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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 Eu’*: BiPO, and Eu®*: NaYFy. 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%.

Keywords: asymmetry; photon-phonon dressing; crystal field splitting

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 impor-
tant applications, including all-optical routers [1,2], quantum memory [3,4], fluorescence
resonance imaging [5-10] and the tracking of single upconversion nanoparticles [11]. Bis-
muth phosphate (BiPO,4) has drawn significant attention as a host medium for doping
lanthanide ions [12-14] 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 (®°Dy) and ground ("Fy) levels,
respectively. Moreover, the intensity ratio of the >Dy—”Fj transition and its Stark compo-
nents 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
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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 Eu**: BiPO, and Eu®*: NaYF, as examples. Further,
the photon—phonon dressing dynamic splitting makes “F; split into three levels in two
directions. However, the CF static splitting leads ”F; 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 Eu*>*-doped BiPO, 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% Eu®* in each sample. The HP corresponds to
C; symmetry, and LTMP corresponds to C; 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*: BiPOj relates to the C, symmetry. The (1:1/4)
Eu®*: NaYF, corresponds to the Cs symmetry.

The scheme of the experiment is shown in Figure le. The sample temperature was
300 K. We deployed a tunable dye laser (line width of 0.04 cm~!) 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 Hj (w1, A1). The pumping field H; excited
the sample and was reflected back from the crystal surface in its original path, which is
named E’7, with a small angle between them.

The transition of energy levels from the ground-state “F; to excited-state >Dy is shown
in Figure 1(al). The fine structure of the Eu**-doped BiPOj crystal was used for the
7F;—°Dy transition. The two states, the ground state 7F; and the excited state °Dy), are
shown in Figure 1(a2). The ground state ’Fy is split into Mj = 0 and Mj = +1. Figure 1(a3)
shows the dressing of Zeeman-like splitting in Eu**: BiPOy. Figure 1(a4) shows the crystal
splitting of Eu®*: NaYF,. Figure 1(b1-b3) outlines the effect of interaction between photons
and phonons on the initial energy levels of 7Fy, 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 “Fy, as it is observed in the spontaneous four-wave mixing
(SFWM) region.
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Figure 1. (al) Original energy level in the free ion state Eu®*. (a2) Crystal field splitting of the “Fy
energy level for Eu3*: BiPOy (pure crystal splitting). (a3) Dressing Zeeman-like splitting (1 —1>,
10>, 11>) in Eu®*: BiPO, (dressing-assisted crystal field splitting). (a4) Crystal splitting in Eu*:
NaYF;. (b) The FL signal generation process in a three-level system. (b1) The transitions between
5Dy and 7F1, mj = +1; (b2) the transitions between 5Dy and 7F1, mj =0; (b3) the transitions between 5Dy
and 7F1/ mj=—1- (¢) 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 experi-
mental setup with polarization angle. (f) SFWM phase matching schematic with different angles.
(g) Asymmetry spectra router model.

The photon Rabi frequency is defined as G; = —upH/h, where up is the dipole
moment between the Im) and In) levels. Under a local magnetic field of the crystal,
Im) and In) are the CF splitting energy sub-levels of Dy and “F; in Figure 1(a2), and
H is a magnetic field. The frequency detuning is A; = Qu, — w;; here, (), denotes
the frequency of atomic transition between levels Im) and In) and w; (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 Eu®* energy levels in the crystal field of
BiPO, (NaYFy). The phonon Rabi frequency is defined as G, = —u yHpi/h, where py
is the dipole moment between levels |k) and |1) of the CF splitting energy level “F; in
Figure 1(al-a3). The phonon frequency detuning is Ap; = )y — wy;; here, () denotes the
resonant frequency between levels 1k) and |1), w,; is the phonon field frequency, and H,;
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 [22-24].

Further, photomultiplier tubes 1 (PMT1) and 2 (PMT2) were placed at different an-
gles/positions (6; and 6,), where 61 < 6, (Figure 1d,e). PMT1 exhibits a strong SFWM re-
sponse due to a large dressing Rabi frequency G;, while PMT2 exhibits a strong FL response
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due to a large transverse de-phase rate I';;, PMT3 exhibits a strong hybrid (FL+SFWM)
response due to I';; = G;. The PMT angle 6; (angle between the input laser beam and the
output emission) is equal to the polarization angle 6,,,; = 0; (Figure 2e). The polarization
angle 0, is the angle between the laser polarization and output signal polarization. The
photon dressing splitting angle 6, is determined from the polarization angle (Figure 1d).
Moreover, 6; (CF splitting angle) and 6,; (phonon dressing splitting angle) are similar to 6;.
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.
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Figure 2. The excitation spectral intensity signals obtained for the (12:1) sample of Eu®*: BiPOy by
changing the time gate widths when H; was scanned from 570 nm to 610 nm. Measured at PMT?2 at
high power and a temperature of 300 K. (a—d) Signals from the different time gate positions (700 ns,
900 ns, 1.1 us and 1.6 us) at time gate widths of 200 ns (a1l-d1), 500 ns (a2-d2), 1 ps (a3-d3), 2 us
(a4—d4), 3 ps (a5-d5), 5 us (a6-d6), 8 us (a7-d7) and 10 us (a8-d8). The connecting (e-h) correspond
to (a—d), respectively.

Figure 1d shows directional precession splitting (initial energy level splitting) induced
by the dressing field and the crystal field. Figure 1le presents a schematic diagram of the
experimental setup where PMTs are employed to detect the generated Stokes (Hg), FL
and hybrid signal, where 6; is the angle between the PMTs and the sample, 6; = 60°,
6 = 45° and 03 = 30°. The output Stokes (Hg)/anti-Stokes (Hag) signals are generated
under a phase-matched condition (x1 + &'y = &g + % 45) because of the interaction with
the energy levels of Eu®*: BiPO,. PMT1 and PMT3 are precisely placed to detect a hybrid
signal (FL + H;/as) with dominant out-of-phase (different radiation direction) FL emissions,
whereas PMT?2 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 = Kg + Kas) with angles (s, 85, ¢s and ¢us) is shown in Figure 1f. The 6;
and 6,5 determine where Stokes and anti-Stokes are generated. When the 65 and 0,5 are
small, the resulting stokes and anti-stokes are close to the sample location. The @5 and ¢,
determine the generation of Stokes and anti-Stokes amplitudes. When the ¢s and ¢ 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 (“Fy, my = +1,” F1, v = 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.
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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 pre-
cession pg = —gpo mj causes splitting, which leads to the energy AE; = —gpomE cos 0.
Here, AEz = mj, and AEy is a z-direction projection that represents discrete energy, which
causes level splitting (m; = &1, 0). In Figure 1(d3), ¢ is a Landau factor for the crystal field,
and y is the electric moment. The CF splitting angle 0, reflects the quantum numbers (i1;).

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 dress-
ing field CF level (m; = +1, 0, —1) become equal (J = 1). On the other hand, dressing field split-
ting produces angular precession pip = —gu, mj along the z-axis, as shown in Figure 1(d1).
This leads to energy splitting AEz = —gpo mjE;cos6) and AEz = —gp, mjE, cosy,
where 6 and 6, correspond to quantum numbers 1y, i, is the electric moment and AEz 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 (AEx = —gpgm;E sin ;) and repre-
sents the x-direction projection, and the other one is energy or frequency (AEz), 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 Dy and 7F; can be calculated as
g = Y(m'y|my)p,, where (m'; = 0) indicates excited-state splitting and (m; = —1, 0,
+1) represents ground-state splitting. Similarly, the transition of phonons between sub-
levels can be calculated as pp = (m; = +1|my = 0)po, ppo = (my = —1|m; = 0), and
pps = (my = +1|m; = —1)p,. The photon Rabi frequency G; ==|H;||py|x cos6;/k causes
splitting of the magnetic dipole transition between °Dy and “F; (Figure 1a). Meanwhile, the
phonon Rabi frequency G, = ‘ Hy, ’ ) ypl’ X cos By / h causes splitting among 0—, 77 and 0+
(Figure 1c). The external field changes the phase of angular momentum, which produces
magnetic torque T = up X B and further results in an intensity splitting (Figures 2-6).

By opening the E; field, the |£1) level of the dressed second-order FL via perturbation

H*
chain pég) il pé? - sz) can be written as nested double dressing:
- 2
~(2) _ |Gy (M)]

PeL = T Ao 0 0 L Al ol (1)
(T5 + iA; )(r22+‘c;1 (])‘2/(r32 +ih; +‘GP2(M)‘2/(1’31 +iA] — i)

where “—" represents the |£1) level, and 0 represents the |0) level. H is the laser magnetic
field and I'y; is the transverse decay rate between levels |1) and |2). The lifetime of FL is
I'pr, = I'3p + I'po. The dipole moment is yiy; = —gpu] for the photon, and it is ' py; = —gu]J’
for the phonon. Here, g is a Landau factor for the dressing field, y is a constantand i = 1, 2,
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H*
3. The 10) level of the dressed second-order FL via perturbation chain pgg) il pé? — pg)
can be written as nested double dressing:

02 _ ~[GA(m)?

PrL = 77, 0)(T9 0 0 0 @)
(T +i890) (T9+[GY |2/ (19, +i89+| GO, |/ (19, + i + iAY,)

By opening field Eq, the |£1) level of the dressed third-order density matrix element
H*
for Eg (p/ ) and Exg (p/ S) via perturbation chains pé3) it pg) Has pg) — pg“;’)(s) and

pég) H—g pé? Hs p%) il pé2)< A5)’ respectively, can be written as

~iG;sGy G'1

-(3) _
oS T, +id) (T +ib; — i g5+ |GOo/ (TS + iy — it g + iM0+| G o/ (T + iy — i g + ity +i09)) (Tap + AT — i 5 +i7) )
o - T @
(T + 07 ) (Tag + 0T — i85 +[GY|a/ (Do + 0T = iB3g + iAJ+ |Gy 2/ (Tay + 0T — itg +iB, +i09)) (T, + iy — ifg +id'T)

For the two dark states, the |0) level of the dressed third-order density matrix element
for Eg (pl ) and Eas (p/ AS) via perturbation chains is pgl) B pgll) Has pﬁ) Iii pg)(s) and
pgl) 4 pél) i pgl) il pé& A5)’ respectively, whose expressions can be written as follows:

p(S](S) _ _iGOASG?GI(l) (5)
(T, +i09) (T9; + A — 8+ |Gl |2/ (T3, + 218 — 6 s+| Gy |2/ (T, + 2189 — iAQs +if)) (T + i) +ia) — in%)
o = —ieseper (6)

(19, +iA9)(0, + A’ — 1A2+‘G°‘2/ TY, + a9 —ind +1AU+‘G

2/ (T + i + A" —iBg +iA)) (T9 +iA) +iA] —iAg)

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 E;, the dressed second-order FL via perturbation chain pOO) il p20 —
(2)

Py, canbe written as nested double dressing:

2
o) |Gy (M)] -
(T + i8] +[ Gl (]2 (Tfy +ia] — iy +|GYM) o/ (T + i] — ity +ia))Th,
For the two dark states of the dressed third-order density matrix element for Eg (p/é‘q’))
3\ s . . 0) Hf (1) H

and E g (plfqg) via perturbation chains P(()O il p20 45 4 pgo)( s) and p(()o) - pgo) =

p(%) B pég)( As)y’ respectively, the expression can be written as
p+(3> _ _iG;QSGlJrG/Ir 8)

> (Ti + 0] — i) (T + 1A++‘G ‘2/(r]+0 +inf - iA;1+]G9]2/(rgo A = i +i09)) (Tgy + i8] +in'f — iAks)
_ 'G+ G+ Gl+

ohs = : ©)

(T + i —iAd) (T +1A'++(G ‘ /(T + it} —in, +’G0 2/ (T + i — il +in)) (T3, + A} + iy —iAY)

where + represents the |+1) level for the photon Rabi frequency and the phonon Rabi
frequency, respectively. H is the laser magnetic field, and I'y; is the transverse decay rate
between levels |1) and |2). The lifetime of FL is I'rj = I'y; + I'zp. The phonon dressings

|sz|2 and |Gp3|2 can be added.
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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 I' from large to small. Figure 2 shows the asymmetry evo-
lution of the spectral FL signal obtained from (12:1) of Eu**: BiPO, 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(al). These can be explained us-
ing the two dressing terms |G; (M)|»/(T5; + iAl_)+‘G;r1(])‘2/(F% +iAf — iA;l) from
Equations (1) and (2). The 7F; level is divided directly into mj- _1, mj- ¢ and mj - ;1 under
the CF effect of the BiPO, 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 dipl is § = dIm(p~)/dA; = —Im((|Gy ((|Gy %)/ A2 — i)/ (Tp(A + |Gy [/ AY)),
where A = I'y; +iA] . The slope of the |—1) level is S_; = —10.17 in Figure 2(al-a8). The
slope of dip2 is S = dIm(p*‘)/dA;l = Re((\Gf|2|G;1|2)/(l"2+2(A + \GI;|2/B))2B2), where
A =Ty +iA] and B =T, +iA] — iA;l. The slope of the |+1) level is 1.02. The distance
between peakl 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(al-a3), the two dips decrease.
The dressing dips decrease due to the increase in A;l and A; . When the time gate width
increases from 1 ps to 10 us 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 Eu®*:
BiPOj4 due to three fine-structure energy levels. However, in our experiment, we observed
only two peaks shown in Figure 2(a6), suggesting that “Fy, - 41 and “Fy, - are
indistinguishable and distinguishable, respectively.

Further, a broad peak is shown in Figure 2(b1) due to the dominance of CF split-
ting. The two dressing dips disappeared from Figure 2(al-bl) due to the increase in
the time gate position reducing I'};. The fluorescence asymmetry ratio is defined as
Rrr = Scr/Sp, where the Scr is the area of the peak from crystal field splitting. The
Sp is the area of the dip/peak from the photon-phonon dressing. The FL asymmetry ratio is
crL = (18.16 —13.99) /18.16 = 22.96% from Figure 2(b1-b8). The slope from the |—1) level is
S =dIm(p~)/dA; = —12.12. The slope from the |+1) level is S, = dIm(p™)/dA] = 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 2¢,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 2¢, and the slope of the |—1) and |+1) levelsis S = dIm(p~)/dA; = —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(el-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(el—e5)). The FL signal and the SFWM signal
reach a state of competitive equilibrium (hybrid) in Figure 2(e5-€8), so the background
signal does not change. Figure 2f-h shows a similar result to Figure 2e.



Nanomaterials 2024, 14, 671

8 of 15

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 Eu®*: BiPOy, 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 (cos0; in Figure 1d—f), and placing PMT2 at a large angle results in
small splitting (cos 01 > cos 0y, G =|Hq||py| % cos6y/h > Gy =|Hp||pyi| % cos b/ h). The
distance between peakl and peak?2 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 |2/ (Tos +iA] — iAATS)+|G2l 2/ (19, +iA) — iA(];1 —iAY) 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 le is used to realize the asymmetry spectral router (Figure 1g),
where the Eu®*: BiPO, crystal behaves as a router with the Eq beam as ist input (ajn); E»
is a control signal, and ay pethe outpft hethe router detected at PMTs. Here, we used the

channel equalization ratio (P =1 — \/ Z%_N (b; — 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; 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 Eu®*: BiPO, by
changing the time gate widths when H; 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 ps, 2 us, 3 us, 5 ps, 8 ps, 10 us)
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 ps. (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, phononl and phonon?2 dressing.

Moreover, Figure 3c,d show a spectral signal at the 1 us time gate position and
near PMT3. We can show FL (Figure 3(c4)) and SFWM (Figure 3(cl)) asymmetry (same
DOS) through evolution. The dressing dip is seen in Figure 3(c1), which can be explained

by the three nested dressings |G; (M)[»/ (T + iAl_)+‘G22(M)‘2/(Fg1 +iAd + iA22)+
’G;’l(M) ‘2/(1T0 +iA] — iA;l) 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
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phonon?2 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(cl)) to 110 (Figure 3(c4)); this is because A;l and

Agz 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 3¢, 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; |2¢/2¢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 Rsr = Scr/ Sy, where the Scr is the area of the peak
from crystal field splitting. The Sy is the area of the multi-dips from the photon-phonon
dressing. The Rgr 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(el—-e5)), 2651 /644
(Figure 3(f1-f4)), 2651/103 (Figure 3(gl-g5)) and 367/195 (Figure 3(h1-h5)). The ratios of
the maximum signal and the SWFM are 1808/672 (Figure 3(e5-€8)), 644 /460 (Figure 3(f4—£8)),
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 align-
ment of the dips in Figure 4(al) can be explained by the five photon-phononl-

phonon2  dressings ’Gp_S ‘2/ (Cog +iD] — iA;S—l— ’ G? ‘2/ (1“83 +iA] — iA];3 + iA(l)) from
Equations (3) and (4), ‘ng(M) ‘2 / (I’g1 + iA(lj + iAgz) from Equations (5) and (6) and
(G |/ (T + i8] — iy |G|/ (T + i} — iy = iAG,) from Equations (8) and (9)
due to the PMT being located at a shorter distance (big @1, 1/ cos ¢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(al,a2), the depth of the dips decreases, so the dressing becomes

weak. The distance between peakl and peak?2 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 Eu®*: BiPO,
by changing the time gate widths when H; 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 s,
2 us, 3 ps, 5 ps, 10 ps, 15 ps) measured at PMT1. (b) Changing time gate widths measured at
PMT?2. (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 @, 1/ cos @3). As the time gate width increases to 15 s, 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(al), the two dips in Figure 4(al) are deep because there is less A+1' The distance
between peakl and peak2 is 9.97 nm. The distance between peak2 and peak3 is 15.77 nm.
The two Fano dips resulting from the middle ¢3 (1/ cos ¢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(el-e5)) and 994 /277
(Figure 4(f1-£5)). The ratios of the maximum and minimum SFWM signals are 1087 /202
(Figure 4(d5-d7)), 1566/608 (Figure 4(e5-€7)) and 1683 /277 (Figure 4(f5-{7)).

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(al), the distance
between peakl 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(al) due to the presence of more phonon
dressing (small A}fl, 1/ A}ﬁ‘l). 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) Eu®*: BiPOy 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 Eu®*: BiPO, sample in Figure 5(b1), whose energy level cannot
be cleaved, the CF splitting can be cleaved for the Eu®*: NaYF, sample in Figure 5(c1). The
distance between peakl and peak?2 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
Eu’": NaYF, 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 ps, 2 ps, 3 us, 5 ps, 10 us, 15 ps) when Hy 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 H; is scanned (570 nm to 610 nm) for the (12:1) sample of Eu3*: BiPOy. (b) Hj is
scanned (570 nm to 610 nm) for the (6:1) sample of Eu?*: BiPOy. (c) H; is scanned (570 nm to 610 nm)
for the (1:1/4) sample of Eu®*: NaYF,. (d—f) Connecting figures corresponding to (a—c), respectively.

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
A?;il(l / Ag:il). 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



Nanomaterials 2024, 14, 671

11 of 15

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
A;}l/ 41/ A,lg%l >1/ Ag}l > A;}l /%). The energy level splitting is caused by asymmetry for
the Eu*: NaYF, 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(el—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-€8)) and
1379/672 (Figure 5(f6-£8)).

Next, we discuss the differences in SFWM asymmetry splitting under the different
conditions. Figure 6 shows the signals generated from the Eu3*: BiPOy using different ex-
perimental parameters in PMT2. The broad peak in Figure 6a is due to the narrowband exci-
tation, leading to weak photon—phonon dressing ‘G;“l (7N ‘2 /(Tfy+iA] — iA;l—I— ’ G)(M) ‘2 /
(T9, + ing — iA;1 +iA?) 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: |Gy |2/ (T +iA] —iAg) +‘G?’2/(Fgl +iAY —iAY ) from Equations (3)-(6).
When the dressing increases, the linewidth also increases. Because the A;” 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; |2 and |G} |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; = (2A] + \/(2A1)2 +4(T 3T, — (Af)z + |Gy ‘2) )/2 and

ap = (28] — \/(ZA;)Z +4(TyT 5 — (Al_)2 + |Gy ‘2) )/2. The distance between peakl

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 Eu*: BiPOy at
PMT?2: (a) The time gate widths are changed (200 ns, 500 ns, 1 us, 2 ps, 5 us, 10 ps, 15 us) and Hj is
scanned from 570 nm to 610 nm at the 500 ns time gate position, high power and a 300 K temperature.
(b) H; 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 ps, 580 ps, 640 ps, 1 ms, 3 ms, 5 ms) at the 3 ps time gate width, and all
other conditions are the same as in (a). (d) The time gate positions are changed (20 us, 50 ps, 100 ps,
500 ps, 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 us, 2 ps) 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 ps, 2 s,
5 us, 8 us, 15 ps), 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 H; is scanned from 570 nm to
610 nm at a time gate width of 200 ns, time gate position of 500 s and 300 K temperature. (h) The
temperature is changed (280 k, 220 k, 150 k, 100 k, 77 k) and H} is scanned from 570 nm to 610 nm at a
time gate width of 200 ns, time gate position of 500 pus and high power. (i,j) Asymmetrical multi-level
splitting for two dressings and three dressings, respectively. (k1,k2) Asymmetrical and symmetrical
directional precession splitting.

Figure 6¢ shows the luminescence spectra of SFWM obtained at the far time
gate position. The multi-Fano dip (Figure 6¢) can be explained by the five-nested
2

dressing ’G;Z‘Q—F‘Gg‘z—b—‘Ggl’2/’G?‘2+’G1+’
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

Because the SFWM signal is sensitive

2
phonon dressings (‘GgJ )2 /(T +ind)+ ’ Gg i‘ ) when the time gate position is changed. The
left and right peaks are basically symmetrical in Figure 6(d1). The conditions of first-order

- _ 2 o 2 _
splitting enhancement are a; = <2AP1 + \/(ZApl) T4l 5 = (8,)" + G ‘2) )/2 and

_ 2 S 2 ,
a, = (2AP1 — \/(ZApl) +4(F23F13—(Ap1) +1Gp1|2))/2 for the real part, and

— — — —\2 — —\2 —
b = —(Ty + Ty + \/(r23+r13) ~ 4Tl — (8,)° + |G f2) /2 and
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_ _ - =2 e -2 - o
by = — (T +T3) — \/(F23 +T5)" — 4Tl — (Apl) +1G 2) /2 for the imaginary
part. The conditions of second-order splitting enhancement are ¢; = (2a; + A+ AY) +
\/(2a1 +4, + A9 —4(0iIs +ai + A, +A))/2 and o = (20 + A, + A])-
\/(2{12 +4,+ A(l))2 — 4Ty + a2 + Ay + A%) /2. The conditions of suppression are

2
Ait+ = |[14). The conditions of dipl are AT = (A, — \/(Apl)2+4’GP1‘ )/2. The

rl
conditions of dip2 are AT = (A} + 1/ (Af)2 +4|Gy }2)/2. The distance between peakl
and peak3 is 853 nm. The conditions of first-order splitting enhancement
are a3 = (2A0 + \/(2A9)2+4(2F30— (A(l))2+ |G(1)‘2))/2 and a3 = (2AY-

\/(ZA?)Z +4(219, — (A?)2 + |G(1) ’2) )/2 at the |0) level. The position of the |0) level (dip4)

satisfies the suppression conditions A+ = |0). The distance between peak4 and peak5
is 5.78 nm; the distance between peak3 and peak4 is 5.44 nm. The intensity of dipl 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 6¢,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 6¢,
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 6¢, 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 peakl and peak?2 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 peakl and peak3 is 8.19 nm. The distance between peak4 and peaké is 11.22 nm.
The middle energy levels of 10> 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
dipl 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, and larger I';;) 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 peakl 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
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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 mini-
mum 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%.
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