poincaré sphere,
typically by propagation through various combinations of wave

systems for beam-shaping [9], atomic optics [10], generation of
spatially structured beams [11], and advanced interferometry and
sensing [12, 13].

Despite significant advances, conventional interferometric meth-
ods for measuring the geometric phase [14, 15] remain chal-
lenging due to unavoidable contributions from the dynamic
phase. Efforts have been made to mitigate this issue using
stable Sagnac interferometers [5], which reduce the need for
active optical path-length stabilization. More recently, non-
interferometric approaches have gained attention, including the
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use of anisotropic lenses composed of multiple spatial light mod-
ulators [16], polarization-dependent diffraction and polarimetry
[17], and nonlinear parametric processes such as stimulated
second harmonic generation [18]. Nevertheless, there remains a
need for novel, phase measurement techniques that offer simpler
experimental implementation and straightforward estimation of
the geometric phase free from dynamic phase in both classical
and quantum systems.

On the other hand, imprinting the geometric phase to quantum
states through the evolution of polarization on the Poincaré
sphere has gained momentum. Notable examples include the
generation of energy-time entanglement [19], realization of uni-
versal quantum gates [20] by imprinting geometric phase onto
pair photons generated through spontaneous parametric down-
conversion (SPDC) process [21], and the observation of phase
memory in NOON (N = 2) states by transferring either the
geometric phase [22-24] or dynamic phase [25] of the pump beam.
The direct transfer of amplitude and phase from the pump field
to SPDC photon pairs has been extensively studied, beginning
with the seminal work [26] and followed by numerous inves-
tigations [24, 25]. This phase-transfer mechanism has enabled
the generation of orbital-angular-momentum states [27], hybrid
entangled states [28], and, more recently, an efficient technique
for characterizing quantum states in arbitrary spatial modes by
mapping their amplitude and phase through SPDC [29]. Despite
the well-established studies of phase transfer or geometric-
phase memory effects in SPDC process, the deterministic control
of phase of the maximally entangled Bell-states [30-32] using
a purely geometric phase and its complete quantum-resource
characterization have not been experimentally demonstrated.
Such states underpin a wide range of quantum technologies,
including quantum communication [33], quantum teleportation
[34], and quantum information processing [7, 35].

Here, we report a simple and novel experimental scheme for the
measurement of the geometric phase and control of quantum
states through the phase memory effect. By transferring the
geometric phase of a classical pump beam, induced by rotat-
ing a half-wave plate, to polarization-entangled pair photons
generated via spontaneous parametric down-conversion (SPDC)
in a Sagnac interferometer, we imprint the phase memory of
the pump onto the pair photons. While the Sagnac configura-
tion is formally an interferometer, its common-path geometry
ensures intrinsic phase stability of the quantum state against any
dynamical phase fluctuation and eliminates the need for active
interferometric phase locking in the generation process. The
measurement of the geometric phase of a classical beam through
the coincidence counts, entanglement visibility, Bell’s parameter,
quantum state tomography, and fidelity of the quantum state
confirms the absence of dynamic phase contribution in the phase
measurement method. Importantly, no interference fringes or
path-dependent phase measurements are employed to extract or
tune the relative phase of the entangled state. Using the geometric
phase of the pump as a control parameter, we demonstrate state
transitions between orthogonal Bell states, typically achieved
through Pauli gates, and Bell-like maximally entangled states.
The current findings result in a new pathway for realizing
phase-dependent quantum operations in a simple and compact
experimental setup, and pave the way for future implementation
in integrated photonic quantum circuits.

2 | Theory

We employ the analytical approach to understand the transfer
of the geometric phase (GP) of the classical pump beam to the
entangled two-photon state and establish the relation of GP to the
entanglement and the Clauser-Horne-Shimony-Holt (CHSH)
form of Bell’s inequality [36] (S). To introduce GP into the classi-
cal pump beam, we have used the Jones matrix [37] formalism for
the QHQ setup consists of a quarter-wave plate (QWP, Q), a half-
wave plate (HWP, H), and another quarter-wave plate (QWP, Q),
sequentially positioned with their fast axes oriented at angles 45°,
0y, and 45°, with respect to the horizontal, respectively. The phase
imprinted on the classical pump beam can also be understood
intuitively as arising from the rotation of its polarization state
on the Poincaré sphere induced by the sequence and orientation
of the waveplates. Depending on the waveplate configuration
and the rotation of their fast axes, the input polarization may
undergo either cyclic or non-cyclic evolution on the Poincaré
sphere. In such evolutions, the dynamical phase accumulated
by the individual polarization components contributes only a
constant global phase and remains independent of the half-wave
plate rotation angle. By contrast, according to the definition of
the geometric (Pancharatnam-Berry) phase, the relative phase
acquired by the beam is determined by the solid angle subtended
by the polarization trajectory for both cyclic and non-cyclic paths
at the center of the Poincaré sphere. Thus, the geometric-phase
interpretation highlights the topological and path-dependent
nature of phase control and provides a simple, general framework
for quantifying the induced phase.

The transfer matrix for the QHQ can be written as [5]

26y
T = QHQ = (e . _ef)zi9H> . m
Now, for the classical pump beam of diagonal polarization, |D)
=1/ \/E(lH Y + |V)), (a vector sum of horizontal and vertical
polarizations), on propagation through the QHQ setup trans-
form into the polarization state given as 1/ \/E(lH) +|V)) —
1/v/2(e*® |H) — e=2%#|V)). The |H) and |V} polarization states
acquire geometric phases of equal magnitude, ¢= 26y, but
with opposite signs, dictated by the solid angle subtended by
their cyclic evolution paths on the Poincaré sphere in oppo-
site directions. The polarization projection of the beam for
diagonal/anti-diagonal and horizontal/vertical basis results in
laser power of P, = (sin’ 20,|D) + cos? 26, |A)) and Py, =
1/2(|H) + |V)), respectively. Therefore, the measurement of the
laser at one of the output ports of PBS will result in the power
variation for diagonal/anti-diagonal basis and constant power in
horizontal/vertical basis for the rotation of half-wave plate (H) of
QHQ setup; thus, the geometric phase.

Now the generation of entangled photons using the pump beam
of polarizations state, 1/4/2(¢*|H) - e"#|V')) from a type-0 phase-
matched crystal in a the polarization-based Sagnac interferometer
[38, 39], results in the entangled state given as,
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Here, the subscripts denote the signal (s) and idler (i) photons.
Neglecting the global phase, we find that the output state, as
given by Equation 2, resembles a Bell state, with a relative
phase introduced by the geometric phase between the orthogonal
components of the pump beam. If the state Igb;) propagates
through a birefringent medium, then the |H)|H); and |V),|V);
will acquire different phases, let’s say ¢;; and ¢y, respectively, and
alter the entangled state. In such a case, the resultant state can be

i2(|H>S|H>i —eCHEY VY. (3)

\/_

It is evident from Equation (3) that by suitably adjusting the
geometric phase, ¢, one can make the 2¢ + ¢, — ¢y =0 to
compensate dispersion of the birefringent medium and restore
the desired quantum state [24, 40].

;) =

To study the generated state as shown by Equation (2), we
calculate, using the simple mathematical treatment [41, 42], the
coincidence probability after polarization projection for the signal
and the idler photon as

1 . .
P(O,,0,) = z(cos2 0, cos? @, +sin” @, sin’ O,
. C))
~3 sin 20, sin 20; cos 2¢).

Here, ©; and ©; denote the inclination angles of the polarizers
with respect to the x-axis, placed in the signal and idler arms,
respectively. Using the Equation (4), the probability of projecting
the state onto the H, D, V, and A bases can be determined by
substituting values of ©, as 0°, 45°, 90°, 135° and scanning ©;
from 0° to 180°. Again, it is evident from Equation (4), that the
coincidence probability of the state is dependent on the geometric
phase ¢. For the D/A basis resulting from the combination of (©,,
©,) values of (+45°, +£45°), the coincidence probability is given as

P= %(1 — C0S 2¢). (5)

From Equation (5), we can see that the coincidence probability
of the generated state in the D/A measurement basis depends
on the geometric phase. On the other hand, in the H/V basis,
the coincidence probability (P = 1/2) remains independent of the
geometric phase of the input classical pump beam. Therefore, one
can measure the coincidence of the pair photons to measure the
geometric phase.

To verify the quantum nature, using Equation (4), we calculated
the CHSH form of Bell’s inequality [36] of the generated quantum
state as,

C(0,,0;) = P(+,0;,+,0,) + P(-,0;,—,0,)
_P(+’ G)i’_’@s)_P(_s@is +’®s) (6)
= [(cos 20, cos 20;) — sin 20, sin 20, cos 2¢].

Here, C(©,, ®,), the correlation between the two observables
identified by the polarizer angles, ©; and ©;, is averaged over
the ensemble of all possible outcomes. Also, the outcome +/- is

identified as the emergence and no emergence of photons from
the polarizer, respectively. Using Equation (6), we find the CHSH
Bell’s parameter, S, associated with the angles (0, 9;, 0, ©)) =
(0°, 22.5°, 45°, and 67.5°), as

S =1C(8,,8)) - C(8,,0))| + (6}, 8,) + C(0),0))
= [V2[ + [V2cos 24)].

We can see that CHSH Bell’s parameter, S, of the output pair
photons state (given by Equation 2) depends on the geometric
phase of the parent classical pump beam [43, 44]. It is also inter-
esting to note that the CHSH Bell’s parameter has a maximum
value of 2\/5 for GP of ¢ = 0° and a minimum of \/5 for ¢
= 45°. On the other hand, using the von Neumann entropy of
the reduced density matrix approach [45, 46], we calculated the
entanglement entropy of subsystem A in the bipartite system A U
B, given by S, = —Tr (o, logp,), where p, is obtained by tracing
out subsystem B. The two-qubit state represented by Equation (2)
results in an entanglement entropy of unity, independent of the
geometric phase, confirming that the quantum state is maximally
entangled. On the other hand, the observed decrease in the
CHSH Bell’s value with the geometric phase indicates a deviation
of the generated quantum state from the standard Bell state,
even though the entanglement entropy remains unchanged. To
achieve maximal violation of the CHSH Bell’s inequality for
arbitrary values of ¢, it is necessary to determine the optimal
measurement bases. Thus, the combined variation of the CHSH
Bell’s value and entanglement entropy captures the quantum
nature of the geometric phase.

9

Further, we can calculate the fidelity of the geometric phase
induced quantum state, |1),), with the initial state, |zp¢j:0), as

F = [(ylh;_)I* = cos’ ¢. ®

The Equation (8) reveals that the quantum state fidelity depends
on the geometric phase of the classical pump beam. As the fidelity
F = 0 for ¢ = 90°, we observe the generation of orthogonal
states for ¢ = 0 and 90°. Thus, by tuning the geometric phase of
the classical pump beam, we can make the transition between
two orthogonal Bell states. Furthermore, by measuring the
fidelity of the output state, we can also determine the geometric
phase. This derivation highlights the possibility of transferring
geometric phase from a classical system to a nonclassical state
and subsequently measuring it through quantum parameters
using any of the equations, Equation (5), (7), and (8), without
using any interferometer commonly used for geometric phase
measurement. Moreover, the geometric phase of the pump beam,
which can be manipulated by simply rotating a single wave plate
of QHQ combination, can be adjusted to compensate for the
relative phase acquired by the entangled state during propagation
through different media.

3 | Experimental Methods

The schematic of the experimental setup is shown in Figure 1.
A single-frequency, linearly polarized (vertically polarized)
continuous-wave (cw) laser (Toptica, TopMode) [27, 38], pro-
viding 40 mW of single-frequency output at 405 nm, is used
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FIGURE 1 | Schematic experimental setup for studying the classical geometric phase using quantum states. Blue line denotes the pump at 405 nm,

and red line denotes SPDC photons at 810 nm; QWP, Q: quarter wave plate; HWP, H: half wave-plate; GP: geometric phase; FM: flip mirror; M: mirror;

P: polarizer, combination of HWP and polarizing beams splitter at 405 nm; D-PBS: dual-wavelength (405 and 810 nm) polarizing beam-splitter; D-HWP:

dual-wavelength (405 and 810 nm) half-wave plate; C: PPKTP crystal; DM1-2: D-shaped mirror; Al-2: polarization analyzers consist of HWP, QWP, and

PBS; FC: Fiber collimator; SMF: single mode fibre; BPF: bandpass filter; SPCM: single photon counting module; TDC: time-to-digital converter.

as the pump laser in the experiment. A half-wave plate (not
shown in Figure 1) transforms the laser output into diagonal
(D) polarization. The pump beam then propagates through the
geometric phase setup (GP setup), which consists of a quarter-
wave plate (QWP, Q), a half-wave plate (HWP, H), and another
quarter-wave plate (QWP, Q), arranged in a QHQ configuration
with their optic axes oriented at 45°, 8, and 45° with respect
to the horizontal, respectively. As a result, the horizontal and
vertical components of the pump beam acquire geometric phases
of the same magnitude but with opposite signs.

The geometric phase is imprinted on the pump beam by simply
rotating the HWP of the GP setup and verified by using a flip
mirror (FM) on the beam path to direct the pump beam for
polarization projection using the polarizer (P), a combination of
HWP and polarization beam splitter (PBS) optimized for 405 nm,
and the power meter. A lens (L) of focal length f = 150 mm is
used to focus the pump at the center of a 30-mm long and 2 x 1
aperture, periodically poled PPKTP crystal (C) of a single grating
period of 3.425 um. The crystal is mounted on the temperature
oven to maintain the crystal temperature of 27° C with a stability
of +£0.1° C for type-0 (e — e + e), non-collinear phase-matched,
degenerate SPDC photons at 810 nm. The crystal, C, is placed
inside the polarization Sagnac interferometer, comprised of a
dual-wavelength (405 and 810 nm) polarization beam splitter
cube (D-PBS), dual-wavelength half-wave plate (D-HWP), and
mirrors M, such that the center of the crystal is at equal optical
distance from D-PBS for clockwise (CW) and counterclockwise
(CCW) beams. The working principle for the generation of
entangled photons using the current experimental scheme can
be found in Refs. [38, 39]. The SPDC photons generated in
CW and CCW pump beams have an annular ring intensity
profile (as observed using an EMCCD) with mutually orthogonal
polarization. The SPDC rings generated by the CW and CCW

pump beams in the Sagnac interferometer are superimposed by
the D-PBS, collimated using the lens (L), and then split into two
halves by the D-shaped mirrors (DM1, DM2). These halves are
subsequently guided by the mirrors (M) toward the polarization
analyzers, Al and A2, comprised of the half-wave plate (HWP),
quarter-wave plate (QWP), and polarization beam splitter (PBS).
The transmitted photons from each PBS are spectrally filtered
using a band-pass filter (BPF) with a full-width at half maximum
(FWHM) of ~3 nm, centered at 810 nm. The filtered photons
are then collected into a single-mode fiber (SMF) via a fiber
collimator (FC) and detected using a single-photon counting
module (SPCM). Finally, the coincidence detection of photons is
performed using a time-to-digital converter (TDC) connected to
the SPCMs. Throughout the manuscript, the coincidence window
is set to 1.6 ns unless stated otherwise.

4 | Results and Discussion

First, we verified the presence of a geometric phase in the classical
pump beam. To achieve this, we set the input beam polarization
to GP setup (see Figure 1) as diagonal and used the flip mirror
(FM) to direct the beam toward the polarization projection unit
(P), which consists of a half-wave plate (H) and a PBS (not shown
in Figure 1). By adjusting the angle of the half-wave plate, we
set different measurement bases and recorded the power of the
horizontally polarized component transmitted through the PBS.
The experimental results are presented in Figure 2a.

As evident from Figure 2a, the power of the input beam for
a diagonal projection varies sinusoidally from a minimum of
0.004 mW to a maximum of 1.63 mW with the geometric phase,
which arises from the orientation of the HWP angle, 6, in the
GP setup. In contrast, for a horizontal/vertical basis, the output
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(a) Pump power measurement with GP HWP rotation for polarizer set at 0°, 45°, and 90° for H (red), D (blue), and V (black) basis

respectively; (b) Coincidence Counts measurement with GP HWP rotation for H-basis (green), V-Basis (black), D-Basis (blue), A-Basis (red) respectively.

power remains constant at half of the total input power. This
observation aligns with theoretical expectations, where the PBS
output for diagonal/anti-diagonal and horizontal/vertical bases
is given by P/, = sin2¢ and Py, = 1/2, respectively. These
results confirm that the geometric phase is imprinted on the input
classical pump beam simply by rotating the half-wave plate in the
GP setup. The small oscillations observed in the output power
on the horizontal/vertical measurement basis can be attributed
to the unoptimized retardance of the waveplates and the related
compensation through waveplate tilt used in the experiment.

Further, we studied the effect of the geometric phase of the input
pump on the pair photons. In doing so, we removed the flip
mirror (FM) from the pump beam path and detected the pair
photons of diametrically opposite points of the SPDC ring for
different polarization projections using the different settings of
the analyzers, Al and A2. We set analyzer Al at the polarization
settings of H, V, D, and A, and the corresponding orthogonal
polarization setting in analyzer A2 for minimum coincidence
counts, and rotated the HWP of the GP setup with the results
shown in Figure 2b. As evident from Figure 2b, the coincidence
counts of the pair photons show the effect of the geometric phase
on the D/A basis in agreement with Equation (5), whereas there is
no effect in the H/V basis, exactly the same as the pump beam (see
Figure 2a). This observation not only confirms the direct transfer
of the geometric phase from the classical pump beam to the single
photons but also demonstrates a novel approach to measuring the
geometric phase of a classical pump beam. Analyzing the coin-
cidence counts of the generated pair photons provides a simple
and effective alternative to conventional interferometric setups
typically used for phase measurement. Notably, this technique
is inherently free from dynamic phase contributions, making it
a robust and direct approach for dynamic phase-free geometric
phase measurement in quantum optics.

To confirm the transfer of the geometric phase of the classical
pump beam to the entangled pair photons, we investigated its
effect on the generated quantum state. Keeping the pump power
constant at approximately ~2 mW, we studied the quantum inter-
ference of the generated state from the Sagnac interferometer-
based entangled photon source [38, 39] (see Figure 1). Coinci-
dence counts between the entangled photons were recorded while
fixing the angle ©; of the HWP in analyzer, Al, to project onto
various polarization bases, and simultaneously rotating the angle

0, of the HWP in analyzer, A2, from 0° to 180°, for different values
of geometric phase ¢ induced by the HWP angle 6;; of the GP
setup. The results are presented in Figure 3.

As shown in Figure 3a, for ¢ = 26;; = 0°, the coincidence counts
at four polarization bases, H (black), V (red), D (green), and A
(blue) corresponding to ©, = 0°, 45°,22.5°, and 67.5°, respectively,
follow the expected sinusoidal modulation. The interference
visibility in the H/V and D/A bases was measured to be greater
than 0.94 and 0.91, respectively, without applying any corrections
to the experimental data. The corresponding measured CHSH
Bell parameter S = 2.63 confirms the generation of a high-purity
entangled state. We repeated this measurement for geometric
phases ¢ = 26, = 7 /4, n/2, 37 /4, and 7, with results shown
in Figure 3b-e. The interference visibility in the H/V bases
remained consistent across all values of geometric phase, with
slight variations in maximum coincidence counts attributed to
changes in the relative amplitudes of the H and V components of
the pump beam (see Figure 2a) due to the residual birefringence
of the HWP of the GP setup. In contrast, while the D/A basis
interference visibility remains high and comparable to that in
H/V for ¢ = 0, 7/2, and 7, no interference is observed in D/A for
¢ = /4 and 37 /4. This can be understood from Equation (2),
representing the generated entangled state in the experiment.
Here, the relative phase between |[HH) and |VV), originating
from the clockwise and counter-clockwise pump beams in the
Sagnac loop is 2¢ = 46;;. As 6y varies from 0° to 90°, the state
transitions from |zp;) to the orthogonal state |1,b;;) at O = 45°,
and then returns to |zp¢j ). Consequently, interference is preserved
in all polarization bases except at 6, = 7/8 and 37/8, where
the relative phase e~*°# renders the two-photon amplitudes
distinguishable, thereby suppressing interference in the D and
A basis.

To further examine the geometric phase-dependent changes in
the quantum state, we measured the CHSH Bell parameter
S as a function of geometric phase, with results shown in
Figure 3f. The experimentally obtained values of S (black dots)
follow a sinusoidal variation, and a theoretical fit (black line)
reveals the functional form of S = a + b cos(46y,), closely resem-
bling Equation (7), with fit parameters a = \/5 and b = 1.146 <
\/E. The small deviation from the ideal maximum S = 2\/5 is
attributed to experimental imperfections such as multiphoton
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FIGURE 3 | WVariation of the coincidence counts as a function of the angle of HWP of analyzer, A2, for the angles 0° (H-Basis, black), 22.5° (D-Basis,
green), 45° (V-Basis, red), and 67.5° (A-Basis, blue) of HWP of analyzer, Al, for HWP angle, 65, of GP setup at (a) 0°, (b) 22.5°, (c) 45°, (d) 67.5°, (e) 90°.
(f) Variation of CHSH Bell’s parameter as a function of geometric phase. Yellow shaded regions identify the absence of CHSH violation for the chosen

measurement settings. Solid lines are fits to the experimental data points.

contributions, imperfect mode coupling, and optical losses. It is
worth noting that none of the presented data have been corrected
for background, dark counts, or system losses. Inclusion of such
corrections would improve the quantitative agreement of the
experimental values with theoretical expectations.

To gain deeper insight into the generated states, we per-
formed quantum state tomography. Based on coincidence counts
recorded for different combinations of polarization projections,
we reconstructed the real and imaginary parts of the two-qubit
density matrix for various geometric phase values, as shown in
Figure 4. From the real (top row) and imaginary (bottom row)
part of the reconstructed density matrix as shown in Figure 4 it
is evident that the quantum state transitions from |1,b;) to |ng)
and back to |zp¢j) for 6 = 0°, 45°, and 90°, respectively. For
intermediate values, 8; = 22.5° and 67.5°, the real part of the
density matrix remains largely unchanged, while the sign of the
off-diagonal elements in the imaginary part flips, indicating a
relative phase shift between |HH) and |V'V) components. This
corresponds to a quantum state of the form \/% [|[HH) Fi|VV)],

in good agreement with the theoretically predicted state in
Equation (2).

We further investigated the effect of the controlled geometric
phase of the classical pump beam on the generated quantum
state by analyzing the entanglement entropy and state fidelity,
as shown in Figure 5. Using the Von Neumann entropy of
the reduced density matrix approach [45, 46], we calculated
the entanglement entropy of the experimentally generated two-
qubit state as a function of the HWP angle 6;; in the GP setup.
As shown in Figure 5(a), the entanglement entropy obtained

from the experimentally reconstructed density matrices (red
dots) remains nearly constant and close to unity across different
values of geometric phase ¢, corresponding to various 6;; values.
This agrees well with the theoretical prediction (black dot)
calculated from the state given by Equation (2). A small deviation
(approximately 10%) in the entanglement entropy around 6 =
45° can be attributed to the residual birefringence of the HWP in
the GP setup, also evident in Figure 2a, which induces a slight
power imbalance between orthogonal polarization components
of the classical pump beam, thereby affecting the amplitudes of
the generated quantum state. These observations confirm that
the generated states are maximally entangled. It is also evident
that, although the geometric phase of the classical pump beam
influences the type of Bell state produced, it does not affect the
degree of entanglement.

On the other hand, the state fidelity of the generated geometric-
phase-dependent quantum state, calculated with respect to the
Bell state [ih;) = %(lHH) — |VV)), varies from 0.97 to 0.95 as

the HWP angle 6, of the GP setup changes from 0° to 90°,
reaching a minimum of zero at 8;; = 45°. The experimental result
(dots) is in close agreement with Equation (8). A small offset
observed between the experimental and theoretical data can be
attributed to the least count error of the rotational stage used to set
the angle of the HWP. Such observation confirms the controlled
generation and transition between the states |zp¢j ) |z[);f), and again
|1,b;) by simply tuning the geometric phase of the classical pump
beam. Moreover, for intermediate values of 6, the generated
quantum states deviate from ideal Bell states. These intermediate
states are basically the maximally entangled Bell-like states,
as confirmed by the results of Figure 5a and the standard
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FIGURE 4 | Real (top row) and imaginary (bottom row) part of reconstructed density matrix of generated quantum state for different values of
geometric phase, ¢ of the pump beam arising from HWP angle 65 = 0°, 22.5°, 45°, 67.5°, and 90°.
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FIGURE 5 | Variation of (a) entanglement entropy and (b) state fidelity of the generated state as a function of the geometric phase of the classical
pump beam arising from the HWP angle, 6y of the GP setup. Dots and solid lines represent experimental and theoretical results, respectively.

density-matrix formalism based quantum state reconstruction
presented in Figure 4. Notably, the transformation from |¢;) to
|zp;j), which is typically realized by applying single-qubit Pauli
operators on one qubit of the quantum state, is achieved here
through modulation of the geometric phase of the classical pump
beam.

5 | Conclusions

In conclusion, we have successfully demonstrated the direct
transfer of geometric phase arising from the cyclic evolution
of the polarization state of a classical pump beam on the
Poincaré sphere to a quantum-entangled state. Using quantum
interference measurements, we measured the transferred geo-
metric phase, free from dynamic phase contributions, with high
precision. Through quantum state tomography, entanglement
entropy, Bell inequality tests, and state fidelity measurements,
we confirmed that a simple modulation of the geometric phase
of the classical pump beam allows for precise generation, con-
trol, and manipulation of the quantum state. This includes a
controlled transformation between orthogonal Bell states, while

preserving maximal entanglement fidelity. We also observe the
generation of quantum states distinct from Bell states, exhibiting
high entanglement entropy, by imprinting different amounts of
geometric phase on the pump beam. The current study further
highlights the proof-of-principle step toward geometric-phase-
controlled quantum operations. The all-optical control method
also offers a tunable, stable, compact, and scalable approach
for realizing phase-dependent quantum operations, with sig-
nificant implications for future integrated photonic quantum
circuits.
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