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This study investigates a novel phenomenon of non-Hermitian phonon quantization in Eu®*: BiPO4 crystals
controlled by different phases. The hexagonal (H) -phase (0.5:1) with low symmetry has strongest destructive
gamma phonon quantization as compare to high symmetry phases H-Monoclinic (M) phases (12:1, 1:1) in
fluorescence (FL) region, while strong constructive dominant dressing quantization exhibits due to higher
phonon density of states in spontaneous four wave mixing (SFWM) region. Strong Spectral Autler-Townes (SAT)
is observed in (6:1) phase at small angle and time gate position (GP = 500 ns), while, strong Temporal Autler-
Townes (TAT) is studied at GP = 1ns. Also, (6:1) exhibits angle destructive quantization in FL region. Com-
parison between the H-M (12:1) phase and H = M (6:1) phases reveals that the H-M phase exhibits stronger
destructive gamma quantization in FL region due to larger gamma phonon in (12:1) phase. Moreover, H-phase
(0.5:1) exhibits large number of phonon density and shows strong constructive quantization as compare to M-
phase (7:1) in SWFM region. Additionally, two destructive dressing quantization are observed in fluorescence
region where gamma quantization is affected by additional laser. This work establishes a deterministic relation
between non-Hermitian phonon quantization and different phases of Eu': BiPO4, enabling applications in
quantum memory and tunable bandpass filters. The Band pass filter control through phonon quantization with
different phases of Eu®*: BiPO,.

1. Introduction

Rare-earth ion-doped crystals are valuable options for quantum
storage because of their important roles in light and photonic technol-
ogies [1-3]. Among these, Eu>"-doped crystals are important due to
their long coherence times and effective atomic state transitions that
allow for accurate regulation via nonlinear optical processes like pho-
tonic entanglement generation in the crystal lattice and electromag-
netically induced transparency (EIT) [4]. EIT is an important quantum
optical phenomenon that is observed in a variety of quantum systems
and permits the controlling of light-matter interactions, which are
significantly impacted by dressing field splitting effects [5-7]. Because
of their excellent ability to maintain coherence, Eu>"-doped crystals are
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especially suitable for advanced quantum uses like integrated photonic
devices, quantum memory, and all-optical switching [8].

Europium (Eu®") is interesting dopant in solid-state materials,
because of its strong lattice-spin coupling, high sensitivity and non-
degenerate multiplet structures [9,10]. For lanthanide doping, Bis-
muth phosphate (BiPO4) is one of the most researched host materials
[11]. By improving optical performance, the similar ionic radii of Eu*
(1.07 A) and Bi%* (1.11A) enable effective dopant dressing [12]. Addi-
tionally, BiPO4 has different phonon dressing that are controlled by their
site symmetries (Cy, Cy and C1+ Co) lead to different crystal-field (CF)
splitting in the Eu®t ion (5D0—>7F1 transition) [13].

These variations affect their electron-phonon coupling and optical
properties. Notably, phonon detuning effects have a major effect on
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phase transitions in lanthanide-doped BiPO4 and play a key role in
adjusting the optical and structural behavior of the material [14-17].
Furthermore, the optical dressing and crystal phase transitions utilized
to alter the atomic coherence time [18]. A predictable relationship be-
tween thermal-phonon dressings and non-Hermitian interference effects
is being observed in rare-earth-doped microcrystals [19], emphasizing
the important role that phonon interactions play in determining quan-
tum optical responses.

Our atomic-like system enables direct control of the dressing to
diphase rate ratio, contrasting with traditional waveguide and cavity
systems that manipulate coupling and gain-loss [20,21]. While previous
non-Hermitian interaction [7,22] relied on strong and weak coupling,
our system achieves natural non-Hermitian interactions through quan-
tized constructive and destructive interference. This represents the first
demonstration of exceptional point tuning via intrinsic quantization
effects, bypassing artificial gain-loss modulation [23].

Lattice symmetry play a significant role in the determination of
physical properties these crystals [5,6]. The quantization effect and size
limitation impact the symmetry breakdown in materials. The bulk 3D
materials with high symmetry (zero-dimensional quantization), the
bandgaps are dominant, while in 0D quantum dots have low symmetry,
energy levels overcome due to three-dimensional quantization. In 1D
and 2D materials, bandgaps and energy levels both coexist [24].
Reducing material size can cause symmetry breakdown, as demon-
strated in lanthanide-doped nanoprobes. Additionally, quantization ef-
fects, such as crystal field (CF) quantization driven by internal Stark
fields, can achieve symmetry breakdown in atomic-like system. This has
been observed in ion-doped microcrystals under non-resonant excitation
[25,26]. Photon-phonon dressing, arising from quantization, has been
studied in multi-wave mixing within five-level atomic systems [27],
while phonon dressing controlled atomic coherence time during phase
transitions [8].

Phonon quantization plays a key role in rare-earth-doped materials,
where lattice vibrations (phonon) and crystal symmetry strongly influ-
ence optical properties. Studies in Eu3+—doped BiPO4 reveal how phase
transitions modify phonon dressing effects [15,27], while work on
EuyZnlrOg demonstrates direct coupling between phonons and elec-
tronic excitations [9]. These findings support our investigation of
phonon-mediated spectral control. This based on previous study of
symmetry-dependent phonon interactions [10,16] while new direction
for quantum control through phonon quantization in rare-earth crystals.

Phase transitions is critical in determining the physical properties of
functional crystals like BiPO4 [5,6,10-28]. Comprehensive studies have
revealed the structural, electronic, and optical characteristics of its
various phases [12,16,29], particularly in Eu>*-doped systems where
composition dictates phase formation [15]. The transformation from
monoclinic (LTMP/HTMP) to hexagonal (HP) phases is achieved
through Ln3*/Eu®* doping, with specific ratios producing distinct phase
mixtures: 6:1 (balanced HP/LTMP), 1:1 (HP-dominant), 0.5:1 (pure HP),
7:1 (pure LTMP), and 12:1 (HP-dominant) [30]. Each combination ex-
hibits unique phonon detuning due to phase-dependent lattice vibra-
tions, demonstrating how structural changes directly modify phonon
dressing and dynamics.

Recent advancements in non-Hermitian photonics have been largely
driven by engineered systems such as meta-surfaces and plasmonic
waveguides [31,32] where exceptional points and Fano resonances are
controlled through geometric design and external gain-loss modulation.
Similarly, the broader potential of lanthanide-doped materials is
well-established [33] Our work bridges these concepts by demonstrating
that complex non-Hermitian phenomena including destructive/con-
structive quantization and Autler-Townes splitting can be achieved
intrinsically in a bulk rare-earth-doped crystal without artificial
nano-structuring. By leveraging the host's crystallographic phase tran-
sition, we provide a deterministic materials-based knob to control
phonon dressing and access exceptional points, offering a complemen-
tary approach to the external control methods employed in plasmonic
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systems [34]. This intrinsic control mechanism is particularly advanta-
geous for developing robust and tunable quantum memory elements and
optical filters within a single material platform.

In this paper, we investigated non-Hermitian phonon quantization
controlled by phase transitions between monoclinic (LTMP) and hex-
agonal (HP) phases in Eu®": BiPOy4 crystals. By varying different pa-
rameters (time gate position (GP), time gate width (GW), power,
quantization angle, phase transition and bandwidth (BW)), the phonon
quantization is studied. We demonstrate that in FL region, the low-
symmetry H-phase (0.5:1) shows the strongest destructive gamma
phonon quantization, while in SFWM region shows dominant
constructive quantization because of the greater phonon density of
states. This study has the advantage of demonstrating phonon-mediated
quantum control without the need for artificial gain-loss engineering.
This offers applications in hyperfine structure manipulation for quantum
technologies and adjustable bandpass filters.

2. Experimental setup and quantization
2.1. Experimental setup

Gamma phonon quantization and phonon density of state are studied
in pure hexagonal phase, pure monoclinic phase and mixed (hexagonal
+ monoclinic) phase in Eu®*: BiPO,4 with C2, C1 and C2+C1 symmetry,
respectively. The Eu®': BiPO4 have different molar ratios in these ex-
periments by utilizing the different combination and concentrations of
hexagonal phase (HP) and monoclinic (MP) phase with a fixed con-
centration of 5 % in each sample. The sample (7:1) corresponds to the
pure M-phase, (6:1) corresponds to the mixed [half H (50 %) + half M
(50 %)] phase, (1:1) corresponds to the mixed [more H (75 %) + less M
(25 %)] phase, (12:1) corresponds to the mixed [more H (51 %) + less M
(49 %)] phase, and (0.5:1) corresponds to the pure H phase. In our
experiment, the samples were held in a cryostat (CFM-102) with liquid
nitrogen as temperature controller.

We used two tuneable dye laser (narrow band 2 GHz) and (broad-
band 5 GHz) driven by an injection-locked single-mode Nd: YAG laser
(Continuum Power lite DLS 9010, 10Hz repetition rate, 5ns pulse width)
to produce a pumping field. Fig. 1(al) shows pure Eu>* ion °Dy (excited
states) to 7F1 (ground states) transition without CF splitting level. Fig. 1
(a2) shows 5D0 to 7F1 transition of Eu*: BiPO4 with pure crystal field
splitting at ground state. Fig. 1(b1-b3) shows the fine structure of Eu®*:
BiPOy4 crystals for three CF levels (Mj = —1, 0, +1) excitation, which
exhibits transition ("F; — ®Dg) between the |k) and |1y levels. Following
the loop through the single excitation H; and de-excitation H1 (Fig. 1(b))
yields the out-of-phase FL signal Hy;, is generated by following the closed
loop through single excitation H; and de-excitation H; Fig. 1(b). The in-
phase SFWM Stokes Hs anti-Stokes Hugs signals are generated by
following the closed loop under phase-matched condition k + k' = kg +
kas produced by two excitations Hi (w1, k1) and its reflection H, (w,k;)
and one de-excitation Hg ¢ Fig. 1(b).

The spectral signals in Eu>*: BiPO4 crystals are obtained by varying
the time GP and GW [35], using narrowband and broadband lasers (570
nm-610nm). Temporal profile is achieved by connecting these spec-
trums at different decay rates (ms) and GW (ps). The three PMTs are
positioned at different polarization angles, i.e., PMT1 at 60°, PMT2 at
30°, and PMT3 at 35° (0; > 03> 63) as shown in Fig. 1(c). In this
experiment, we demonstrated that the H-phase (0.5:1) exhibits strong
dressing quantization compared to (6:1), (12:1), (7:1) and (1:1) phase
because of larger gamma phonons quantization and the phonon density
of states, by controlling time gate width (GW), time gate position (GP),
detecting angles, laser and power.

Both the FL and SFWM signals were produced in the same spectral
range of the 5D0 - 7F1 transition (570 nm-610 nm). Both signals were
separated temporally throughout detection. The coherent SFWM signal,
which was distinguished by its long decay scale, being detected at
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Fig. 1. Energy level of Eu3+ ion, Crystal field splitting of 7F1 energy level (b) Dressing assist CF quantization (c) Schematic diagram of emission and detection of the
spectral signal at different polarization angles (PMT1(600), PMT2(300), PMT3(350)). (d) Band filter controlled by time gate width.
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Fig. 2. Destructive quantization is larger than constructive quantization, (a) Different phase transition gamma destructive quantization, (b) Different phase transition
G constructive quantization, (c) shows ground state 7F1 dressing sub-level for three CF levels.
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increased GP and the incoherent FL signal, which was an instantaneous
linear process, being captured at shorter GP. This time-gating approach
permits the separation and independent investigation of these two
quantum optical effects from the same system.

2.2. Phase transition quantization

2.2.1. Three-dimensional quantization for peak and dip signal

The interplay between photon-phonon dressing and crystal field
quantization gave rise to phase transition in Eu®*: BiPO4. The phase
transition quantization in Eu®': BiPO, is influenced by 2D and 3D
quantization. Peak and dip quantization have two projections, with peak
intensity and dip intensity projections in Fig. 2(a and b). The peak in-
tensity along x-axis and dip intensity along y-axis. Three-dimensional
dressing field quantization originates from the external field while
two-dimensional crystal field quantization originates from stark field
and produces external field quantum precession around the z-axis. This
leads to the frequency shift (linewidth) along z-axis. The energy between
levels and DOS is directly proportional to quantization in Fig. 2(a and b).

2.2.2. Five phase transition 2D quantization

Phase transition can be achieved through dressing assisted field
quantization, which originates from laser and phonon fields along the z-
axis in Fig. 2(a and b). In Eu®t: BiPOy4, the quantization of 7F1 leads to
the splitting of energy levels in Fig. 1(b) respectively. Compared with 2D
quantization, 3D quantization has an extra Y-axis. The DOS along Y-
directional projection corresponds to peak. The DOS and dressing are
inversely proportional to the frequency quantization gap, but they
cannot coexist simultaneously. In general, external field quantum pre-
cession up = —gu, M; makes quantization, which leads to the energy
between levels along z-projection AEz = —gu, ME cos(a;+ap) in
Fig. 2. Where «; corresponds to laser field and a;,; responds to different
phonon phase transition (12:1, 1:1, 0.5:1, 7:1, 6:1). The frequency
splitting of 12:1 phase is smaller along z-axis as compared to 1:1 phase,
while 0.5:1 phase exhibits the largest frequency splitting and largest
DOS, which results strong gamma quantization in Fig. 2(a). However,
7:1 phase shows the smallest frequency splitting when compared to 6:1
phase, 1:1 phase, and 0.5:1 phase. The density of states in the 0.5:1
phase is the highest in G quantization in Fig. 2(b). 0:5:1 exhibits the
strongest quantization due to large phonon density, while 12:1, 1:1. 7:1
shows weak quantization due to phonon density is small. In gamma
quantization, 0:5:1 exhibits strongest quantization as compared to 1:1,
12:1 due to larger gamma phonon.

The dressing field quantization is caused by the laser field and
phonon field along z-axis, which produces quantization of 7F1 in Fig. 2
(a2), which correspond to dressing sublevels in Fig. 2(c) for Fi1>> G'. The
upward precession cone corresponds to three bright states (Fig. 2(b))
(++, +-, -), which originates from initial CF level (m; = + 1). The
internal first bright state is from photon dressing |+ > = sin(6;)|0 > +
cos(6;)|2> and dark state A] = 0 while external bright state is from
phonon dressing |+ > = sin(6; +6y;) |+ > cos(6; +65)|1 > and dark
state Ay, = A7. For G>>Tl;, have two dressing which corresponds to
dressing sublevel in Fig. 2(c). The upward precession cone corresponds
to three bright states (Fig. 2(b)) (++, +-, -), which originates from
initial CF level m; = + 1. The internal first bright state is from photon
dressing |+ > = sin(6;)|0 > +cos(6;)|2 > and dark state AT = 0 while
external bright state is from phonon dressing |i > =sin (é)i +9pi) |+ >+
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cos(6; +6y;)|1 > and dark state A;l = A}. The frequency splitting (along
z-axis) among three bright states and density of state (along x-axis) are
determined by the photon-phonon dressing fields.

3. Theoritical model

CF quantization (DC-like) in Fig. 1(a2) has three energy level, like
dressing assist CF quantization (AC-like) in Fig. 1 (a3). Moreover, CF
quantization shows one directional level (|]1>, |4>, |3>) response to (Mj
=0, +1, —1), and dressing assisted CF levels (|0>, |1>, |3>) response to
Mj = +1, 0, —1) respectively.

Two levels (]1>, |3>) remain the same for both quantization, how-
ever, the CF level |4> degenerate to |0> dressing assist CF level.

3.1. FL NON-HERMITIAN quantization and interaction IN Eu3+: BiPO4

AC quantization have three levels (+1,0, —1) while DC quantization
have two levels (mj = -1, 0) which are overlapped with AC. So, DC have
similar level but formula is different because dressing is different. In CF
photon-phonon dressing is zero. But generation is not zero. The second
order density matrix element FL AC-like quantization for Cascade dou-

. -
ble dressing case via perturbation chain pf)%) ﬂp(zg —1>p<222) s péog) }—Ilp%) _1)/)(222),

H, H, .
pﬁ) —1>/)<211) —1>/)<222) can be written as.

Phansoy = |G cos@) /(T8 +i85 + |G x cos(@)[" / (I +iA8) + .

2
|Gy x cos(01 4+ 6,) | /(T + i — iap, ) )T,

(€}
Piitamy 1y = |GT| /(T + 187 +1GF x cos(@)* / (T3 +iA}) + . .
|G x cos(6;+6,1) 2/(1";0 +idl —iah) )T
Pyam— = |G [/ (T +i87 +]G7 x cos(@)f /(T +187) + ..
2
..... ’6;2 x cos(0; + 0,) / (113 +iA] — iA;2>)1"2’2
3

III.1. SFWM AC & DC-like Quantization
III.2. Temporal Autler-Townes splitting

The temporal intensity of FL signal determines the TAT splitting
which can be written in Eq. (7) via second-order FL density element.

Ips = ‘pl"L/S |2 {eretz ® @+e 50/ g efs @

3.2. SFWM AC & DC-like quantization

AC quantization have three levels (+1,0, —1) while DC quantization
have two levels (mj = -1, 0) which are overlapped with AC. So, DC have
similar level but formula is different because dressing is different. In CF
photon-phonon dressing is zero. But generation is not zero. The second
order density matrix element FL. AC-like quantization for Cascade dou-

. . . H (1H H 1)H
ble dressing case via perturbation chain pf)%) —1>p<21)> —1>p<222> s pg —1/)&13) _1)/)(222)’
H (1) .
P 9=p8)3p2) can be written as.
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3.3. Temporal Autler-Townes splitting

The temporal intensity of FL signal determines the TAT splitting
which can be written in Eq. (7) via second-order FL density element.

®] (7)

2/ p

Tis = |ppuss|” [ €670 0@+ e )

4. Experimental results

The experimental part of this paper consists of four sections, which
are classified as destructive gamma phonon quantization at FL region in
three different phases (12:1, 1:1, 0.5:1) of Eu’t: BiPO4 (Fig. 3); phonon
quantization with TAT and SAT splitting at FL region in 6:1 phase
(Figs. 4 and 5); constructive frequency phonon quantization in SFWM
region in four different phases (7:1, 6:1, 1:1, 0.5:1) (Fig. 6); phonon
quantization with single and two-laser FL destructive dressing in-
teractions in 12:1 phase of Eu®t: BiPO4 (Figs. 7 and 8).

4.1. Destructive gamma phonon quantization for phase transition of
Eu®*: BiPO,

Fig. 3 shows destructive gamma phonon quantization by comparing
three different phases (12:1, 1:1, 0.5:1) of Eu®*: BiPO,4 by changing the

time gate position (GP) at different quantization angles through
narrowband excitation at fixed time gate width (600 ns). Small angle
(PMT2) spectrums (Fig. 3(al, bl, c1)) show peaks (weak dressing),
while large angle (PMT1) spectrums (Fig. 3(d1, el, f1)) show dips
(strong dressing). To explain this exceptional phenomenon, we intro-
duce destructive quantization. According to angle quantization theory,
AEz; = —gu, myE; cos(6;) small angle exhibits more dressing Rabi fre-
quency |Gi1{2 /(T%, +i6s/as —1AY) in Egs. (1)-(3). The experimental re-
sults are inversely proportional to the theory. So, compared with Fig. 3
(a, b, ), Fig. 3(d, e, f) shows the destructive angle quantization due to
I', increasing. Moreover, increasing GP follows the time decay curve.
Changing GP brings transformation in I, quantization by selecting
different level, where a notable change in signal can be observed.
Increasing GP also make decrease in out-of-phase ((I'; = G!)) and re-
sults in CF splitting in Fig. 3(d4-d6, e4-e6, f4-f6). At GP (500 ns) PMT2
spectrums show broad peaks for all phases (12:1, 1:1, 0.5:1) in Fig. 3(al,
b1, c1) due to weak phonon F}L quantization (G dominant). The weakest
dressing dips along broad peak can be seen in Fig. 3 (a). By increasing GP
(800 ns), the intensity of broad peaks decreases in Fig. 3 (a2 and c2),
however broad peak converted to narrow peak with increased intensity
in Fig. 3(b2). For this change in Fig. 3(a2, b2 and c2), the I}, quanti-
zation become weaker. By increasing more GP(1 ps), the peaks intensity

FL P
’;3 m @l k ®b /\_' (CI)
H s (a2 Y A ((1?:3)) ——/’\\— (€2)
£ AN @3) AN (bd) f\/\ (€3)
=
g (ad) (c4)
2 AN SN ) AN ()
= a5)
SN _CF ‘(36) /\/\ (b6) (c6)
5"70 610 Wavelength(nm) 570 610
w d1) M\-‘\/. (el) M ()
£
) — d3) AL @) TN (B3)
g —___./\'/\\...(dS) IAVAN O [—— N
= A /\/\ (e5) AN\ (t5)
(@6) (c6) (t6)
T T | ]
570 610 Wavelength(nm) 570 610

Fig. 3. Shows spectral signal comparison of Eu®*: BiPO, for three phases (12:1, 1:1, 0.5:1) at high power (9 mW) through narrowband excitation by changing time
gate position GP (500 ns, 800 ns, 2 ps, 5 ps, 10 ps, 15 ps), with fixed time gate width (600 ns), (a) (b) (c) at small angle (300) PMT2 while (d) (e) (f) at large angle
PMT1 (600) of (12:1, 1:1, 0.5:1), respectively.
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Fig. 4. Shows spectral and temporal intensity from half HP and half LTMP (6:1) of Eu®>": BiPO, through broadband excitation at room temperature and high power at
smaller angle (300), (a, b, ¢) shows overlapping spectral signal at changing GW = 200ns-15 ps while GP is fixed (1ns,500ns,1 ps), respectively. (d, e, f) is connecting
figures of (a, b, c) respectively. (g, h, i) shows the spectral-temporal signals at changing GP (200 ns?25 ms) with fixed GW (200ns,1 ps,15 ps), respectively.

become increase (increasing G) in Fig. 3(a3, b3, ¢3), however the line-
width in Fig. 3(a3) is much greater than Fig. 3(b3, c3). By increasing GP
(5us-15 ps), the highest peak intensity split in two distinguish dips (CF)
in Fig. 3(a4-a6, b4-b6, c4-c6), where F}L and G quantization become
equal (T, = G}). At PMT1 near GP (500 ns) the (1:1 and 0.5:1) phases
spectrums have broad dips in 3(el and f1), however (0.5:1) has the
strongest dressing and (12:1) has two dips in Fig. 3(d1) because of strong
phonon F}L quantization exists. The strongest destructive quantization
can be observed in (0.5:1) phase in Fig. 3(f1). By increasing GP (800 ns),
gamma quantization decreases and the dressing in Fig. 3(d2, e2, f2)
decreases. More increasing GP(1 ps), the G effect increasing and two
dressing dips convert to weak peak in Fig. 3(d3), however in Fig. 3(e3)
weak peak-dips is obtained. But in Fig. 3(f3) remain dressing dip.
Increasing GP(5us-15 ps), all the phases 3(d4-d6, e4-e6, f42-f6) show
two distinguish peaks (CF splitting), because the G effect increases and
equal to gamma quantization. The turning point (CF splitting) in all
Fig. 3(d4, e4, f4) appears at same time. Also, we observed at PMT2, all
phases show CF quantization at same point (Fig. 3(a4, b4, c4)). The
transition between ground state 7F1 sublevels and excited state 5D0O
with six sub-levels is in Fig. 3(f1). There exist six bright states and four
dark states from CF level (Mj = — 1,0, + 1), which results from photon-
phonon dressing. Further, the dressing sub-levels for Fig. 2(cl) are
explained (See Supplementary). In Fig. 3(el) destructive dressing ex-
hibits four dressing, which already explained in Fig. 3(d1). The five
dressings correspond to Fig. 3(f1) are explained (See Supplementary).
By comparing different phases (12:1, 1:1, 0.5:1), we concluded that in
Fig. 3 at larger angle, the (0.5:1) phase has more destructive quantiza-
tion as compared to (12:1, 1:1), while at small angle, (12:1) has more
constructive quantization than (0.5:1, 1:1) in FL region.
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4.2. Destructive quantization with TAT and SAT splitting

Fig. 4 shows SAT splitting and TAT dressing quantization at PMT2 by
changing GW and GP of H = M phase (6:1). At GW = 200 ns, PMT2
spectrums in Fig. 4(al) shows broad peaks at GP (1 ns) obtained by weak
I't, quantization. Increasing GW (800ns-1us), the spectrum peak in-
tensity in Fig. 4(a2-a4) become weaker due to gamma decreased.
Increasing GW (5us-15 ps) further, multi-level out-of-phase destruc-
tively interfere each other, and weak peak converted to CF splitting
along small SAT splitting exists in Fig. 4(a5-a6). The I';; quantization led
the weak destructive dressing to SAT splitting evolution, where, gamma
is almost equal G (G dominant). An increase in GP = 500 ns at GW = 200
ns, a broad peak is obtained in Fig. 4(b1) because of weak gamma
quantization. Increasing GW (800ns-1us) causes decrease in gamma
quantization and the spectrum peak intensity become weaker in Fig. 4
(b2-b3). Increasing GW (5us-15 ps), the weaker peak shows SAT split-
ting in Fig. 4(b4-b6) where G is larger than gamma quantization. More
increase in GP (1 ps), broader peak is shifted into two weak peak due to
GP increase shows in Fig. 4(cl). Increase in GW (800 ns), two peaks
intensity reached to near CF splitting in Fig. 4(c2), where G is almost
equal to gamma (gamma dominant). Increasing GW = 1 ps decrease the
gamma quantization and results in CF splitting (Fig. 4(c3)), where
gamma become equal to G. Increasing GW(5us-15 ps), increase Rabi
frequency (G), and CF splitting shows small SAT splitting in Fig. 4(c5-
c6).

In Fig. 4(c3), CF splitting occurs earlier compared to Fig. 4(a3, b3).
At small GP, weak gamma quantization is observed at small angles. As
GP increases, gamma quantization weakens further, leading to earlier CF
splitting. The time GW variation in (Fig. 4(a—c)) shows the evolution
from out-of-phase (FL) weak dressing to in-phase constructive AT
splitting in Fig. 4(a5-a6, b4-b6, c5-c6).
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The connecting Fig. 4(d, e, f) correspond to the spectral Fig. 4(a, b, c)
respectively. Non-resonance in Fig. 4(d) shows out-of-phase. However,
non-resonance in Fig. 4(e) initially shows weak out-of-phase to turning
point (Fig. 4(e5), while in Fig. 4(f) non-resonance initiated with weak
out-of-phase along small in-phase (Fig. 4(c5-c6)).

Based on resonance, the connecting temporal profile (Fig. 4(g and h)
show a splitting gap between Fig. 4(gl-g7, h1-h7), with a time delay
ranging from 0.2ps to 15 ps, known as Temporal Autler-Townes (TAT)
splitting. This TAT (Fig. 4(g and h)) corresponds to the difference
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between dressing sub-level splitting ++ of CF level + and - of CF level -
in Fig. 2(c). Moreover, The TAT splitting depends on the relationship
between gamma and G, stronger TAT observed when gamma is closer to
G, as shown in Fig. 4(h) at GW (1 ps), as compared to Fig. 4(g) at GW
(200 ns) where gamma is greater than G. In contrast, Fig. 4(i) does not
exist TAT because of greater G at GW (15 ps).

We concluded increasing GW (more multi-level interfere each other)
leads the weak dressing peak to SAT splitting at smaller angle of (6:1)
phase. In Fig. 4(b) has strong SAT splitting because of larger Rabi
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frequency at GP = 500ns. The weak in-phase non-resonance baseline
appears at far GP. Strong TAT is observed in Fig. 4(h) which relates with
strong SAT (caused dominant G) in Fig. 4(b). In next figure, results will
compare at larger angle under the same conditions.

Fig. 5 shows CF splitting and TAT evolution at larger angle (PMT1)
with the same conditions as in Fig. 4. By comparing angles spectrums in
Fig. 5(al, b1, c1), PMT1 has stronger dressing than PMT2 in Fig. 4(al,
bl, cl). According to angle quantization theory explained above in
Fig. 3, small angle exhibits larger Rabi frequency. But the experimental
results obtained in Figs. 4 and 5 are opposite to the theory. So, (6:1)
phase has angle destructive gamma phonon quantization.

At GW = 200ns and GP = 1 ns, PMT1 shows two dressing dips with
peak in Fig. 5(al) with strong gamma quantization. Increasing GW
(800ns-1us), the two dressing dips become weaker along with broad
peak in Fig. 5(a2-a3) by decreasing gamma quantization. More
increasing GW (5 ps) causes more decreasing gamma and the spectrum
converts into two distinguish peaks in Fig. 5(a4). Increasing GW (10us-
15 ps), two peaks converted to CF splitting in Fig. 5(a4-a6), where multi-
levels destructively interfere and (G = gamma). Increasing GP (500 ns)
at GW = 200ns in Fig. 5(b1) shows two weak dressing dips with broad
peak because increase in GP reduce the gamma quantization and two
dressing dips become weaker. Increasing GW (800 ns), the weak dres-
sing dips disappear and converted to broad dip in Fig. 5(b2) by weaker
gamma quantization. Increasing GW(1 ps) the broad peak split into two
peaks in Fig. 5(b3) where G is closer to gamma quantization and then
convert to CF (G equal to gamma) in Fig. (b4-b6). Increasing GP more (1
us), PMT1 at GW = 200ns shows broad peak in Fig. 5(c1) due to weakest
gamma quantization. The broad peak split in two peaks at GW = 800ns
in Fig. 5(c2) because of G effect increasing. More increasing GW (1us-15
ps), two peak intensity increases and convert to CF splitting in Fig. 5(c3-
c6).

We observed that increasing GP and GW reduce the gamma quanti-
zation which effect on spectral behavior. Increasing GW, Fig. 4 favors
SAT splitting from broad peak because of strong G at small angle, while,
in Fig. 5(a—c) larger angle shows multi-dips evolving into CF quantiza-
tion, where G is equal to gamma quantization, highlighting the angle as
a key factor in spectral behavior. At fixed GW (1 ps), varying GP (1 ns,
500 ns, 1ps) in Fig. 5(a3, b3, ¢3) show distinct spectral evolution i.e
broad peaks with weak dressing in Fig. 5(a3), two peaks in Fig. 5(b3),
and CF splitting in Fig. 5(c3). These results demonstrate how GP
changing modulates gamma quantization.

The connecting Fig. 5(d, e, f) correspond to the spectral Fig. 5(a, b, ¢)
respectively. Non-resonance in Fig. 5(d) shows strong out-of-phase.
However, non-resonance in Fig. 5(e and f) initiate with out-of-phase
and become flat. However, turning point reach earlier in Fig. 5(f4).
The connecting temporal profiles in Fig. 5(g, h, i) exhibit much weaker
TAT compared to Fig. 4(g, h, i). This weakening is caused by larger
angle-induced gamma quantization in the FL region, which suppresses
TAT. As a result, TAT is significantly reduced in Fig. 5(g and h) as
compared to Fig. 4(g and h), while did not show TAT in Fig. 5(i).

We concluded that (6:1) phase shows angle destructive gamma
quantization in FL region. Small angle at far GP = 1 ps in Fig. 4(f5-f6)
shows stronger non-resonance in-phase, while larger angle does not
exhibit in-phase (Fig. 5(f5-f6) due to more Rabi frequency at small angle.
Stronger TAT is shown at small angle in Fig. 4(g and h) having less
gamma phonon quantization. Moreover, larger angle of (6:1) phase in
Fig. 5 has weak destructive gamma phonon quantization compared to
the (1:1, 12:1 and 0.5:1) phase in Fig. 3. The (0.5:1) in Fig. 3 exhibits
stronger phonon gamma destructive quantization than (6:1) phase. In
next figure, quantization will discuss in SWFM region for different
phases. A band pass filter is a type of filter that only allows signals to go
through of specific range frequency. Using unique properties of filter, it
eliminates undesirable frequencies. It is useful in wireless communica-
tion systems and remove noises or interference. Our designed band pass
filter is made to enhance signal clarity, remove unwanted frequencies
and efficiency in wireless communication system, as shown in Fig. 1(d).
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The main principal of this special designed filter is to convert signal
arising from crystal field (acting as input (I)) into multi peaks-dips
(output O1) called multi-channel filter, while, broad dressing dips
(output 02) known as band pass filter. The important characteristics of
this filter is to generate multi peaks-dips and broad dip (Figs. 3 and 6) by
adjusting the different phases of Eu3+: BiPO4 crystal at specific GP and
GW facilitated by a control knob labelled C (photon-phonon dressing).
Moreover, the filter allows control over the selectivity of outputs (O1,
02) by adjusting the de-phase rate I';; and phonon dressing Rabi fre-
quency. The theoretical structure of this designed diode is derived from
the results depicted in Fig. (3 and 6). Meanwhile, by using the band-
width formula (BW= (Aca - Acb)/(Aca+ Acb) *100 %) the efficacy of the
band pass filter is quantified through the computation of phase quanti-
zation for two different phases (1:1 and 6:1) of Eu3+: BiPO4, yielding
percentages of 10 % and 14.5 %, respectively.

4.3. Constructive frequency phonon quantization

Fig. 6 shows constructive quantization and phonon density of state of
four different phases (7:1, 6:1, 1:1 and 0.5:1) by changing GP at different
angles in SFWM region. Small angle (PMT2) spectrums (Fig. 6 (e6, f6,
g6)) show stronger dressing dips as compare to larger angle (PMT1)
spectrums (Fig. 6(b6, 6, d6)). So, experimental results in Fig. 6(b-g) are
directly explained by the angle quantization formula AEz = —
g, myEicos(6;) and  dressing terms |G} |2 / (Tl —iA] +idasys)
(i=-1,0,+1) in egs. (4)-(6). By comparing with Fig. 6(b, c, d), Fig. 6(e,
f, g) exhibits constructive angle quantization due to phonon density rabi
frequency increasing in SFWM region.

All spectrums shown in Fig. 6(a-g) have linear and circular quanti-
zation. Both quantization can transform by varying time GP. At GW =
500 ns, GP = 20 ps (near SFWM region), the (7:1) phase spectrum at
PMT1 shows two peaks (linear and circular) due to weak phonon density
in Fig. 6(al). Increasing GP (80us-500 ps), both linear and circular
quantization increases in Fig. 6(a2-a6) due to phonon density increases
because of more photon-phonon interaction in this region. This means
increasing phonon density has no significant effect on (7:1) phase. In
contrast, the (6:1) phase spectrums in Fig. 6(b1-b2) also shows linear
and circular peaks at GP (20us-80 ps) due to weak phonon density. By
increasing GP (100 ps) in Fig. 6(b3), the phonon density become larger
and weak linear dressing is observed, While, circular dressing is negli-
gible because of G; = I';; ,. Increasing Furthermore, increasing GP
(200ps-500 ps) in Fig. 6(b4-b6) the weak linear dressing remains con-
stant and do not any significant change. Moreover, the phase (1:1) shows
the same phenomenon in Fig. 6(c1-c6) as (6:1) phase in Fig. 6(b1-b6).
However (1:1) has stronger phonon density, so (1:1) exhibits stronger
linear dressing in Fig. 6(c2-c6) as compare to (6:1) phase in Fig. 6(b3-
b6). Furthermore, the phase (0.5:1) in Fig. 6(d1-d2) exhibits two peaks
same as in Fig. 6(b1-b2). Increasing GP = 100 ps, the circular dressing
become stronger than the linear dressing in Fig. 6(d3). The nested
phonons make circular dressing stronger and minimize the linear photon
with a very weak dressing dip. By increasing GP (100us-500 ps) in Fig. 6
(d4-d6) shows strong left circular dressing and weak right circular
dressing due to Gy>»I" /20 Gf > FL /2 By comparing increasing GP,
different phases at PMT1 (7:1, 6:1, 1:1 and 0.5:1), the (0.5:1) has strong
dressing due to strong phonon density rabi frequency. So, (0.5:1) has
strong dressing than other phases, While, (7:1) has weakest dressing at
PMT1.

On the other hand, the phase (6:1) spectrum at PMT2 in Fig. 6(el)
shows peak with weak dip due to weak phonon density. Increasing GP
(80us—400 ps) causes increase in phonon density shows strong linear
dressing (GY>T9, /2) and weak circular constructive quantization Gy >
| /2 in (Fig. 6(e2-e5)). Further at GP (500 ps) shows dips at circular
quantization due to strong hyperfine gamma quantization G;>I"}; , in
Fig. 6(e6). The (1:1) phase in Fig. 6(f1) shows two weak dressing peaks
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as in Fig. 6(el). Increasing GP (80us-400 ps) shows stronger linear
dressing (G‘1)>>I“31 /2) and weak circular constructive quantization G; >
Tl in (Fig. 6(f2-f5)) than in (Fig. 6(e2-e5)), because (1:1) has larger
number of phonon density, which increase rabi frequency. However, the
hyperfine gamma quantization makes multi dips at larger GP (500 ps) in
Fig. 6(f6). The (0.5:1) phase shows initially strong circular and very
weak linear dressing in Fig. 6(g1). The circular dressing become stronger
with increasing GP (80 ps-500 ps), while linear dressing is still weak in
Fig. 6(g2-g5). Further at GP (500 ps) shows strong circular quantization
due to hyperfine gamma quantization Gy >I'_; , in Fig. 6(g6).
H-phase (0.5:1) has higher phonon density of states [19] results in

larger phonon dipole (ypl), which leads to a larger phonon Rabi fre-

quency (GLI>. The H-phase exhibits strong dressing as compare to

(M-phase (7:1), H-M phase (1:1) and H = M phase (6:1)). Analysis
revealed that larger phonon density of states in H-phase is characterized
by high dressing. The H-M phase display relatively less phonon density
of states response compared to H-phase. The H = M phase demonstrated
comparable phonon coexist of both H and M phases. M-phase exhibited
smaller phonon density of states, indicating pure M-phase exhibits weak
dressing. Therefore, we concluded that H-phase has larger phonon
density of states and exhibits more dressing. Thus, the H-phase has
larger gamma quantization (five-dressing) with broader linewidth (24
nm), as shown in Fig. 3(f1), compared to the constructive G quantization
(three-dressing) with linewidth (20 nm), shown in Fig. 6(g2). H-phase
shows strong gamma destructive quantization in Fig. 2(a) and
constructive quantization in Fig. 2(b).

We concluded that H-phase (0.5:1) shows strong constructive
quantization due to more phonon density of state at both smaller and
larger angles in SWFM region. While, M-phase (7:1) with less phonon
density exhibits weak constructive quantization in SWFM region.

4.4. Phonon quantization with single and two-laser FL destructive
dressing interaction

Fig. 7 shows destructive gamma phonon quantization of (12:1) phase
at different time GP, GW and quantization angles through narrowband
excitation in FL region. The (12:1) shows angle destructive quantization
as already discussed in above Fig. 3(a—d). In Fig. 7, comparison of
spectrums evolution can be observed by changing GP and GW. At GP =
500 ns, in FL region (GW = 500ns-2us) at PMT2 spectrum in Fig. 7(al-
a3) has broad peak because of weak gamma quantization. Increasing
GW = 5us-15 ps leads to CF quantization in Fig. 7(a4-a6), where multi-
level interferes each other. While increasing GP (1.5 ps), the broad peak
is observed in Fig. 7(b1) at GW = 500 ns, and gamma is weaker by
increasing GP. Increasing GW = 1us-15 ps shows the same phenomenon
in Fig. 7(b2-b6) as in Fig. 7(a2-a6) that is leading to CF quantization,
however at GP (1.5 ps) two peaks earlier appear in Fig. 7(b3) because
increased GP make the out of phase weak. In contrast, at GP = 500ns in
FL region (GW = 500ns-1us), PMT1 shows strong dressing dip in Fig. 7
(el-e2) because larger gamma quantization (F}d»Gi) exhibits. The
strong dressing dip (Fig. 7(el)) gradually become weaker and evolved to
two dips along peak (Fig. 7(e3)) with increasing GW (2 ps) as multi-level
interfere each other and make out of phase weak. More increasing GW =
5us-15 ps leads to CF quantization in Fig. 7(e4-e6), because multi-level
interferes each other and gamma become equal to G quantization.
Increased GP (1.5 ps) brings change in strong dressing dip (Fig. 7(el)) to
multi dips alignment in Fig. 7(f1) at GW = 500 ns, because the gamma
quantization decreases. Increasing GW = 800ns-2us the multi-dips
alignment converts into multi peak-dips in Fig. 7(f2-f3) due to gamma
decreases. The multi peak-dips are evolved into CF splitting is observed
in Fig. 7(f4-f6) with increasing GW (5us-15 ps) where multi-level out of
phase completely balances each other. According to dressing sub-levels,
the broad dip in Fig. 7(f1) can be explained by four destructive dressing
7(f1-f2) already explained above. One the other side fix GW = 200ns in
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FL region (GP = 500ns-2us) at PMT2 spectrum in Fig. 7(c1-c3) has broad
peak because gamma quantization is weaker at small angle. Increasing
GP = 5us-15 ps leads to CF quantization in Fig. 7(c4-c6), because gamma
quantization decreases and become equal to G. An increase in GW (1 ps),
the broad peak in Fig. 7(c1) become more increase in Fig. 7(d1) due to
gamma quantization weaker at GP = 500ns. Increasing GP = 1us-15 ps
gamma quantization come close to G and the peak split in two peak
(Fig. 7(d3)) and then goes to CF (Fig. 7(d4-d6) where gamma quanti-
zation is equal to G. In contrast, PMT1 at GW = 200ns in FL region (GP
= 500ns-1us) larger gamma quantization exhibits, where spectrums
have dressing dips in Fig. 7(g1-g2). Increasing GW (2 ps), the strong
dressing dip become weaker and evolved to two dips along peak (Fig. 7
(g3)), as multi-level interferes each other and make out of phase weak.
More increasing GW = 5us-15 ps leads to CF quantization in Fig. 7(g4-
g6). Increased GW (1 ps) decrease dressing and change the broad dres-
sing dip (Fig. 7(gl)) into two dressing dips in Fig. 7(h1-h2) at GP =
500ns-800 ns? Increasing GP = 2 ps the two dips dressing converts into
multi peak-dips in Fig. 7(h3) where gamma is closer to G. The multi
peak-dips are evolved into CF splitting is observed in Fig. 7(h4-h6) with
increasing GP (5us-15 ps).

We conclude that in FL region changing GP at fix GW or changing
GW at fix GP has almost same effect i.e leading to CF quantization from
broad peak at small angle and from strong dressing dip at large angle.
(12:1) phase in Fig. 7(g) has mixture ratio (51 % HP + 49 % MP), so it
has low asymmetry with more level splitting (strong dressing) as
compare to (6:1), (7:1) in Figs. 5 and 7(a), respectively. However (12:1)
has less level splitting as compare to (0.5:1) and (1:1) in Fig. 3. So, we
conclude that in FL region (12:1) is more destructive as compare to
(6:1), (7:1) but it is constructive than (0.5:1) and (1:1) which is already
discussed in Fig. 3. In next figure, two laser behaviors in FL region for
(12:1) phase will compare with single laser.

Fig. 8 shows the comparison of (12:1) phase of single laser and two
lasers destructive dressing interactions in FL and AT region. Single laser
spectrums show broad dips at larger angles (PMT1, PMT3) in (Fig. 8(al-
a2, c1-c2)) because of strongest F}L quantization at GP = 200ns and GW
= 500ns-800ns. Increasing GW (1us-15 ps), leads the dip alignment to
CF splitting (Fig. 8(a5-a6, c5-c¢6)). The smaller angle PMT2 spectrum
(Fig. 8(b1-b2)) shows two dips with peak at GP = 200 ns, GW =
500ns-800ns because of weak I'}; quantization. Increasing GW (lus-15
us) the peaks converted into CF splitting (Fig. 8(b5-b6)). The single laser
shows angle destructive quantization in FL region as we discussed in
Fig. 7.

Fig. 8(d1) shows weak dressing dip due to two destructive dressing
(G1 and G2) interaction from Eq. (3). This destructive dressing inter-
action can be controlled by the dressing angle («) in the cross term

(|G?|G|cos(a)). A destructive dressing interaction is observed when
(o = ) as depicted in Fig. 2(b) [36]. When the TGW increases in Fig. 8
(d2)), the destructive interaction is reduced due to reduction in dressing
angle n/2<a<m. Further, increasing the time gate width, the destructive
dressing is vanished due to dressing angle become =/2 in Fig. 8(d3-d6).
However, at small angle in Fig. 8(el-e6), the destructive quantization is
reduced due to reduction in two dressing angles o = 5z/6,

|G{?[|GS |cos(a) < 0. Furthermore, at large angle angle PMT 3 in Fig. 8
(f1-f6), the destructive dressing is completely vanished. We concluded
that in Fig. 8(a—c) single laser shows strong dressing dips while two laser
interaction shows weak dressing (negligible) because of additional laser.

5. Conclusion

In summary, this study depicted that non-Hermitian phonon
destructive gamma quantization controlled through different phases of
Eu3+: BiPO4. In atomic like system different phases can be regulated by
key parameters (GW, GP, quantization angle, power and bandwidth).
We studied that H-phase (0.5:1) has strongest dressing and shows more
destructive quantization at larger angle because larger gamma exists,
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while more constructive at small angle due to G in FL region. Angle
destructive quantization is observed in (6:1) phase. Also, Strong TAT
and SAT splitting has been investigated in FL region in (6:1) phase.
Larger phonon density of state is studied in H-phase (0.5:1) as compared
to M-phase (7:1), where H-phase (0.5:1) shows strong constructive
quantization in SWFM region. Moreover, (12:1) phase has angle
destructive quantization in FL region. Also, single-laser result in strong
destructive dressing compared to two-laser interactions in (12:1)
because additional laser cancels the gamma quantization effect.
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