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Abstract

:

In this paper, we explore the asymmetry observed between the effects of photon–phonon coupling (nested-dressing) and a crystal field (CF) on the fine structure of fluorescence (FL) and spontaneous four-wave mixing (SFWM) in Eu3+: BiPO4 and Eu3+: NaYF4. The competition between the CF and the strong photon–phonon dressing leads to dynamic splitting in two directions. The CF leads to static splitting in one direction under weak phonon dressing. The evolution from strong dressing to weak dressing results in spectral asymmetry. This spectral asymmetry includes out-of-phase FL and in-phase SFWM. Further, the large ratio between the dressing Rabi frequency and the de-phase rate leads to strong FL and SFWM asymmetry due to photon–phonon constructive dressing. Moreover, the experimental results suggest the analogy of a spectra asymmetry router with a channel equalization ratio of 96.6%.
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1. Introduction


In recent years, researchers have made remarkable advances in regulating quantum coherence excitation in atomic mediums. This process has led to many potentially important applications, including all-optical routers [1,2], quantum memory [3,4], fluorescence resonance imaging [5,6,7,8,9,10] and the tracking of single upconversion nanoparticles [11]. Bismuth phosphate (BiPO4) has drawn significant attention as a host medium for doping lanthanide ions [12,13,14] in luminescent applications. In general, the luminescent properties of phosphors are highly influenced by the crystal structure of the host material. Europium ions are considered to be strong spectroscopic probes in various host materials because of their multiplet structure with nondegenerate first-excited (5D0) and ground (7F1) levels, respectively. Moreover, the intensity ratio of the 5D0→7FJ transition and its Stark components are helpful for understanding the local symmetry [15] at the Eu3+ site. Temperature always plays a vital role. Many studies have revealed a strong coupling of phonons with the magnetic degree of freedom reflected in the renormalization of the phonon self-energy parameters. The low-frequency phonons become sharper, while high-frequency phonons show a broadening attributed to the additional available magnetic damping channels [16].



The symmetry of out-of-phase FL and in-phase SFWM has been explored in a variety of atomic media [17,18]. The dressing effect can be manipulated via detuning of the frequency and attenuations of the laser power to control the lifetime of FL and SFWM processes in atomic-like media. The asymmetry of the crystal field (CF) with out-of-phase FL has also been explored [19,20]. However, previous reports on this asymmetry have only considered dressing or CF.



In this study, we investigated the asymmetry of dressing and CF splitting with out-of-phase fluorescence and in-phase SFWM by changing the time gate width and time gate position in nanocrystals, taking Eu3+: BiPO4 and Eu3+: NaYF4 as examples. Further, the photon–phonon dressing dynamic splitting makes 7F1 split into three levels in two directions. However, the CF static splitting leads 7F1 to split into two energy levels in one direction (x or z). Moreover, the competition between the photon–phonon dressing and CF splitting leads to spectral asymmetry, whereas asymmetry evolves from out-of-phase FL to in-phase SFWM. Finally, we showed that FL asymmetry is sensitive to the time gate width while SFWM asymmetry is sensitive to the time gate position. The large dressing Rabi frequency and small de-phase rate result in strong FL and SFWM asymmetry.




2. Experimental Scheme


In this experiment, the Eu3+-doped BiPO4 sample has a molar ratio of 12:1, obtained by utilizing a combination of the pure hexagonal phase (HP) and a fixed concentration of the low-temperature monoclinic (LTMP) of 5% Eu3+ in each sample. The HP corresponds to C2 symmetry, and LTMP corresponds to C1 symmetry. A larger hexagonal phase refers to more high-frequency phonons due to its low crystal symmetry. The phonons increase due to the enhancement in the concentration of the hexagonal phase [21]. The mixed phases (more HP and less LTMP) of (near 0.5:1) Eu3+: BiPO4 relates to the C2 symmetry. The (1:1/4) Eu3+: NaYF4 corresponds to the Cs symmetry.



The scheme of the experiment is shown in Figure 1e. The sample temperature was 300 K. We deployed a tunable dye laser (line width of 0.04 cm−1) driven by an injection-locked single-mode Nd: YAG laser (Continuum Power lite DLS 9010, 10 Hz repetition rate, 5 ns pulse width) to produce the pumping field H1 (ω1, Δ1). The pumping field H1 excited the sample and was reflected back from the crystal surface in its original path, which is named     E ′  1   , with a small angle between them.



The transition of energy levels from the ground-state 7F1 to excited-state 5D0 is shown in Figure 1(a1). The fine structure of the Eu3+-doped BiPO4 crystal was used for the 7F1→5D0 transition. The two states, the ground state 7F1 and the excited state 5D0, are shown in Figure 1(a2). The ground state 7F1 is split into MJ = 0 and MJ = ±1. Figure 1(a3) shows the dressing of Zeeman-like splitting in Eu3+: BiPO4. Figure 1(a4) shows the crystal splitting of Eu3+: NaYF4. Figure 1(b1–b3) outlines the effect of interaction between photons and phonons on the initial energy levels of 7F1, as it is observed in the fluorescence (FL) region. Figure 1c demonstrates the effect of interaction between photons and phonons on the initial energy levels of 7F1, as it is observed in the spontaneous four-wave mixing (SFWM) region.





[image: Nanomaterials 14 00671 g001] 





Figure 1. (a1) Original energy level in the free ion state Eu3+. (a2) Crystal field splitting of the 7F1 energy level for Eu3+: BiPO4 (pure crystal splitting). (a3) Dressing Zeeman-like splitting (|−1>, |0>, |1>) in Eu3+: BiPO4 (dressing-assisted crystal field splitting). (a4) Crystal splitting in Eu3+: NaYF4. (b) The FL signal generation process in a three-level system. (b1) The transitions between 5D0 and 7F1, mj = +1; (b2) the transitions between 5D0 and 7F1, mj = 0; (b3) the transitions between 5D0 and 7F1, mj = −1. (c) The SFWM signal generation process in a three-level system. (d1) Directional precession splitting, (d2) dressing field and (d3) crystal field. (e) Schematic diagram of the experimental setup with polarization angle. (f) SFWM phase matching schematic with different angles. (g) Asymmetry spectra router model. 
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The photon Rabi frequency is defined as    G i  = −  μ H  H / ℏ  , where    μ H    is the dipole moment between the |m〉 and |n〉 levels. Under a local magnetic field of the crystal, |m〉 and |n〉 are the CF splitting energy sub-levels of 5D0 and 7F1 in Figure 1(a2), and H is a magnetic field. The frequency detuning is    Δ i  =  Ω  m n   −  ω i   ; here,    Ω  m n     denotes the frequency of atomic transition between levels |m〉 and |n〉 and    ω i    (i = 1,2) is the laser frequency. Relaxation of initial laser excitation with the assistance of crystal lattice phonons is mediated by the fine splitting of Eu3+ energy levels in the crystal field of BiPO4 (NaYF4). The phonon Rabi frequency is defined as    G  p 1   =   −   μ ′  H   H  p i    / ℏ   , where    μ H    is the dipole moment between levels |k〉 and |l〉 of the CF splitting energy level 7F1 in Figure 1(a1–a3). The phonon frequency detuning is    Δ pi  =  Ω  k l   −  ω  p i    ; here,    Ω  k l     denotes the resonant frequency between levels |k〉 and |l〉,    ω  p i     is the phonon field frequency, and    H  p i     is the local magnetic field, which is determined from the vibration frequency of the crystal lattice state mode. Moreover, the phonon dressing term has been widely used in this article as it is linked with the phonons of different frequencies in the samples. This is because different lattice vibrations produce phonons of different frequencies coupled to different CF splitting levels [22,23,24].



Further, photomultiplier tubes 1 (PMT1) and 2 (PMT2) were placed at different angles/positions (   θ 1    and    θ 2   ), where    θ 1  <  θ 2    (Figure 1d,e). PMT1 exhibits a strong SFWM response due to a large dressing Rabi frequency    G i   , while PMT2 exhibits a strong FL response due to a large transverse de-phase rate    Γ  i j    . PMT3 exhibits a strong hybrid (FL+SFWM) response due to    Γ  i j   ≈  G i   . The PMT angle    θ i    (angle between the input laser beam and the output emission) is equal to the polarization angle    θ  p o l   =  θ i    (Figure 2e). The polarization angle    θ  p o l     is the angle between the laser polarization and output signal polarization. The photon dressing splitting angle    θ q    is determined from the polarization angle (Figure 1d). Moreover,    θ  0 i     (CF splitting angle) and    θ  p i     (phonon dressing splitting angle) are similar to    θ i   . The power, temperature, sample, time gate position and time gate width can control the polarization angle. This is because the spectral splitting of the z-axis in Figure 1d is in the same direction as the polarization of the laser field, phonon field and CF.



Figure 1d shows directional precession splitting (initial energy level splitting) induced by the dressing field and the crystal field. Figure 1e presents a schematic diagram of the experimental setup where PMTs are employed to detect the generated Stokes (HS), FL and hybrid signal, where    θ i    is the angle between the PMTs and the sample,    θ 1  = 60 °  ,    θ 2  = 45 °   and    θ 3  = 30 °  . The output Stokes (HS)/anti-Stokes (HAS) signals are generated under a phase-matched condition (   κ 1  +   κ ′  1  =  κ S  +  κ  A S    ) because of the interaction with the energy levels of Eu3+: BiPO4. PMT1 and PMT3 are precisely placed to detect a hybrid signal (FL + Hs/AS) with dominant out-of-phase (different radiation direction) FL emissions, whereas PMT2 is placed near the sample to detect the generated in-phase (same radiation direction) spontaneous four-wave mixing (SFWM). The SFWM phase matching condition (K1 + K’1 = KS + KAS) with angles (   θ s   ,    θ  a s    ,    φ s    and    φ  a s    ) is shown in Figure 1f. The    θ s    and    θ  a s     determine where Stokes and anti-Stokes are generated. When the    θ s    and    θ  a s     are small, the resulting stokes and anti-stokes are close to the sample location. The    φ s    and    φ  a s     determine the generation of Stokes and anti-Stokes amplitudes. When the    φ s    and    φ  a s     are small, the Stokes and anti-Stokes amplitude are large. There are two methods of achieving parity–time symmetry breaking (energy level splitting). The first is to change the size of the nanomaterial, and the second is to apply the external field, either constant [25] or alternating [26]. The effect of a constant electric field on the splitting of energy levels is known as a Stark effect, and the effect of a constant magnetic field is known as the Zeeman effect [27,28]. The CF induces energy level splitting (7F1, MJ = ±1,7F1, MJ = 0) through the static splitting alignment in the case of weak phonon dressing. Starting from the splitting in the crystal field, the coupling between photons and phonons further splits energy levels. Eventually, splitting of both fine structures was induced by the crystal field and induced by photon–phonon coupling.



The signal can be chosen from specific energy levels by changing the time gate position (time delay) and time gate width (integration duration). As a result, the time gate position may influence the FL/Hs ratio. Since FL and Hs decay at different rates, they can be recognized at the PMT using a boxcar time gate. The time gate width can also be used to change the number of photon emissions that are observed [29,30]. The observed signal originates from a single energy level with an unclear dressing effect if the time gate width is narrow enough.



2.1. Theoretical Model


The crystal field (E) splitting originates through a Stark field and demonstrates angular momentum precession around the z-axis (Figure 1(d1)). In general, angular momentum precession    μ E  = − g  μ 0     m J    causes splitting, which leads to the energy   Δ  E Z  = − g  μ 0   m J  E cos  θ  0 l    . Here,   Δ  E Z  =  m J   , and   Δ  E Z    is a z-direction projection that represents discrete energy, which causes level splitting (mJ = ±1, 0). In Figure 1(d3),  g  is a Landau factor for the crystal field, and    μ 0    is the electric moment. The CF splitting angle    θ  0 l     reflects the quantum numbers (mJ).



Dressing field (H) splitting or static splitting without flat alignment are shown in Figure 1(d2). Here, the intensity of the pure CF splitting level and the intensity of its dressing field CF level (mJ = +1, 0, −1) become equal (J = 1). On the other hand, dressing field splitting produces angular precession    μ E  = − g  μ o     m J    along the z-axis, as shown in Figure 1(d1). This leads to energy splitting   Δ  E Z  = − g  μ o     m J   E l  cos  θ l    and   Δ  E Z  = − g  μ o     m J   E  p l   cos  θ  p l    , where     θ   l     and    θ  p l     correspond to quantum numbers    m J   ,    μ o    is the electric moment and   Δ  E Z    is discrete energy, which causes the splitting of the dressing to assist CF levels in Figure 1(d2). Moreover, the photon dressing field further produces dressings with bright- and dark-state sublevels or hyperfine levels (Figure 1f). The internal splitting has two parts: one is the “density of state” (DOS), which is shown horizontally (  Δ  E x  = − g  μ E   m j  E sin  θ  0 l    ) and represents the x-direction projection, and the other one is energy or frequency (  Δ  E Z   ), which is led by energy along the z-axis, as shown in Figure 1(d1). Here, DOS is inversely proportional to the frequency splitting gap.



The transition dipole moment between 5D0 and 7F1 can be calculated as    μ  k l   =  ∑      m ′  J  |  m J       μ o   , where (    m ′  J    = 0) indicates excited-state splitting and (   m J    = −1, 0, +1) represents ground-state splitting. Similarly, the transition of phonons between sublevels can be calculated as    μ  p 1   =    m J  = + 1 |  m J  = 0    μ o   ,    μ  p 2   =    m J  = − 1 |  m J  = 0    μ o    and    μ  p 3   =    m J  = + 1 |  m J  = − 1    μ o   . The photon Rabi frequency    G i  ≅ |  H i  | |  μ  k l   | × cos  θ l  / ℏ   causes splitting of the magnetic dipole transition between 5D0 and 7F1 (Figure 1a). Meanwhile, the phonon Rabi frequency    G  p l   ≅ |  H  p l   | |  μ  p l   | × cos  θ  p l   / ℏ   causes splitting among σ−,   π   and σ+ (Figure 1c). The external field changes the phase of angular momentum, which produces magnetic torque   τ =  μ B  × B   and further results in an intensity splitting (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6).



By opening the E1 field, the     ± 1     level of the dressed second-order FL via perturbation chain    ρ  33   ( 0 )    →   H 1     ρ  32   ( 1 )    →   H 1 *     ρ  22   ( 2 )     can be written as nested double dressing:


   ρ  F L   − ( 2 )   =   |  G 1 −  ( M )  | 2    (  Γ  32  −  + i  Δ 1 −  ) (  Γ  22  −  + |  G 1 −  ( J )  | 2  / (  Γ  32  −  + i  Δ 1 −  + |  G  p 2  0  ( M )  | 2  / (  Γ  31  0  + i  Δ 1 −  − i  Δ  p 2  −  ) )    



(1)




where “−” represents the     ± 1     level, and 0 represents the    0    level. H is the laser magnetic field and    Γ  21     is the transverse decay rate between levels    1    and    2   . The lifetime of FL is    Γ  FL   =  Γ  32   +  Γ  22    . The dipole moment is    μ  H i   = − g μ J   for the photon, and it is     μ ′   H i   = − g μ  J ′    for the phonon. Here,  g  is a Landau factor for the dressing field,  μ  is a constant and i = 1, 2, 3. The |0〉 level of the dressed second-order FL via perturbation chain    ρ  11   ( 0 )    →   H 1     ρ  21   ( 1 )    →   H 1 *     ρ  22   ( 2 )     can be written as nested double dressing:


   ρ  F L   0 ( 2 )   =   − |  G 1 0  ( M )  | 2    (  Γ  21  0  + i  Δ 1 0  ) (  Γ  22  0  + |  G 1 0   | 2  / (  Γ  21  0  + i  Δ 1 0  + |  G  p 2  0   | 2  / (  Γ  31  0  + i  Δ 1 0  + i  Δ  p 1  0  )    



(2)







By opening field E1, the     ± 1     level of the dressed third-order density matrix element for ES (  ρ  ′ S  ( 3 )    ) and EAS (  ρ  ′  A S   ( 3 )    ) via perturbation chains    ρ  33   ( 0 )    →   H 1     ρ  32   ( 1 )    →   H  A S      ρ  33   ( 2 )    →   H 1 *     ρ  32 ( S )   ( 3 )     and    ρ  33   ( 0 )    →   H 1 *     ρ  32   ( 1 )    →   H S     ρ  33   ( 2 )    →   H 1     ρ  32 ( A S )   ( 3 )    , respectively, can be written as


   ρ S  − ( 3 )   =   − i  G  A S  −   G 1 −    G ′  1 −    (  Γ  32  −  + i  Δ 1 −  ) (  Γ  33  −  + i  Δ 1 −  − i  Δ  A S  −  + |  G 1 0   | 2  / (  Γ  32  0  + i  Δ 1 −  − i  Δ  A S  −  + i  Δ 1 0  + |  G  p 2  −   | 2  / (  Γ  31  −  + i  Δ 1 −  − i  Δ  A S  −  + i  Δ  p 2  −  + i  Δ 1 0  ) ) (  Γ  32  −  + i  Δ 1 −  − i  Δ  A S  −  + i   Δ ′  1 −  )    



(3)






   ρ  A S   − ( 3 )   =   − i  G S −   G 1 −    G ′  1 −    (  Γ  32  −  + i   Δ ′  1 −  ) (  Γ  33  −  + i   Δ ′  1 −  − i  Δ S −  + |  G 1 0   | 2  / (  Γ  32  −  + i   Δ ′  1 −  − i  Δ  A S  −  + i  Δ 1 0  + |  G  p 2  −   | 2  / (  Γ  31  −  + i   Δ ′  1 −  − i  Δ S −  + i  Δ  p 2  −  + i  Δ 1 0  ) ) (  Γ  32  −  + i  Δ 1 −  − i  Δ S −  + i   Δ ′  1 −  )    



(4)







For the two dark states, the    0    level of the dressed third-order density matrix element for ES (  ρ  ′ S  ( 3 )    ) and EAS (  ρ  ′  A S   ( 3 )    ) via perturbation chains is    ρ  11   ( 0 )    →   H 1     ρ  21   ( 1 )    →   H  A S      ρ  11   ( 2 )    →   H 1 *     ρ  21 ( S )   ( 3 )     and    ρ  11   ( 0 )    →   H 1 *     ρ  21   ( 1 )    →   H S     ρ  11   ( 2 )    →   H 1     ρ  21 ( A S )   ( 3 )    , respectively, whose expressions can be written as follows:


   ρ S  0 ( 3 )   =   − i  G  A S  0   G 1 0    G ′  1 0    (  Γ 21 0  + i  Δ 1 0  ) (  Γ  11  0  + i  Δ 1 0  − i  Δ  A S  0  + |  G 10 0   | 2  / (  Γ 21 0  + 2 i  Δ 1 0  − i  Δ  A S  0  + |  G  p 1  +   | 2  / (  Γ  10  +  + 2 i  Δ 1 0  − i  Δ  A S  0  + i  Δ  p 1  +  ) ) (  Γ 21 0  + i  Δ 1 0  + i   Δ ′  1 0  − i  Δ  A S  0  )    



(5)






   ρ  A S   0 ( 3 )   =   − i  G S 0   G 1 0    G ′  1 0    (  Γ 21 0  + i   Δ ′  1 0  ) (  Γ  11  0  + i   Δ ′  1 0  − i  Δ S 0  + |  G 1 0   | 2  / (  Γ  21  0  + i   Δ ′  1 0  − i  Δ S 0  + i  Δ 1 0  + |  G  p 1  +   | 2  / (  Γ  10  +  + i  Δ 1 0  + i   Δ ′  1 0  − i  Δ S 0  + i  Δ  p 1  +  ) ) (  Γ 21 0  + i  Δ 1 0  + i   Δ ′  1 0  − i  Δ S 0  )    



(6)







When dressing splits the CF splitting levels into three levels (dressing energy level splitting), it is called dynamic splitting. The FL and SFWM of the form of the formula corresponding to the energy level are the same as in the static splitting, but the splitting mode is far different, which will not be described here.



By opening field E1, the dressed second-order FL via perturbation chain    ρ  00   ( 0 )    →   H 1     ρ  20   ( 1 )    →   H 1 *     ρ  22   ( 2 )     can be written as nested double dressing:


   ρ  F L   + ( 2 )   =   |  G 1 +  ( M )  | 2    (  Γ  20  +  + i  Δ 1 +  + |  G  p 1  +  ( J )  | 2  / (  Γ  10  +  + i  Δ 1 +  − i  Δ  p 1  +  + |  G 1 0  ( M )  | 2  / (  Γ  20  0  + i  Δ 1 +  − i  Δ  p 1  +  + i  Δ 1 0  ) )  Γ  22  +     



(7)







For the two dark states of the dressed third-order density matrix element for ES (  ρ  ′ S  ( 3 )    ) and EAS (  ρ  ′  A S   ( 3 )    ) via perturbation chains    ρ  00   ( 0 )    →   H 1     ρ  20   ( 1 )    →   H  A S      ρ  00   ( 2 )    →   H 1 *     ρ  20 ( S )   ( 3 )     and    ρ  00   ( 0 )    →   H 1 *     ρ  20   ( 1 )    →   H S     ρ  00   ( 2 )    →   H 1     ρ  20 ( A S )   ( 3 )    , respectively, the expression can be written as


   ρ S  + ( 3 )   =   − i  G  A S  +   G 1 +    G ′  1 +    (  Γ  00  +  + i  Δ 1 +  − i  Δ  A S  +  ) (  Γ  20  +  + i  Δ 1 +  + |  G  p 1  +   | 2  / (  Γ  10  +  + i  Δ 1 +  − i  Δ  p 1  +  + |  G 1 0   | 2  / (  Γ  20  0  + i  Δ 1 +  − i  Δ  p 1  +  + i  Δ 1 0  ) ) (  Γ 20 +  + i  Δ 1 +  + i   Δ ′  1 +  − i  Δ  A S  +  )    



(8)






   ρ  A S   + ( 3 )   =   − i  G S +   G 1 +    G ′  1 +    (  Γ  00  +  + i   Δ ′  1 +  − i  Δ S +  ) (  Γ  20  +  + i   Δ ′  1 +  + |  G  p 1  +   | 2  / (  Γ  10  +  + i   Δ ′  1 +  − i  Δ  p 1  +  + |  G 1 0   | 2  / (  Γ  20  0  + i   Δ ′  1 +  − i  Δ  p 1  +  + i   Δ ′  1 0  ) ) (  Γ  20  +  + i   Δ ′  1 +  + i  Δ 1 +  − i  Δ S +  )    



(9)




where  +  represents the     + 1     level for the photon Rabi frequency and the phonon Rabi frequency, respectively. H is the laser magnetic field, and    Γ  21     is the transverse decay rate between levels    1    and    2   . The lifetime of FL is    Γ  F L   =  Γ  21   +  Γ  22    . The phonon dressings        G  p 2      2    and        G  p 3      2    can be added.




2.2. Experimental Results


We demonstrate the FL and SFWM asymmetry splitting, respectively, realized by changing the time gate position, time gate width, PMTs angle, PMTs position and sample. Here, we performed FL to SFWM evolution following the time domain decay curve at different time gate positions and time gate widths, which determine the value of the transverse de-phase rate Γ from large to small. Figure 2 shows the asymmetry evolution of the spectral FL signal obtained from (12:1) of Eu3+: BiPO4 at PMT2 and a 300 K temperature by changing the time gate width. The two dips in the FL signal near the time gate position (700 ns) are shown in Figure 2(a1). These can be explained using the two dressing terms   |  G 1 −  ( M )  | 2  / (  Γ  23  −  + i  Δ 1 −  )  +  |  G  p 1  +  ( J )  | 2  / (  Γ  10  +  + i  Δ 1 +  − i  Δ  p 1  +  )   from Equations (1) and (2). The 7F1 level is divided directly into mj = −1, mj = 0 and mj = +1 under the CF effect of the BiPO4 crystal and dressing (the dynamic splitting). Photon dressing leads to left dip1 (second-order splitting) in energy level     − 1    . Phonon dressing results in right dip2 (another form of splitting) in     + 1    . The left and right dips are symmetrical due to having the same dressing distribution. The intensity of dip1 and dip2 is 323 and 324, respectively. The dip intensity is basically equal due to FL asymmetry splitting. The slope of dip1 is   S = d Im (  ρ −  ) / d  Δ 1 −  = − Im ( ( |  G 1 −   | 2  ( ( |  G 1 −   | 2  i ) /  A 2  − i ) ) / (  Γ  22  −    ( A + |  G 1 −   | 2  / A )  2  ) )  , where   A =  Γ  23  −  + i  Δ 1 −   . The slope of the     − 1     level is    S  − 1   = − 10.17   in Figure 2(a1–a8). The slope of dip2 is   S = d Im (  ρ +  ) / d  Δ  p 1  +  = Re ( ( |  G 1 +   | 2  |  G  p 1  +   | 2  ) /   (  Γ  22  +  ( A + |  G  p 1  +   | 2  / B ) )  2   B 2  )  , where   A =  Γ  20  +  + i  Δ 1 +    and   B =  Γ  10  +  + i  Δ 1 +  − i  Δ  p 1  +   . The slope of the     + 1     level is 1.02. The distance between peak1 and peak2 is 10 nm. The distance between peak2 and peak3 is 14.5 nm.



Moreover, as the time gate width increases from Figure 2(a1–a3), the two dips decrease. The dressing dips decrease due to the increase in    Δ  p 1  +    and    Δ 1 −   . When the time gate width increases from 1 µs to 10 µs nm in Figure 2(a3–a8), respectively, the linewidth of the spectrum signal continuously decreases from 32 nm to 15 nm due to the strong CF splitting (the static splitting). Therefore, the FL asymmetry splitting can be controlled by the time gate width. Theoretically, the maximum of three emission peaks can be observed in Eu3+: BiPO4 due to three fine-structure energy levels. However, in our experiment, we observed only two peaks shown in Figure 2(a6), suggesting that 7F1, MJ = ±1 and 7F1, MJ = 0 are indistinguishable and distinguishable, respectively.



Further, a broad peak is shown in Figure 2(b1) due to the dominance of CF splitting. The two dressing dips disappeared from Figure 2(a1–b1) due to the increase in the time gate position reducing    Γ  10  +   . The fluorescence asymmetry ratio is defined as    R  F L   =  S  C F   /  S D   , where the    S  C F     is the area of the peak from crystal field splitting. The    S D    is the area of the dip/peak from the photon–phonon dressing. The FL asymmetry ratio is    c  FL   = ( 18  . 16  − 13.99 ) / 18.16 = 22.96 %   from Figure 2(b1–b8). The slope from the     − 1     level is   S = d Im (  ρ −  ) / d  Δ 1 −  = − 12.12  . The slope from the     + 1     level is    S  + 1   = d Im (  ρ +  ) / d  Δ 1 +  = 1.063   in Figure 2(b1–b8). Therefore, the FL asymmetry splitting can be changed by changing the time gate position. The competitive relationship between photon dressing and CF splitting is shown in Figure 2c,d. The right peak AT splitting is seen in Figure 2(c8) due to the dominance of the CF splitting at a larger time gate width. The FL asymmetry ratio is 9.26% in Figure 2c, and the slope of the     − 1     and     + 1     levels is   S = d Im (  ρ −  ) / d  Δ 1 −  = − 34.26  . The symmetry is shown in Figure 2d, and thus, the slope on both sides is near infinity due to strong CF splitting.



Additionally, the connecting Figure 2e corresponds to the overlapping Figure 2a. When the time gate width is increased, the background signal decreases and then balances. This is because the disorder signal is dominant at a narrow time gate width (Figure 2(e1–e5)). The frequency domain signal is averaged based on the boxcar time gate position. The more disordered the non-resonant signal, the more serious the mutual offset (out of phase), resulting in a background signal (Figure 2(e1–e5)). The FL signal and the SFWM signal reach a state of competitive equilibrium (hybrid) in Figure 2(e5–e8), so the background signal does not change. Figure 2f–h shows a similar result to Figure 2e.



Next, we discuss FL and SFWM asymmetry splitting at the different PMT positions and angles. Figure 3 shows the spectral signal of the FL obtained from the (12:1) sample of Eu3+: BiPO4, which was collected by PMT2 and PMT3 by changing the time gate width at a temperature of 300 K. We know that placing PMT1 at a small angle results in large splitting (  cos  θ l    in Figure 1d–f), and placing PMT2 at a large angle results in small splitting (  cos  θ 1  > cos  θ 2   ,    G 1  ≅ |  H 1  | |  μ  k l   | × cos  θ 1  / ℏ >  G 2  ≅ |  H 2  | |  μ  k l   | × cos  θ 2  / ℏ  ). The distance between peak1 and peak2 is 10.76 nm in Figure 3a. The distance between peak2 and peak3 is 15.41 nm. The intensities of dip1 and dip2 are 495.75 and 496.61, respectively. The FL asymmetry ratio is 42.3%. The slopes of the     − 1     and     + 1     levels are −8.11 and 0.95, respectively. The PMT angle is reduced in Figure 3b compared with Figure 3a. The FL signal is not controlled by the PMT angle in Figure 3(b1–b4). However, the more in-phase SFWM signals are collected at smaller angles. The dressing is not shown in the FL signal, while AT splitting is seen in the SFWM signal. This can be explained by nested double dressing   |  G 1 −   | 2  / (  Γ  23  −  + i  Δ 1 −  − i  Δ  A S  −  )  +  |  G  p 1  0   | 2  / (  Γ  13  0  + i  Δ 1 0  − i  Δ  p 1  0  − i  Δ  A S  0  )   from Equations (3) and (4). In Figure 3(b7), AT splitting is increased and decreased in the left and right peaks, respectively, when the time gate width increases. This shows that circular polarization and linear polarization have different effects on AT splitting. The FL asymmetry ratio is 28.18%. The slopes of the     − 1     and     + 1     levels are −9.248 and 0.994, respectively. These results suggest the presence of a routing phenomenon, and our proposed asymmetry spectral router model based on the dressing Rabi frequency splitting presented in Figure 1g. The experiment setup presented in Figure 1e is used to realize the asymmetry spectral router (Figure 1g), where the Eu3+: BiPO4 crystal behaves as a router with the E1 beam as ist input (ain); E2 is a control signal, and aoft hethe outpft hethe router detected at PMTs. Here, we used the channel equalization ratio (  P = 1 −     ∑ 1  1 − N      (  b i  − a )  2  / a      ) to measure the de-multiplexing, where N corresponds to the number of peaks after splitting,  a  refers to the area of one peak after splitting, and    b i    represents the splitting distance between the adjacent peaks, respectively. The channel equalization ratio for Figure 3b was calculated as P = 96.6%, which is a lot higher than the results proposed for other atomic-like media.
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Figure 3. The excitation spectral intensity signals obtained for the (12:1) sample of Eu3+: BiPO4 by changing the time gate widths when H1 was scanned from 570 nm to 610 nm at high power and a temperature of 300 K: (a) Changing time gate widths (200 ns, 500 ns, 1 µs, 2 µs, 3 µs, 5 µs, 8 µs, 10 µs) measured at PMT2 and time gate position = 600 ns. (b) The PMT2 angle is larger than (a). (c) The time gate widths are changed and measured at PMT3 and time gate position = 1 µs. (d) The PMT3 angle is larger than (c). The connecting (e–h) correspond to (a–d). (i) Energy level splitting induced by different phonon dressings; (j) energy level splitting representing asymmetry, induced by photon dressing, phonon1 and phonon2 dressing. 
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Moreover, Figure 3c,d show a spectral signal at the 1 µs time gate position and near PMT3. We can show FL (Figure 3(c4)) and SFWM (Figure 3(c1)) asymmetry (same DOS) through evolution. The dressing dip is seen in Figure 3(c1), which can be explained by the three nested dressings   |  G 1 −  ( M )  | 2  / (  Γ  23  −  + i  Δ 1 −  )  +  |  G  p 2  0  ( M )  | 2  / (  Γ  31  0  + i  Δ 1 0  + i  Δ  p 2  0  )  +  |  G  p 1  +  ( M )  | 2  / (  Γ  10  +  + i  Δ 1 +  − i  Δ  p 1  +  )   in Equations (5) and (6). The coupling of the phonon1 dressing with the     − 1     level leads to the left dip in Figure 3(c1) and the coupling of the phonon2 dressing with the     + 1     level leads to the right dip. The coupling of the photon dressing with the    0    level leads to the middle dip (Figure 3i). The left and right dips are basically symmetrical, so the corresponding dressing distribution is the same. The dip depth ranged from 404 (Figure 3(c1)) to 110 (Figure 3(c4)); this is because    Δ  p 1  +    and    Δ  p 2  0    become small, and thus, the phonon dressing becomes small. The FL asymmetry ratio is 49.4% in Figure 3c. The slopes of the     − 1     and     + 1     levels are −5.9 and 0.935, respectively. Similar to Figure 3c, the FL asymmetry ratio is 11.99% in Figure 3d due to photon–phonon dressing from Equation (7). The slopes of the     − 1     and     + 1     levels are 24.2 and 1.156, respectively. The FL asymmetry ratio in Figure 3d is 13% due to the coupling of the one-photon dressing (  |  G 1 −   | 2   e  i Δ  φ 1     ) with the     − 1     level (Figure 3j). The slopes of     − 1     and     + 1     are −24.16 and 66.66, respectively. Therefore, the strong FL asymmetry splitting can be controlled by the small PMT angle due to the greater photon–phonon dressing. The SFWM asymmetry ratio is defined as    R  S F   =  S  C F   /  S M   , where the    S  C F     is the area of the peak from crystal field splitting. The    S M    is the area of the multi-dips from the photon–phonon dressing. The    R  S F     is about 32.2% from Figure 3(c1–c8). Therefore, the SFWM is more sensitive to phonon dressing.



Further, the connecting Figure 3e–h correspond to the overlapping Figure 3a–d. It is also shown that the SWFM signal is dominant, and the background signal is stronger. The ratios of the maximum signal and the FL are 2515/672 (Figure 3(e1–e5)), 2651/644 (Figure 3(f1–f4)), 2651/103 (Figure 3(g1–g5)) and 367/195 (Figure 3(h1–h5)). The ratios of the maximum signal and the SWFM are 1808/672 (Figure 3(e5–e8)), 644/460 (Figure 3(f4–f8)), 456/103 (Figure 3(g5–g8)) and 1813/367 (Figure 3(h5–h8)).



Next, Figure 4 shows different FL/SFWM asymmetries splitting at different PMT positions. Under the same conditions, the dressing has a great impact on the FL signal (peak or dip) collected by changing the location of the PMT. The alignment of the dips in Figure 4(a1) can be explained by the five photon–phonon1–phonon2 dressings   |  G  p 3  −   | 2  / (  Γ  03  −  + i  Δ 1 −  − i  Δ  p 3  −  + |  G 1 0   | 2  / (  Γ  23  0  + i  Δ 1 −  − i  Δ  p 3  −  + i  Δ 1 0  )   from Equations (3) and (4),   |  G  p 2  0  ( M )  | 2  / (  Γ  31  0  + i  Δ 1 0  + i  Δ  p 2  0  )   from Equations (5) and (6) and   |  G  p 1  +   | 2  / (  Γ  10  +  + i  Δ 1 +  − i  Δ  p 1  +  + |  G  p 2  0   | 2  / (  Γ  13  0  + i  Δ 1 +  − i  Δ  p 1  +  − i  Δ  p 2  0  )   from Equations (8) and (9) due to the PMT being located at a shorter distance (big    φ 1   ,   1 / cos  φ 1   ). When the depth of the dip is the same, if the dip linewidth is smoother, then the dressing is larger. Although the dip is flatter in Figure 4(a1,a2), the depth of the dips decreases, so the dressing becomes weak. The distance between peak1 and peak2 is 26.3 nm. The FL asymmetry ratio is 48.86% in Figure 4a. The slopes of the     − 1     and     + 1     levels are −17.54 and 1.11, respectively.
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Figure 4. The excitation spectral intensity signals obtained for the near (12:1) sample of Eu3+: BiPO4 by changing the time gate widths when H1 was scanned from 570 nm to 610 nm at 100 ns time gate position, high power and a temperature of 300 K: (a) Changing time gate widths (500 ns, 1 µs, 2 µs, 3 µs, 5 µs, 10 µs, 15 µs) measured at PMT1. (b) Changing time gate widths measured at PMT2. (c) Changing time gate widths measured at PMT3. The connecting (d–f) Correspond to (a–c), respectively. (g,h) Energy levels representing asymmetry induced by different dressings. 
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Further, a broad peak is seen in Figure 4(b1) due to the dominance of CF splitting (small    φ 2   ,   1 / cos  φ 2   ). As the time gate width increases to 15 µs, the photon dressing becomes weak, and the CF splitting becomes strong. The FL asymmetry ratio is 26.38% in Figure 4b. The slopes of the     − 1     and     + 1     levels (Figure 4g) are −19.49 and 1.13, respectively. Similar to Figure 3(a1), the two dips in Figure 4(a1) are deep because there is less    Δ  p 1  +   . The distance between peak1 and peak2 is 9.97 nm. The distance between peak2 and peak3 is 15.77 nm. The two Fano dips resulting from the middle    φ 3    (  1 / cos  φ 3   ) are shown in Figure 4(c1). The FL asymmetry ratio is 45.82% in Figure 4c. Therefore, the FL asymmetry splitting is strong at the near-PMT position due to the dominance of photon–phonon dressing. The slope of the     − 1     and     + 1     levels (Figure 4h) are −10.67 and 1.185, respectively. The connecting Figure 4d–f correspond to the overlapping Figure 4a–c. The ratios of the maximum and minimum FL signal are 1240/202 (Figure 4(d1–d5)), 1782/608 (Figure 4(e1–e5)) and 994/277 (Figure 4(f1–f5)). The ratios of the maximum and minimum SFWM signals are 1087/202 (Figure 4(d5–d7)), 1566/608 (Figure 4(e5–e7)) and 1683/277 (Figure 4(f5–f7)).



Next, we discuss the different FL asymmetries splitting at different bandwidths and samples. The evolution of the FL signal obtained from different samples collected with the PMT2 and with changing time gate widths at a temperature of 300 K is shown in Figure 5a. The time gate position is fixed at 500 ns. Similar to Figure 2(a1), the distance between peak1 and peak2 is 10.76 nm. The distance between peak2 and peak3 is 15.41 nm. The FL asymmetry ratio is 43.98% in Figure 5(a1) due to the presence of more phonon dressing (small    Δ  p i   12 : 1    ,   1 /  Δ  p i   12 : 1    ). The slopes of the     − 1     and     + 1     levels are −6.78 and 0.94, respectively. The FL asymmetry ratio is 31.69% in Figure 5(b1). We obtained a stronger FL asymmetry splitting for (12:1) than for (6:1) Eu3+: BiPO4 due to the higher phonon frequency and stronger dressing. The slopes of the     − 1     and     + 1     levels are −7.547 and 0.96, respectively. Unlike the Eu3+: BiPO4 sample in Figure 5(b1), whose energy level cannot be cleaved, the CF splitting can be cleaved for the Eu3+: NaYF4 sample in Figure 5(c1). The distance between peak1 and peak2 is 10.09 nm. The distance between peak2 and peak3 is 15.28 nm. The FL asymmetry ratio is 50.2%. The slopes of the     − 1     and     + 1     levels are −2.54 and 1.23, respectively. Therefore, the FL asymmetry splitting is the strongest for Eu3+: NaYF4 because its dressing is the strongest.
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Figure 5. The excitation spectral intensity signals obtained for the different samples by changing the time gate widths (200 ns, 500 ns, 1 µs, 2 µs, 3 µs, 5 µs, 10 µs, 15 µs) when H1 was scanned at PMT2 from 570 nm to 610 nm at the 500 ns time gate position, high power and a 300 K temperature: (a) The broadband laser H2 is scanned (570 nm to 610 nm) for the (12:1) sample of Eu3+: BiPO4. (b) H1 is scanned (570 nm to 610 nm) for the (6:1) sample of Eu3+: BiPO4. (c) H1 is scanned (570 nm to 610 nm) for the (1:1/4) sample of Eu3+: NaYF4. (d–f) Connecting figures corresponding to (a–c), respectively. 
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Moreover, through a comparison of the three samples, we can see that the FL signal shows strong dressing in Figure 5a. The CF is well split. The intensity of the phonons in the sample in Figure 5b is greater than in Figure 5a, but the dressing is weak due to the middle    Δ  p i   6 : 1    (  1 /  Δ  p i   6 : 1    ). Different samples are compared under the same conditions, and it can be seen that the dressing is stronger for the 12:1 sample in Figure 5a, and the CF splitting, the dip depth and the alignment are better. The photon dressing for the 6:1 sample is shown in Figure 5b due to the dressing damage. The dressing dips change significantly in Figure 5a,b due to the action of phonons. Meanwhile, the dressing becomes weak in Figure 5c (large    Δ  p i   1 : 1 / 4    ,   1 /  Δ  p i   12 : 1   > 1 /  Δ  p i   6 : 1   >  Δ  p i   1 : 1 / 4    ). The energy level splitting is caused by asymmetry for the Eu3+: NaYF4 sample. Therefore, the change in the dressing dip is not obvious from Figure 5a–c due to the asymmetry of the crystal. This indicates that the phonon plays a more important role than the crystal asymmetry, which is reflected in asymmetry, division, strength and back bottom. The connecting Figure 5d–f corresponds to the overlapping Figure 5a–c. The ratios of the maximum signal and the FL are 2783/857 (Figure 5(d1–d6)), 3341/820 (Figure 5(e1–e6)) and 2480/672 (Figure 5(f1–f6)). The ratios of the maximum signal and the SWFM are 1808/857 (Figure 5(d6–d8)), 1745/820 (Figure 5(e6–e8)) and 1379/672 (Figure 5(f6–f8)).



Next, we discuss the differences in SFWM asymmetry splitting under the different conditions. Figure 6 shows the signals generated from the Eu3+: BiPO4 using different experimental parameters in PMT2. The broad peak in Figure 6a is due to the narrowband excitation, leading to weak photon–phonon dressing   |  G  p 1  +  ( J )  | 2  / (  Γ  10  +  + i  Δ 1 +  − i  Δ  p 1  +  + |  G 1 0  ( M )  | 2  / (  Γ  20  0  + i  Δ 1 +  − i  Δ  p 1  +  + i  Δ 1 0  )   in Equation (7). A broad peak is still shown in Figure 6(b1–b5) at the small time-gate width because the broadband excitation couples more high-frequency phonons. However, two dressing dips can be seen in Figure 6(b6,b7) resulting from two dressings:   |  G 1 −   | 2  / (  Γ  23  −  + i  Δ 1 −  − i  Δ  A S  −  )  +  |  G 1 0   | 2  / (  Γ  21  0  + i  Δ 1 0  − i  Δ  A S  0  )   from Equations (3)–(6). When the dressing increases, the linewidth also increases. Because the    Δ 1 −    decreases and the CF splitting is dominant, we can see two peaks on the left and right in Figure 6(b7). The left and right peaks are almost completely symmetrical due to the weak dressing and the strong CF splitting. The photon dressing (  |  G 1 −   | 2    and   |  G 1 0   | 2   ) leads to second-order splitting at the energy levels     ± 1     and    0    (Figure 6i), respectively. The conditions of first-order splitting enhancement are    a 1  = ( 2  Δ 1 −  +     ( 2  Δ 1 −  )  2  + 4 (  Γ  23  −   Γ  23  −  −   (  Δ 1 −  )  2  +    | G   1 −   | 2  )   ) / 2   and    a 2  = ( 2  Δ 1 −  −     ( 2  Δ 1 −  )  2  + 4 (  Γ  23  −   Γ  23  −  −   (  Δ 1 −  )  2  +    | G   1 −   | 2  )   ) / 2  . The distance between peak1 and peak2 is 5.43 nm. The distance between peak3 and peak4 is 8.06 nm. The distance between peak2 and peak3 is 5.97 nm. The FL asymmetry ratio is 31.83% in Figure 6a. The slopes of the     − 1     and     + 1     levels are −4.35 and 0.86, respectively. The FL asymmetry ratio is 33.22% in Figure 6b; thus, the slopes of the two levels are near infinity. Figure 6a corresponds to Figure 6(k1), and Figure 6b corresponds to Figure 6(k2). When the     ± 1     energy level is divided into     + 1     and     − 1     (Figure 6j) through weak phonon dressing, the    0    becomes the center of the energy levels. As a result, a strong asymmetry peak can be seen in Figure 6a. Therefore, the FL asymmetry splitting is strong under broadband excitation due to the presence of more phonon dressing.
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Figure 6. The excitation spectral intensity signals measured from the (12:1) sample of Eu3+: BiPO4 at PMT2: (a) The time gate widths are changed (200 ns, 500 ns, 1 µs, 2 µs, 5 µs, 10 µs, 15 µs) and H1 is scanned from 570 nm to 610 nm at the 500 ns time gate position, high power and a 300 K temperature. (b) H2 is scanned from 570 nm to 610 nm, and all other conditions are the same as in (a). (c) The time gate position is changed (500 µs, 580 µs, 640 µs, 1 ms, 3 ms, 5 ms) at the 3 µs time gate width, and all other conditions are the same as in (a). (d) The time gate positions are changed (20 µs, 50 µs, 100 µs, 500 µs, 1 ms, 5 ms) at a 200 ns time gate width, and all other conditions are the same as in (b). (e) The time gate positions are changed (50 ns, 100 ns, 200 ns, 500 ns, 1 µs, 2 µs) at the 200 ns time gate width, and all other conditions are the same as in (a). (f) The time gate width is changed (200 ns, 500 µs, 2 µs, 5 µs, 8 µs, 15 µs), and the laser is scanned from 570 nm to 610 nm at the 10 ms gate position and a 300 K temperature. (g) The power is changed from high to low, and H2 is scanned from 570 nm to 610 nm at a time gate width of 200 ns, time gate position of 500 µs and 300 K temperature. (h) The temperature is changed (280 k, 220 k, 150 k, 100 k, 77 k) and H2 is scanned from 570 nm to 610 nm at a time gate width of 200 ns, time gate position of 500 µs and high power. (i,j) Asymmetrical multi-level splitting for two dressings and three dressings, respectively. (k1,k2) Asymmetrical and symmetrical directional precession splitting. 
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Figure 6c shows the luminescence spectra of SFWM obtained at the far time gate position. The multi-Fano dip (Figure 6c) can be explained by the five-nested dressing   |  G  p 2  −   | 2  + |  G 1 0   | 2  + |  G  p 1  0   | 2  / |  G 1 0   | 2  + |  G 1 +   | 2   . Because the SFWM signal is sensitive to phonon dressing, the SFWM asymmetry ratio is 52.17% in Figure 6c. Under the same conditions, three multi-dips can be seen in Figure 6d as a result of three SFWM phonon dressings (  |  G 1 0   | 2  / (  Γ  20  0  + i  Δ 1 0  ) + |  G  p i  0   | 2   ) when the time gate position is changed. The left and right peaks are basically symmetrical in Figure 6(d1). The conditions of first-order splitting enhancement are    a 1  = ( 2  Δ  p 1  −  +     ( 2  Δ  p 1  −  )  2  + 4 (  Γ  23  −   Γ  13  −  −   (  Δ  p 1  −  )  2  +    | G    p 1  −   | 2  )   ) / 2   and    a 2  = ( 2  Δ  p 1  −  −     ( 2  Δ  p 1  −  )  2  + 4 (  Γ  23  −   Γ  13  −  −   (  Δ  p 1  −  )  2  +    | G    p 1  −   | 2  )   ) / 2   for the real part, and    b 1  = − (  Γ  23  −  +  Γ  13  −  ) +     (  Γ  23  −  +  Γ  13  −  )  2  − 4 (  Γ  23  −   Γ  13  −  −   (  Δ  p 1  −  )  2  +    | G    p 1  −   | 2  )   / 2   and    b 2  = − (  Γ  23  −  +  Γ  13  −  ) −     (  Γ  23  −  +  Γ  13  −  )  2  − 4 (  Γ  23  −   Γ  13  −  −   (  Δ  p 1  −  )  2  +    | G    p 1  −   | 2  )   / 2   for the imaginary part. The conditions of second-order splitting enhancement are    c 1  = ( 2  a 1  +  Δ  p 1  −  +  Δ 1 0  ) +     ( 2  a 1  +  Δ  p 1  −  +  Δ 1 0  )  2  − 4 (  b 1   Γ  23  0  +  a 1 2  +  Δ  p 1  −  +  Δ 1 0  )   / 2   and    c 2  = ( 2  a 2  +  Δ  p 1  −  +  Δ 1 0  ) −     ( 2  a 2  +  Δ  p 1  −  +  Δ 1 0  )  2  − 4 (  b 2   Γ  23  0  +  a 1 2  +  Δ  p 1  −  +  Δ 1 0  )   / 2  . The conditions of suppression are    λ  ± +   =    1 +     . The conditions of dip1 are    λ − +  = (  Δ  p 1  −  −     (  Δ  p 1  −  )  2  + 4      G  p 1  −     2    ) / 2  . The conditions of dip2 are    λ + +  = (  Δ 1 −  +     (  Δ 1 −  )  2  + 4      G 1 −     2    ) / 2  . The distance between peak1 and peak3 is 8.53 nm. The conditions of first-order splitting enhancement are    a 3  = ( 2  Δ 1 0  +     ( 2  Δ 1 0  )  2  + 4 ( 2  Γ 20 0  −   (  Δ 1 0  )  2  +    | G   1 0   | 2  )   ) / 2   and    a 4  = ( 2  Δ 1 0  −     ( 2  Δ 1 0  )  2  + 4 ( 2  Γ 20 0  −   (  Δ 1 0  )  2  +    | G   1 0   | 2  )   ) / 2   at the    0    level. The position of the    0    level (dip4) satisfies the suppression conditions    λ ±  =  0   . The distance between peak4 and peak5 is 5.78 nm; the distance between peak3 and peak4 is 5.44 nm. The intensity of dip1 is 2166.53 nm, and that of dip2 is 1666.1 nm. The slopes of dip1 and dip4 are −4.6 and 4.97, respectively. The SFWM asymmetry ratio is 53.21% in Figure 6d due to strong phonon dressing resulting from broadband excitation.



The energy levels splitting are shown in Figure 6(k1,k2), corresponding to Figure 6c,d, respectively. Figure 6e shows the FL signal. The FL asymmetry ratio is 10.05%. The slopes of the     − 1     and     + 1     levels are −5.77 and 1.09, respectively. Compared to Figure 6a, asymmetry is more sensitive to the time gate position in Figure 6e. Compared with Figure 6c, the SFWM symmetry ratio is 0.2% in Figure 6f. It can be seen that the SFWM asymmetry is more sensitive to the time gate position due to the phonon dressing reaching the maximum. Compared with Figure 6c, the number of dressings is the same, but the dressing is larger (Figure 6(k1)), resulting in the multi-Fano dips in Figure 6f. It can be confirmed again that when the time gate position is near, the asymmetry is controlled by the time gate width. However, at a large time gate width, the asymmetry is controlled by the time gate position. The left and right dressing dips are asymmetry, which is related to the circular polarization. Similarly, the distance between peak1 and peak2 is 16.59 nm, and the asymmetry is only small, as shown in Figure 6f.



Figure 6g shows the luminescence spectra when the power is changed from high to low. Compared to Figure 6(g9) at low power, Figure 6(g1) shows multi-Fano dips at high power due to strong in-phase constructive dressing in the SFWM region. The distance between peak1 and peak3 is 8.19 nm. The distance between peak4 and peak6 is 11.22 nm. The middle energy levels of |0> and |±1> come from dressing-assistance crystal splitting (Figure 6(k2)). The distance between peak3 and peak4 is 3.28 nm. Therefore, the slopes of dip1 and dip5 are −4.44 and 4.43, respectively. The two slopes show opposite numbers. Figure 6h shows the spectral signal resulting from the change in temperature. Compared to the low temperature (smaller    G  p l     and larger    Γ  i j    ) in Figure 6(h5), the high temperature in Figure 6(h5) shows strong multi-Fano dips due to in-phase constructive dressing. The distance between peak1 and peak3 is 8.1 nm. The distance between peak3 and peak4 is 3.94 nm. The distance between peak4 and peak5 is 2.48 nm. Therefore, the slopes of dip1 and dip5 are −4.51 and 4.78, respectively. The two slopes show opposite numbers. By comparing Figure 6g,h, we can conclude that, upon changing the power and temperature, the center of the signal is basically unchanged and has no asymmetry in Figure 6h. The amplitude and Rabi frequency are controlled by the power and temperature. The detuning is controlled by changing the time gate position and time gate width. Therefore, the FL and SFWM asymmetry is not changed.





3. Conclusions


This study proved that the spectral asymmetry of out-of-phase fluorescence (FL) and in-phase spontaneous four-wave mixing (SFWM) ion-doped microcrystals is controlled through the competition between single-photon and double photon–phonon dressing and CF splitting, which can be adjusted by tuning the parameters of the time gate position, time gate width, PMT angle, PMT position, sample and bandwidth. Moreover, the FL and SFWM symmetry remains unchanged when the temperature and power are controlled. The asymmetry includes out-of-phase FL and in-phase SFWM. When the time gate width is increased, the asymmetry with the FL signal becomes acute. As the time gate position increases, the asymmetry with the SFWM signal is significantly enhanced. The size of the ratio between the dressing Rabi frequency and de-phase rate can regulate the strength of asymmetry splitting. Moreover, the experiment results suggest that the FL asymmetry splitting maximum ratio reaches 50.2%. However, the SFWM asymmetry splitting minimum ratio reaches 52.17%. Therefore, compared with out-of-phase FL, in-phase SFWM is more sensitive to phonon dressing. Further, the asymmetry between the effects of photon–phonon dressing and CF on the fine structure of FL and SFWM can be used for an optical router with a channel equalization ratio of ≈96.6%.







Author Contributions


Conceptualization, Y.Z.; methodology, H.F., Z.Z. and I.H.; software, H.F.; validation, H.F., Q.Y. and Y.Z.; formal analysis, H.F., F.R., P.L. and Y.Z.; investigation, M.I. and M.K.M.; experiment, H.F. and M.I.; resources, Y.Z.; data curation, H.F. and Z.Z.; writing—original draft preparation, H.F.; writing—review and editing, H.F., Q.Y. and Y.Z.; visualization, F.R.; supervision, F.R. and P.L.; project administration, Y.Z.; funding acquisition, Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key Research and Development Program of China (2017YFA0303700, 2018YFA0307500), the Key Scientific and Technological Innovation Team of Shaanxi Province (2021TD-56) and the National Natural Science Foundation of China (61975159, 11904279, 12174302, 62022066, 12074306, 12074303).




Data Availability Statement


The data underlying the results presented in this paper are not publicly available at this time but may be obtained from the authors upon reasonable request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Liu, C.; Dutton, Z.; Behroozi, C.; Hau, L. Observation of coherent optical information storage in an atomic medium using halted light pulses. Nature 2001, 409, 490–493. [Google Scholar] [CrossRef]

	



Mujahid, A.; Fan, H.; Wang, Y.; Raza, F.; Ahmed, I.; Guo, Y.; Munir, F.; Usman, M.; Li, B.; Zhang, Y. Optical router and 4×1 multiplexer of coexisting crystal field and non-Hermitian Autler-Townes splitting controlled by photon–phonon dressing in Eu3+: BiPO4. Adv. Quantum. Technol. 2023, 6, 2300136. [Google Scholar] [CrossRef]

	



Zhong, M.; Hedges, M.; Ahlefeldt, R.; Bartholomew, J.; Beavan, S.; Wittig, S.; Longdell, S.; Sellars, M. Optically addressable nuclear spins in a solid with a six-hour coherence time. Nature 2015, 517, 177–180. [Google Scholar] [CrossRef] [PubMed]

	



Ahlefeldt, R.; Manson, N.; Sellars, M. Optically addressable nuclear spins in a solid with a six-hour coherence time, Optical lifetime and linewidth studies of the 7F0→5D0 transition in EuCl3·6H2O: A potential material for quantum memory applications. J. Lumin. 2013, 133, 152–156. [Google Scholar] [CrossRef]

	



Wang, H.H.; Fan, Y.F.; Wang, R.; Wang, L.; Du, D.M.; Kang, Z.H.; Jiang, Y.; Wu, J.H.; Gao, J.Y. Slowing and storage of double light pulses in a Pr3+: Y2SiO5 crystal. Opt. Lett. 2009, 34, 2596–2598. [Google Scholar] [CrossRef]

	



Cheng, Y.; Liang, Y.; Lu, D.; Feng, J.; Zhang, G.; Yu, H.; Zhang, H.; Wu, Y. Phonon engineering in Yb:La2CaB10O19 crystal for extended lasing beyond the fluorescence spectrum. Light Sci. Appl. 2023, 12, 203. [Google Scholar] [CrossRef] [PubMed]

	



Lv, Z.; Jin, L.; Cao, Y.; Zhang, H.; Xue, D.; Yin, N.; Zhang, T.; Wang, Y.; Liu, J.; Liu, X.; et al. A nanotheranostic agent based on Nd3+-doped YVO4 with blood-brain-barrier permeability for NIR-II fluorescence imaging/magnetic resonance imaging and boosted sonodynamic therapy of orthotopic gliom. Light Sci. Appl. 2022, 11, 116. [Google Scholar] [CrossRef] [PubMed]

	



Ximendes, E.; Marin, R.; Carlos, L.; Jaque, D. Less is more: Dimensionality reduction as a general strategy for more precise luminescence thermometry. Light Sci. Appl. 2022, 11, 237. [Google Scholar] [CrossRef]

	



Hu, Z.; Huang, X.; Yang, Z.; Qiu, J.; Song, Z.; Zhang, J.; Dong, G. Reversible 3D optical data storage and information encryption in photo-modulated transparent glass medium. Light Sci. Appl. 2021, 10, 140. [Google Scholar] [CrossRef]

	



Li, H.; Wang, Z.; Wang, L.; Tan, Y.; Chen, F. Optically pumped Milliwatt Whispering-Gallery microcavity laser. Light Sci. Appl. 2023, 12, 223. [Google Scholar] [CrossRef]

	



Wang, F.; Wen, S.; He, H.; Wang, B.; Zhou, Z.; Shimoni, O.; Jin, D. Microscopic inspection and tracking of single upconversion nanoparticles in living cells. Light Sci. Appl. 2018, 7, 18007. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Li, F.; Zhang, X.; Li, Y.; Luo, X.; Wang, R.; Cai, Y.; Zhang, Y. Orthogonally polarized luminescence of single bismuth phosphate microcrystal doped with europium. Adv. Opt. Mater. 2020, 8, 2000583. [Google Scholar] [CrossRef]

	



Naidu, B.; Vishwanadh, B.; Sudarsan, V.; Vatsa, R. BiPO4: A better host for doping lanthanide ions. Dalton Trans. 2012, 41, 3194–3203. [Google Scholar] [CrossRef] [PubMed]

	



Han, X.; Zhang, G.; Qi, X.; Wang, X.; Li, M.; Sun, X.; Chen, W. Synthesis and luminescence properties of BiPO4: Ce, Tb nanorods. J. Lumin. 2014, 152, 37–39. [Google Scholar] [CrossRef]

	



Soares, M.; Nico, C.; Peres, M.; Ferreira, N.; Fernandes, A.; Monteiro, T.; Costa, F. Structural and optical properties of europium doped zirconia single crystals fibers grown by laser floating zone. J. Appl. Phys. 2011, 109, 013516. [Google Scholar] [CrossRef]

	



Fan, H.; Imran, M.; Nadeem, F.; Feng, Z.; Ahmed, I.; Yuan, T.; Li, C.; Zhang, Y. Photon–phonon atomic coherence interaction of non-linear signals in various phase transitions Eu3+: BiPO4. Nanomaterials 2022, 12, 4304. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Guo, Y.; Liu, A.; Yue, X.; Yuan, T.; Zhu, J.; Zhang, Y.; Li, F. Deterministic relation between optical polarization and lattice symmetry revealed in ion-doped single microcrystals. ACS Nano 2022, 16, 9535–9545. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Zhang, Y.; Zhang, L.; Li, F.; Guo, Y.; Li, Y.; Gao, W. Phase control of Eu3+-doped YPO4 nano/microcrystals. Cryst. Growth Des. 2017, 17, 5935–5944. [Google Scholar] [CrossRef]

	



Li, P.; Yuan, T.; Li, F.; Zhang, Y. Phosphate ion-driven BiPO4: Eu phase transition. J. Phys. Chem. C 2019, 123, 4424–4432. [Google Scholar] [CrossRef]

	



Li, J.; Zhu, J.; Imran, M.; Fan, H.; Mujahid, A.; Nadeem, F.; Li, P.; Zhang, Y. Superior atomic coherence time controlled by crystal phase transition and optical dressing. Opt. Lett. 2022, 47, 2310–2313. [Google Scholar] [CrossRef]

	



Liu, Y.; Tu, D.; Zhu, H.; Chen, X. Lanthaide-doped luminescent nanoprobes: Controlled synthesis, optical spectroscopy, and bioapplications. Chem. Soc. Rev. 2013, 42, 6924–6958. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Nori, F. Hybrid quantum system with nitrogen-vacancy centers in diamond coupled to surface-phonon polaritons in piezomagnetic super-lattices. Phys. Rev. A 2018, 10, 024011. [Google Scholar] [CrossRef]

	



Liang, F.; He, C.; Lu, D.; Fang, Q.; Fu, Y.; Yu, H.; Zhang, H.; Chen, Y. Multiphonon-assisted lasing beyond the fluorescence spectrum. Nat. Phys. 2022, 18, 1312–1316. [Google Scholar] [CrossRef]

	



Huang, K.; Green, K.; Huang, L. Room-temperature upconverted super-fluorescence. Nat. Photonics 2022, 16, 737–742. [Google Scholar] [CrossRef]

	



Lu, Y.; Hao, Z.; Feng, S.; Shen, R.; Yan, Y.; Lin, S. Direct-Current Generator Based on Dynamic PN Junctions with the Designed Voltage Output. Iscience 2019, 22, 58–69. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Xiao, L.; Gu, H.; Sun, H. Advances in alternating current electro-luminescent devices. Adv. Optical. Mater. 2019, 7, 1801154. [Google Scholar] [CrossRef]

	



Li, P.; Zhou, Y.; Gao, W.; Nori, F. Enhancing Spin-Phonon and Spin-Spin interactions using linear resources in a hybrid quantum system. Phys. Rev. Lett. 2020, 125, 153602. [Google Scholar] [CrossRef] [PubMed]

	



Mujahid, A.; Imran, M.; Fan, H.; Yuan, T.; Ali, H.; Li, P.; Zhang, Y. Multi-channel optical hybrid filter controlled by extrinsic parameters in various phases of Eu3+: BiPO4. J. Appl. Phys. 2021, 130, 243102. [Google Scholar] [CrossRef]

	



Nadeem, F.; Usman, M.; Mujahid, A.; Imran, M.; Hussain, I.; Javed, U.; Usmani, M.; Ather, M.; Li, B.; Zhang, Y. Spectral Non-Hermitian quantization lineshape controlled by phonon dressing in various phases of Eu3+: BiPO4. J. Mater. Chem. C 2023, 11, 11001–11009. [Google Scholar] [CrossRef]

	



Fan, H.; Raza, F.; Mujahid, A.; Li, P.; Tang, H.; Usman, M.; Li, B.; Li, C.; Zhang, Y. Deterministic relation between thermal-phonon dressings and a non-Hermitian multi-Fano interferences router in ion-doped microcrystals. Chip 2024, 3, 100077. [Google Scholar] [CrossRef]








[image: Nanomaterials 14 00671 g002] 





Figure 2. The excitation spectral intensity signals obtained for the (12:1) sample of Eu3+: BiPO4 by changing the time gate widths when H1 was scanned from 570 nm to 610 nm. Measured at PMT2 at high power and a temperature of 300 K. (a–d) Signals from the different time gate positions (700 ns, 900 ns, 1.1 µs and 1.6 µs) at time gate widths of 200 ns (a1–d1), 500 ns (a2–d2), 1 µs (a3–d3), 2 µs (a4–d4), 3 µs (a5–d5), 5 µs (a6–d6), 8 µs (a7–d7) and 10 µs (a8–d8). The connecting (e–h) correspond to (a–d), respectively. 
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