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Abstract: We report photon-phonon atomic coherence (cascade- and nested-dressing) interaction
from various phase transitions of Eu®: BiPOs crystal. Such atomic coherence spectral interaction
evolves from out of phase fluorescence to in-phase spontaneous four-wave mixing (SFWM) by
changing the time gate. The dressing dip switch and three dressing dips of SFWM result from strong
photon-phonon destructive cross- and self-interaction for hexagonal phase, respectively. The more
phonon dressing result in destructive interaction, while less phonon dressing result in constructive
interaction of atomic coherences. The experimental measurements of photon-phonon interaction
agree with theoretical simulations. Based on our results, we proposed a model for an optical tran-
sistor (as an amplifier and switch).

Keywords: atomic coherence, spectral interaction, phonon/photon dressing; spontaneous four-

wave mixing

1. Introduction

In the past years, it was desirable to couple a single like-atom spin to a superconduct-
ing qubit, where a nanomechanical resonator is coupled to a two-level system to induce
strong phonon-phonon interactions [1-2]. However, the entanglement generated is af-
fected by different systems in a traditional method that often needs a strong spin-phonon
interaction to exceed the decay of the phonons [3-4]. Phonon dispersion relation and lat-
tice-spin coupling of Eu3+ have been reported [5-6]. Thermal phonon at elevated temper-
atures, lattice vibration structural transition, and thermal expansion behavior in LaPOu:
Eu have been also studied [7].

Recently, the photon-phonon dressing coupling in Eu® ions doped BiPOs has been
studied [8-9], as Eu*/ Pr® ions are very sensitive to the site symmetry and its surrounding
crystal field of the host material than other crystal ions [10-12]. Therefore, it can be achiev-
able to get such kind of potential application in BiPOs crystal. The crystal structure of
BiPOs has two polymorphic forms, monoclinic (M)- and hexagonal (H)-phases. The dif-
ference in the symmetry of the lattice structure results in different interactions [13-14]. The
H-phase of crystal is more structurally asymmetric than the M-phase in Eu®* because of a
more atomic-like system. Bismuth phosphate (BiPOs) has drawn significant attention as a
host medium for doping lanthanide ions due to its comparable ionic radius of Bi**(1.11 A)
with that of lanthanide ions [15-17].

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.


mailto:faisalnadeem15@stu.xjtu.edu.cn
mailto:cbli@mail.xjtu.edu.cn
mailto:ponylee@stu.xjtu.edu.cn
mailto:ponylee@stu.xjtu.edu.cn
mailto:ypzhang@mail.xjtu.edu.cn
mailto:cbli@mail.xjtu.edu.cn
https://doi.org/10.20944/preprints202210.0389.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2022 d0i:10.20944/preprints202210.0389.v1

2 of 18

The Eu®*: BiPOus is one of the most promising atomic-like mediums known for its long
coherence time (ms) [8] due to photon-phonon coupling in doubly dressed states with
potential applications in quantum memory [18-20].

Interactions of doubly dressed states and the corresponding properties of atomic sys-
tems have attracted considerable attention in recent decades. In this regard, two kinds of
doubly dressed processes (in cascade- and nested-parallel schemes) were reported in an
open five-level atomic system [21-22]. Nie et al theoretically investigated the similarities
and differences between different kinds of singly dressing schemes for six-wave mixing
to examine the interaction between multi-wave mixing in a five levels atomic system [23].

Next, we will consider such multi-nonlinear signals interaction with the coupling of
lattice vibration phonon and photon dressing.

In this paper, we investigated two multi-dressing cross-interaction obtained from
various phase transitions of Eu*: BiPOs crystal by changing time gates. The spectral cross-
interaction evolves from out of phase FL, to hybrid (FL+SFWM), and to in-phase SFWM
(anti-Stokes signal). Moreover, we demonstrate that the FL and SFWM destructive inter-
action results from more phonon dressing, and such dressing is achieved with multipa-
rameter temperature (300K), H-phase, and broadband excitation.

2. Experimental Scheme

The ion PO43: [Bi**+Eu3*] has five molar ratios (7:1, 20:1, 6:1, 1:1, 0.5:1) for Eu3*: BiPOs
sample with different lattice vibration structures. In our experiment (Fig.1(c)), we used
five BiPOs samples with different combinations and concentrations of pure H-phase and
low-temperature monoclinic phase (LTMP), where H-phase refers to Cz, and LTMP refers
to Ci1 site symmetry, respectively. The sample (7:1) corresponds to the pure M-phase, (20:1)
corresponds to the mixed [more M (75%) + less H (25%)] phase, (6:1) corresponds to the
mixed [half H (50%) + half M (50%)] phase, (1:1) corresponds to the mixed [less H (25%) +
more M (75%)] phase, and (0.5:1) corresponds to the pure-H phase. The concentration of
Eu®* ions is 5% consistent across all five samples with different phase transitions. Figure
1(a) shows the fine structure energy levels of Eu3": BiPOs crystals. The Eu’*: BiPOs has
ground state 7F1 and excited state Do (mj=0), the ground state 7F1 can split into mj=-1
(587.3nm), mj=0 (592.3nm), and mj=+1 (597.3nm) under the crystal field effect of BiPO4
crystal.

To implement the experiment, Eu3+: BiPO4 samples were held in a cryostat (CFM-
102). The temperature was controlled through liquid nitrogen from 300K (large phonon
Rabi frequency g, with more thermal phonons) to 77K, where GT; = —,E,; /~ is the Rabi

frequency of phonon field (i=1, 2; T= (T1, T2) = (300K, 77K)). The 1, isthe dipole moment
between |k)and |I) of crystal field splitting in 7F1 state (Fig. 1(b)), E, is the phonon field,

where such phonon builds atomic coherence for crystal field splitting in 7Fi.

In the experiment, the I and phase transition detuning al; are controlled by tem-
perature and different samples, respectively. The frequency detuning of phonon field is
Al = — o}, (Fa(7:1), b(20:1), ¢(6:1), d(1:1) and €(0.5:1) sample) in Figure. 1(b), where Q
is the frequency between |k) and [I). The o}, is the phonon frequency of the phonon field,
which is determined by the vibration frequency of crystal lattice state mode. The different
frequencies of phase transitions ( wf <af; , A3 > A%, ) can couple to different lattice vibra-
tions for Eu®: BiPOs, resulting in different phonon dressing (|G, 2 7ia3; < GT; 2 /iAS; )-

Figure 1(c) shows the schematic diagram of the experimental setup. Here we used
two tunable dye lasers (narrow scan with a 0.04cm™ linewidth) pumped by an injection-

locked single-mode Nd3: YAG laser (Continuum Powerlite DLS 9010, 10Hz repetition
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rate, 5ns pulse width) to generate the pumping fields broadband E1 (@1, A1) and narrow-
band E:z (a», A2). Broadband excitation E1couples to more crystal field splitting levels Do
and 7F1 (Fig. 1(b)), resulting in more lattice vibration (phonon dressing). However, nar-
rowband excitation Ez couples to fewer splitting levels, resulting in less lattice vibration.
The frequency detuning here is A; =Q,,, —@, where Q. is the frequency between crystal
field splitting levels Do and 7F1, «; is the optical frequency. The Rabi frequency of the
optical field is defined as G; =—,,E; / h, where 1, is the dipole moment of the crystal
field splitting with different states Do and 7F1 excited by Eibetween levels [m)and |n) in
Fig. 1(b). Such photon builds atomic coherence of crystal field splitting with different
states (°Do and 7F1). The pulse generated from Nd*: YAG laser is used to simultaneously
trigger a boxcar gated integrator and oscilloscope. The input laser beams are along the
[010] axis of the BiPOs crystal, which is perpendicular to the optical axis. The spectral op-
tical outputs are obtained by scanning laser frequency. The grating motor of two dye la-
sers is scanned by a computer to form the x-axis, and the intensity of the excitation spec-
trum is the average of ten shots from the gated integrator (Fig. 1(c)) appearing on the y-

axis.

Teeese (b) i
: : A 2 - ---lGl+> i
' G1>
+1Eso| E, Fol[Gpr> |
' Gpr> |
Vf EpZ E
5 |Gp2+> E

E Switch
Sample rv- T OFFE
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Fig. 1 (a) Show energy levels of Eu®: BiPOas for transition F1—~°Do, (b) Show photon and phonon
four dressing energy level. (c) Experimental setup. (d) The schematic diagram of proposed optical
transistor as an amplifier and switch.

The optical signal generated from Eu’*: BiPOs crystal is detected via confocal lenses
at photomultiplier tubes (PMTs). In our experiment setup, PMT1 is precisely placed to
detect the narrowband FL and spontaneous four-wave mixing (SFWM) signal whereas
PMT2 is placed to detect the broadband FL and SFWM signal. Such detector placement is
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based on the different distances from the detector to the sample (Fig. 1(c)). Hence, PMT
affects the ratio of out of phase FL and in-phase SFWM. The out of phase FL1 signal and
FL2 signals are generated through excitation of E; and E, lasers, respectively. The in-
phase E; signal is generated by a combination of E; and reflection E; under phase-
matched condition ( k; + k] = ks + kg ). At the same time, the spectral signals from different
energy levels with different lifetimes can be obtained through boxcar gated integrators
which can be controlled from the time gate. The time gate can control the ratio of out of
FL and Es/as.

Therefore, photon-phonon atomic coherence interaction can be controlled by
changing the time gate, broadband/narrowband excitation, and thermal/phase transition

phonon.

2.1. Theoretical Model

A. Photon-photon atomic coherence cross-interaction

The single laser or two lasers excitation shows photon dressing. Different lattice
vibrations produced different frequency phonons. Such different frequency phonon can
match to different crystal field splitting levels °D1-7F1, 5Do-7F1, and Do-"Fsin the ion Eu*, so
more phonon results in effective dressing. The three sharp dips are hard to be explained
only by photon field dressing. Therefore, phonon can be used to explain three sharp dips.

The cross-interaction evolves from FL to hybrid (coexistence of second order FL and

SEWM), to SFWM are below
1p2 + pB P= pQ ¢ +1p8 ¢ 21 o8 1 p3 1eost0) s @
| i+ PR P PR F +1 082 1421 PRI PR 1 005(0,) / 2)
1Pl P PR p B+ P+ P 1 ®)

When the laser field E1 and Ez are applied, the density matrix elements of out of phase

FL for [H+M]-phase Eu®: BiPOs via perturbation chain pl(f)i)pl%)(E—l))pg) and

E EY
P28 B 58 can be written as p@ =~ |G, P /(T + i+ Gy P ATop +i(A-0)52)

PE =—1G, P I(T o0 +18+|Gy P Ty - i(A-4,))T ) - Where p@ o p@ 6%, p) 4 pF 1%,

O =61 —0r, . In A-type three-level system, the third-order density matrix elements ¢

e ,
o & 0 &, o0 o be

via P11’ —>Pop —> Poy —> pES)(As) can written as
3 . , . . - . L
P = iGgGLG! /(T +iA)(Tp +iA ]Gy £ ATyp +iA AT i +1AD) Where

P2 =1 PR 1%, PRy - PRy 1672, Ops =Opg1—Ops; - The Ty =(+T;)/2 is the transverse
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decay rate, where I, =T, +T +I +T r is more related to

i ion—spin ion—ion phonon + 1—‘dressing * * phonon

broadband excitation.

In physics, the o2 generated from the field E1 contains external field dressing |G, |?,
and {3 from the field E2 contains external field dressing|G, 2. So the|p@ + p@ ¢ shows
photon2 and photon1 dressing cross-interaction of FL signal [16] at profile E1/Ez resonance

in Figs. 3, 6 and 7. In Egs. (2, 3), the | pQ@,+ o2, 7 and p@ + p@ + pQ, + pQ,1* are similar

to the 15 o with two single external dressing. So, the |pQ, + o, > (Figs. (4-7)) and

1ok (Fig.7) show cross-interaction of SFWM and hybrid signals, respectively.

B. Photon-phonon atomic coherence self-interaction

The self-term | p@ # (or |p@ 2) is taken from in Eq. (1) with external dressing. The

phononl dressing |GT, | and internal dressing|G, [ (or |G, [*) are included in self-term

| P A —1Gy I (T +18y +dy)Tog I° with broadband Ex dressing (or
| pr® P —| G, P /(T +iA +d,)Tp 2 with  broadband  Ei  generation),  where

=Gy [P Iy +iAy-iAL )+ Gy P Ty +iAg-iy) (or

d,=IGY P /Ty +iAy + 1AL )+ G, P I(Tg, +iAy-iA,) ). For example, the |pf% P with two cascade

dressing is expanded as shown follows
| PED P P8 + P2 +pES - (4)

The @ ¢ and | ¢ contain | P 421 pfP 1 oY leosiag,y in Eq. (4) and
121D 2 121 pfD | oD | cos(e,,) ,» Which show out of phase FL2 and FL1 self-interaction of two
lasers, respectively. However, when the external field dressing is neglected at off-
resonance, the Eq. (4) becomes one laser self-interaction of FL.

The photonl exciting atomic coherence (I, and p, ) between |1) and [2) couples to
phononl atomic coherence by a common level [1) (Fig. 1(b)) in |p% 2. The photon2
excites atomic coherence (I'y, and p,, ) between |0) and |2). By Taylor expansion for cascade
dressing, the dressing (atomic coherence) coupling effect is transferred into the nonlinear

generating process in Eq. (4). Thus, we obtain the generating Hamiltonian
H =ihxpofadal, + H.c. for sixth-order nonlinearity, where « =iz »©E. E E,E,, /2. The

@ is the central frequency of FL.

Next, the difference from the self-term |,@, 7 (or |p@ ) in Eq. (2), the internal

dressing |G, (or |G,[") and two phonon dressing (|G], ?and |G, ?) are included in

1111

pré, (o prey ). Where pig, =-i1Gg,G,G, /d; (o1 piagy =—iGgiGG / (T +iA1)dsdg) ),

d =[G, / (T +iAHG Y / (Tgq + A -IAL HG o 1 (Tgy +iA-iA L +A],)) p
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dy = (Tgo +ip+dHG / (Tpy +iA; —IAD)[ g +iA2)(T 0 + 2iA7) ’
dy =G / (Tgy +iA;HG R / (Tgy +iA-IAL G P / (Tgy +1A-IAL +AL,)) 4 dg =IG* 1 (Tyo+iAp HAY)

d, =Tgotidy , dg =Ty +iAHA, , dg=T,, +iA; +d, +d; . The |pr@ 2 with four cascade-nested

dressing is expanded as shown follows

e 3 5 (5 7 9) |2
| Pasy = Psxs)l + Psxs)l + PA(S)l + Psxs)l + p»(AS)I : )

The in-phase anti-Stokes |, fand | pid, ¢ contain | pre$ 12 421 piel® 1 pac | cosoyyy in

Eq. (6) and | px¢® 1 421 paes® 1 pped | costoyy , which show anti-Stokes2 and anti-Stokesl self-
interaction of two lasers, respectively. When the external dressing is neglected at off-res-
onance, Eq. (5) becomes one laser self-interaction of anti-Stokes.

Phononl excites atomic coherence (I;and p, ) between |0) and |1). Phonon2 excites
atomic coherence (T'y and py, ) between [1) and |3) (Fig. 1(b)). In four nested-cascade dress-

ing of p"s,, the atomic coherence from nested coupling among photonl, phononl and

phonon2, couples with atomic coherence of photon2 (Fig. 1(b)) in a cascaded manner. Sim-
ilar to Eq. (4), the dressing coupling effect is transferred into the nonlinear generating pro-

cess in Eq. (5). Thus, we also obtain the generating Hamiltonian can be written as

H, =ihxasof addalial, + He for ninth-order nonlinearity, where
K =—imps 1 QEpsESE E,EE,, /2. The @ g is the central frequency of anti-Stokes.

C. Simulation of non-linear signals dressing interaction

Intensity(arb. units)
Phase(arb. units)

-10 0 A (THz) 10

(2) 2 (2) 2 (2) 2

Fig. 2 (al) The total signal intensity of | o7 I© +1 0, I© (hotcurve), (a2) | og; I (blue curve),

(2) (2)

(a3) the interaction item 2| & || P | cos(o) versus A ( purple curve), (ad) | p& I° (black

2) 2
curve), (a5) | ps(ur)n I" (green curve). Fig. 2(b) Here A=A, —A,, 6 =6 — 6, .The parameters

are G,=23THz, G,=61THz. (bl), (hot curve), (b2) &g, (black curve), (a3) 6, (blue curve)
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versus A . Evolution of @, the constructive and the destructive interaction versus A . Fig. 2(b)

The destructive or constructive interaction is studied in this system [23].
Figure 2(a) shows FL1 and FL2 self-terms |p@® ¢ .| p@ ¢, cross-term 2| p@ | p@ | cos(s, )

in cross-interaction of two lasers | p@ ¢ at A, =A,/2 versus the detuning difference

um

A=A -A, from Eq. (1). | p@ ¢ and|p@ ¢ have the maximal values at A=+4.1THz and

F2|

A =13.6 THz, respectively. Hence, there exist two peaks at around A =10 THz in the hot
curve that represents the cross-interaction | p@ . The purple curve shows the cross-term

A

21 P21 p | cos(a, ) - Here the value below or above zero suggests destructive or constructive
interference, respectively. In fact, variations of the phase difference between second-order
FL1 and FL2 change constructive interaction into destructive interaction, and vice versa.
Furthermore, P A p& 1™ and P A p21ene / we get

| o2+ p@ 2 _ | p@ F —| p@ 1P=2| p@ | p& | cos(o,) from Eq. (1). Figure 2(b) shows the phases 6,
6, , and the phase difference 0 versus . As the 6, and ¢, are changed, the 6

alternates between —0.77 and 0.77 . The interaction switches from constructive
([-0.57,0.497) ), destructive ([-0.77,0.57) ), constructive ([-0.57,057) ), and destructive
([057,0.77) ) and constructive ([0.497,0.57) ). In a word, our simulation (Fig.2) is obtained
by scanning A=A,-A; [23], and our experiment result (Figs. (3-7)) is gained by scanning the
dressing field A, .For simplicity, we only considered the external dressing in simulation
(Eq. (1)). Furthermore, Egs. (1-3) reveals the cross-interaction of two lasers. If the internal

dressing and phonon dressing are considered, the cross-interaction become complicated.
2.2. Experiments

Photon excitation atomic coherence between different states (Do and 7F1) can be
coupled to phonon excitation atomic coherence in the same state (“Fi). Unlike photon
atomic coherence of crystal field splitting with different states, the phonon atomic
coherence of crystal field splitting in the same state is difficult to optically excite.

Moreover, the phonon dressing can control destructive and constructive interaction.
The constructive interaction results from less phonon dressing (77K, M-phase,
narrowband Ez), whereas the destructive interaction is caused by more phonon dressing
(300K, H-phase, broadband Ex).

A. FL dressing cross- and self-interaction

Figures (3-7) shows the connected spectrum of dressing cross-interaction of two
lasers with different bandwidth. The spectrum profile of such interactions can be achieved
by connecting several spectrums together by scanning A,/A; at different detuning (
A1 Ay) and can be Written as | p. ., + Priass I* =R Orsas) + Ny(Bens)=Ry (Bryps) + Ny (0) - When the A;

(=1, 2) is scanned, the R and N; shows resonance and non-resonance profile term,
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respectively. The broad peak (N, =0 profile) and broad dip ( N, (4, = ») profile) in Figs.

(3-7) show constructive and destructive interaction, respectively.

£ (e2) ((e3) o
5| (a1) (a2) (a3) (b2) (b4) (f1) ( )
; (a4) b5) 1 (e5)
E (a5)|(b) (e ) (f5)
L s ‘f3’
(b3) (4) (f2)

567.4 587.4 612.4 Wavelength(nm)

(g2)(83) (h3) 'Y’
(g4) Y
(h5)
(h1)
(g1) (g5) VM)

567.4 587.4 612.4 Wavelength(nm)
(c3)(c4) (c5) .

(c1) (c2 (d2)
« ) V(ds)vv
da

567.4 587.4 612.4 Wavelength(nm)

FL Signals

Intensity(arb. units) Intensity

(h2)
567.4 587.4 612.4 Wavelehgth(nm)

. FL Signals
Inten5|ty(arb. units) Intensity(arb. units)

Fig. 3 (a, c) show self- and cross- interaction of FL observed from Eu®* doped BiPOs[molar ratio (6:1)]
at different E1 wavelengths (567.4nm, 584.4nm, 587.4nm, 589.4nm, 612.4nm) and E: scanned from
567.4nm to 607.4nm at PMT1(far detector position) and PMT2 (near detector position), respectively.
Figures 3(b, d) show self- and cross- interaction of FL at different E2wavelengths (567.4nm, 587.4nm,
588nm, 588.4nm, 602.4nm) and E1 scanned from 567.4nm to 612.4nm. Figures 3(e-h) show spectral

signal intensity for (1:1) sample, which is same condition as Figs. 3(a-d). The time gate = 1ps.

Figures 3(a, b, e, f) show the constructive cross-interaction of FL (sharp peak
Ri(6r =0), broad peak N;(d- =0) (profile)) at Ev/E2 resonance. When the time gate is fixed
at 1ps, the FL emission is turn out to be dominant. The increasing sharp peaks at Ex
N,(6- =0) (Figs. 3(a3, e3) and E: N;(6r =0) (Figs. 3(b3, f3) resonance come from
constructive cross-interaction due to |p@ + & from Eq. (1). Such increasing sharp
peak comes from the (6:1) sample and recorded at far detector position. Moreover, the
broad peaks N;(6 =0)in Figs. 3(a, e) and 3(b, f) come from single dressing constructive
cross-interaction N,(6r =0) and N,(6r =0) , respectively, which agrees with two single
external dressing simulations illustrated in Fig. 2(a3). The sharp peaks at E1 (Figs. 3(a, €)
and E:z (Figs. 3(b, f) off-resonance result from self-interaction with internal dressing |G, |2
and |G, ?, respectively.

Figure 3(c) shows the cross-interaction of FL (sharp dip R,(6¢ =7)) and broad peak
N,(6f =0)) at Exresonance. Compared with the sharp peak (Fig. 3(c)) at E1 off-resonance,
the dressing small dip R,(6¢ =7) at E1 resonance (Fig. 3(c3)) results from the switch of

two cascade dressing (external photon |G, and phononl
|GIE 2 (T +iAS)HGy? / (Do +iA,) In Eq. (4)). Moreover, the sharp peak R,(6r =0) at Ei
resonance (Fig. 3(a3)) is transferred into a small dip R,(6r =7) in Fig. 3(c3) due to

phononl dressing |GT! |2 /(Iy,+iA%,) at near detector position (broadband FL). Similar to
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Figs. 3(a, b, e, f), the broad peak in Fig. 3(c) results from constructive cross-interaction
N, (6 =0) with less phonon dressing.
Figures 3(d, g, h) show destructive cross-interaction of FL (sharp dressing dip

Ri(6f =7)), broad dip N;(6¢ =7) (profile)) at E1 resonance. Compared with the sharp dip
at E: off-resonance from destructive self-interaction (Fig. 3(d)), the sharp dip at E:
resonance (Fig. 3(d3)) increases due to the destructive cross-interaction R, (6f =7z)with
external dressing |G,? of pr? in|pr? + p@ ? at broadband excitation E1 and 300K.
Because, the more crystal field splitting levels 7F1 (Fig. 1(b)) and lattice vibrations are

coupled by broadband excitation E1. Moreover, the 300K result in more thermal phonons

with large ! . The broad dip (Fig. 3(d)) comes from stronger destructive cross-

interaction N;(6¢ =7) with more phonon dressing. The sharp dressing dips at Ez off-

resonance (Fig. 3(d)) come from the self-interaction from Eq. (4).
The sharp dips at E1 off-resonance come from phononl dressing |G |2 /(1,+iAS;) Of
pi? shown in Fig. 3(d). The sharp dip R(6¢ =7) at E1 resonance results from cascade

dressing |G, 2 +|Gy, [ (Typ+in, +ia%)) Of pp{? shown in Fig. 3(d3). Such cascade dressing

coupling results in photonl-phonon2-phononl (&, o}, o, in #‘®) atomic coherence

coupling.
Figure 3(g) corresponds to the simulation (Fig. 5(g)) modelled through Eq. (4).
Compared with the sharp dip at E1 off-resonance (Fig. 3(g)), the sharp dip at E1 resonance

(Fig. 3(g3)) decreases due to the cross-interaction R,(f6f =) with phononl dressing
|Gt P [Ty +iA%)+ ]G, 2 from Eq. (4) at narrowband excitation. The broad dip in Fig. 3(g)

comes from strong destructive cross-interaction N,(6f =7) with more phonon dressing.

Similar to Fig. 3(d), the broad dip (Fig. 3(h)) can be explained by stronger destructive
cross-interaction N(6¢ =7) with phononl dressing |GT! 2 (1), +ia%)+|G, 2 of P .
Compared with small dip at E1 resonance (Fig. 3(c3)), the large dip is shown in Fig. 3(g3)

due to phase transition phonon dressing | GI! [2 /(AS, +iA;) < GIE 2 /(iAS, +ia,) - Such phonon
dressing dip results from resonance detuning a¢, (¢, <A¢, ), which is due to high phonon

frequencies of; (¢, > S, ) for H-phase samples (6:1, 1:1) in Figs. 3(d, h).

The transistor as a peak amplifierl and dip amplifier2? shown in Fig. 1(d) is realized from
spectral results observed in Figs. 3(b) and 3(d). In our proposed model, the FL signal is input (ain
=FL); Ez is a control signal (analogous to the base current of BJT), while aou is the output of the
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transistor, and transistor gain (g) is related to external dressing effect and can be controlled through
detuning of Ez2 beam. First, when E: is set at off-resonance (A, # 0 ), the amplitude of both sharp
peak (Fig. 3(b1)) and sharp dip (Fig. 3(d1)) is very low. When detuning of Ez approaches resonance
(A, =0), the amplitude of both sharp peak (Fig. 3(b3)) and dip (Fig. 3(d3)) amplifies by a factor of
three. The amplification of spectral signals can be explained from high gain (g>>1) caused by strong
external dressing |G, > atresonance wavelength.

Next, we extend our research and study the cross-interaction of SFWM in the following
section B.

B. SFWM dressing cross- and self-interaction

The out of phase FL (time gate=lpus) interaction is transferred to in-phase SFWM
interaction (time gate=500us). When the time gate is increased to 5us, SFWM signal (sharp
R; ) is dominant.

Figures 4(a) show the constructive cross-interaction of SFWM (two sharp peaks
Ri(0xs =0), broad peak N;(0,5=0) (profile)) at E1resonance. Compared with two sharp
peaks at E: off-resonance (Fig. 4(a)), the two sharp peaks (Fig. 4(a3)) at Ezresonance also
increase due to constructive interaction R (0 =0)with|p, + p&, ?in Eq. (2). Such two
sharp peaks can be explained by crystal filed splitting levels (|1),|0)) due to high resolution
of in-phase SFWM. The broad peak comes from cross-interaction N;(d,s =0) in Fig. 4(a).

_ (a2) (a3) —

£| @ ‘\ dasy|  E e (63

£ £

< Gl

= =

= = (b1) (b5)
_z Ll MJL.. - (b2) |
< 5674 588 6024 2 Wavelength(nm)
z 2 (c3) z Z [w@n

= (c2) (c4) = (d2)

S |(c1) (c5) 5 (d4) (d5)

Z lh lh =

= E

567 4 ' 602 4 Wavelength(nm)

Fig. 4 (al-a5, b1-b5) show SFWM cross-interaction observed from Eu® doped BiPOs [molar ratio
(7:1)] at different narrowband laser E2 (567.4nm, 587.4nm, 588nm, 588.4nm, 602.4nm) while
broadband laser Ei1 is scanned from 572.4nm to 612.4nm at different broadband laser E1wavelengths
(567.4nm, 584.4nm, 587.4nm, 596.4nm, 612.4nm) and narrowband laser E: is scanned from 567.4nm
to 607.4nm at 300K, respectively at PMT1. The time gates are 5us and 20us, respectively, gate
width=400ns. Figure 4(c, d) shows SFWM cross-interaction for the (20:1) sample at the time gate
=10pus and 20us, respectively. The other experimental condition is the same as Figs. 4(a, b),

respectively at PMTT.
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Figures 4(b, d) show the constructive cross-interaction of SFWM (single sharpest peak
R,(0s =0), broad peak N, (655 =0)) at Exresonance. Compared with the sharpest peak at
E1 off-resonance (Fig. 4(b)), the amplitude of sharpest peak R,(f55 =0) at E1 resonance (Fig.

4(b3)) decreases due to constructive cross-interaction with phononl-assisted G,

dressing (]2 and G, share the common atomic coherence)

(G P +1GL D? 1 (Ty+ia, +ia2) of o8 . Compared with sharp peak (Fig. 4(a3)), the

linewidth of such sharpest peak decreases due to less thermal phonon (77K) with small

G} - The broad peak comes from constructive interaction N,(0s =0) in Fig. 4(b) with

less phonon dressing. However, the sharpest peak (Fig. 4(b)) at E1 off-resonance is due to
self-interaction.

Figure 4(c) shows the constructive cross-interaction of SFWM (two sharp peaks
Ri(0xs =0), broad peak N,(f5 =0) ) at E2resonance. The proportion of the two sharp peaks
accounts for roughly of 80% and the proportion of single sharp dips only accounts for
roughly of 20% in Fig. 4(c). Compared with two sharp peaks at E: off-resonance in Fig.
4(c), such two sharp peaks (Fig. 4(c3)) at Ezresonance decrease due to constructive cross-
interaction R;(0js =0). The broad peak comes from constructive interaction N,(fx5 =0)

in Fig. 4(c). The small sharp dip (Fig. 4(c3)) at Ez resonance is obtained from destructive
cross-interaction due to phononl dressing |G, ? /(T'y,+iA, +iA%)+|G, 2 in Eq. (5).

Compared with two sharp peaks at Ez resonance for the (7:1) sample (Fig. 4(a3)), the

small sharp dip at E2 resonance is shown in Fig. 4(c3)) due to phonon dressing (a2, > A",
|Gyf [P ia%, <|GIZ I /iA?)l) for more H-sample (20:1). Such small sharp dip result from the

switch of two cascade dressing (external photon |G,[? and phononl | Gt P Iy +iA%) )HG,

of ) ). Because the phonon dressing is easily distinguished by in-phase SFWM.
Similar to Fig. 4(b3), the sharpest peak at Ei1 resonance also decreases due to
constructive cross-interaction R,(dys =0) with phononl-assisted dressing in Fig. 4(d3).
Figures 5(a) show the constructive cross-interaction of SFWM (sharp peak R, (655 =0) ),
and broad peak N,(8,5 =0) ) at Exresonance. Similar to Figs. 4(b, d), the sharp peak (Fig.
5(a3)) at E1 resonance decreases as compared to the sharp peaks at E1 off-resonance (Fig.

5(a)) due to cross-interaction Ry(f,s=0) with phononl-assisted dressing

(G P +1GH D? / (Typ+ia, +iA%)) of p3, . The broad peak at E1 off-resonance comes from

constructive interaction R,(f,5 =0) due to less phonon dressing.
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Fig. 5 (a, c) show SFWM cross- interaction observed from Eu® doped in molar ratio (6:1) BiPOs at
different E1 wavelengths (567.4nm, 584.4nm, 588.4nm, 596.4nm, 612.4nm) and E: scanned from
567.4nm to 607.4nm at PMT1 and PMT?2 at 300K, respectively. (b, d) shows SFWM cross- interaction
at different E2 wavelengths (567.4nm, 587.4nm, 588nm, 588.4nm, 602.4nm) and E1 scanned from
567.4nm to 612.4nm at PMT1 and PMT2 in 300K, respectively. (e, f) shows SFWM cross-interaction
at 77K. The other experimental conditions are same as Figs. 5(a, c), respectively. Time gate = 500us.
Figures. 5(g1-g5) show the simulation result corresponding to Figs. 5(b1-b5). Figures. 5(h1-h5) show
the simulation result corresponding to Figs. 3(g1-g5) and 7(el-e5).

Figures 5(b) show the constructive cross-interaction of SFWM (two sharp peaks
R(0xs =0), broad peak N;(0is=0)) at Ezresonance. Compared with the small dip at Ez

resonance (Fig. 4(c3)), the small dip at Ez resonance (Fig. 5(b3)) increases due to cross-

interaction R (05 =0) with phononl dressing |G[1[? /(Tyo+iA, +iaS;) in Eq. (5). Such small

sharp dip results from the switch of two cascade dressing |GT! |2 /(I"y+iA%)HG,? Of P4 -

The broad peak in Fig. 5(b) comes from constructive cross-interaction N,(63s=0) due to less
phonon dressing.

Figures 5(c) show the cross-interaction of SFWM (sharp peak R,(€Xs =0), broad
dip N,(6%s =0) (profile)) at Exresonance. The sharp dip at E1 off-resonance (Fig. 5(c)) is
transferred into the sharp peak at E1 resonance (Fig. 5(c3)) due to constructive cross-
interaction R,(0xs =0) with phononl dressing |GTiP+|G, 27 of pxQ at
narrowband excitation. Such transition (sharp dip Ry(0Xs =#) to sharp peak

R, (OXs =0) ) results from the switch of three cascade dressing (internal photon G,,
external photon G, and phononl G, of |G} 2 /(T +iAS)+IG P +|G, P in| p&2; + 0% 7).
The broad dip comes from strong constructive interaction N;(6as =) in Fig. 5(c) with
more phonon dressing. More interestedly, the sharp dips at Ei1 off-resonance (Fig. 5(c))
result from self-interaction in Eq. (5). Such sharp dips are obtained from 300K due to more
thermal phonon dressing (large GJi ). Compared with the sharpest peak at Ei off-
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resonance for (7:1) and (20:1) sample (Fig. 4(c, d)), the sharp dip at E1off-resonance (Fig.
5(c)) decreases due to phase transition phonon dressing ( |G[] I? /iAG, > GLZ 17 /ia3)
for (6:1) more H-phase sample.

Figures 5(d) show the destructive cross-interaction of SFWM (three sharp dips

R, (OR = 7) , broad dip N; (08’ = 7)) at Ezresonance. Difference with three sharp dips

at Ez off-resonance from destructive self-interaction (Eq. (5)) in Fig. 5(d), the three sharp
dips at Ez resonance in Fig. 5(d3) result from destructive cross-interaction R;(0xs =7)
with phononl and phonon2 dressing. The broad dip in Fig. 5(d) is obtained from stronger
destructive cross-interaction N;(¢xs=7) with more phonon dressing at 300K and
broadband excitation. Figure 5(d) corresponds to the simulation result (Fig. 5(h)) from Eq.
(5).

The three sharp dips at E: off-resonance (Fig. 5(d)) result from three nested dressing
(internal photon G, , two phonons). However, the decreasing three sharp dips

reee

R (x5 =7) at Ez2 resonance (Fig. 5(d3)) come from external dressing |G,?? of four

nested-cascade dressing (internal photon G,;, external photon G, and two phonons)

. . . 7111(3) H 3 rrrr(3) 12
G, / (Do G 1 (Typ-iAS HG TSP / (Tya-iaS-iaS N +G, 2 of piel® (Eq. (9)) in | o2, + pitt® -

Such four dressing coupling results from photonl-phonon2-phononl-phonon2
(of ,af,alyaf,in x® ) atomic coherence coupling.

The more phonon dressing result from more lattice vibrations at 300K for Eu®": BiPOxs
than other samples (Eu*/Pr®: YPOu [24] and Pr®: Y2505 [25]). The model for phonon-
controlled transistor switch is presented in Fig. 1(d) where ‘enhancement peak’ and
‘suppression dip’ corresponds to ‘ON-state” and ‘OFF-state’, respectively. When the input
signal (Fig. 3(b3)) is in single ON-State (higher than baseline) then the corresponding output
signal (Fig. 3(d3)) is at single OFF-State (lower than baseline). Such spectral switch can be

controlled by single phonon dressing (| G, [? ). Our experiment result defined the switching

contrast as C= (lof —Ion)/ (lof +Ion), where I is the intensity at the OFF-state and Lo is the
intensity at the ON-state. The maximum switching contrast C for single state switch is
about 82% in Fig.3(b3) and 3(d3). Furthermore, when the ON-state of input signal is
observed with two sharp peaks (Fig. 5(b3)) the corresponding output signal has OFF-state

with three sharp dips as observed in Fig. 5(d3). Such multi-states switch can be controlled

by two phonon dressing (|G, |?,|G,, ?)- The switching contrast C is about 93.6% for

multi-states switch measure for Figs. 5(b3) and Fig. 5(d3).

Figures 5(e, f) show the constructive cross-interaction of SFWM (single sharpest peak
R,(0xs =0), broad peak N,(6s =0) ) at Exresonance. Compared with the sharpest peaks at
E:1 off-resonance in Fig. 5(e), the sharpest peak R,(f)=0)at E1 resonance in Fig. 5(e3)

increases due to constructive cross-interaction with phononl-assisted dressing
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(G P +IGLF N (Tyo+iAy +iA%)) of pi) at 77K. Figure 5(g) shows simulation results

corresponding to experimental result (Fig. 5(b)). The transition from broad dip
N, (6, =7) (Fig. 5(c)) to broad peak N,(6,5 =0) (Fig. 5(f)) is due to the reduction of
phonon dressing. So, thermal phonon dressing plays a key role in cross-interaction.

In order to explore more, we further compare the FL and SFWM interaction in

section C.
C. Comparison of FL and SFWM interaction

The cross-interaction in Figs. 6-7 evolves from out of phase FL to hybrid (coexistence
of second order FL and SFWM), to in-phase SFWM by changing the time gate (1us to
500ps) obtained from (0.5:1) sample.

Figures 6(a-b) show the constructive cross-interaction of FL (sharp peak R,(6r =0),
broad peak N, (6 =0)) at Ezresonance. Similar to Fig. 3(a3, b3, €3, £3), the increasing sharp
peaks (Fig. 6(a3)) at Ez resonance is due to constructive cross-interaction R;(6- =0) in Eq.
(1). Compared with sharp peak at E: off-resonance (Fig. 6(b)), the sharp peak R (6 =0)

at E: resonance (Fig. 6(b3)) decreases due to phononl-assisted dressing
(G, P +1G D / (Tyg+its, +iay) Of o) (similar to Fig. 5(a)).

Figures 6(c-d) show the constructive cross-interaction of SFWM (two sharpest peaks

R, (0xs =0), broad peak N,(fys =0) ) at Ezresonance. When the time gate increases to 500,

compared with two sharpest peaks at Ez off-resonance in Figs. 6(c, d), two sharpest peaks

R, (0xs =0)at E2 resonance in Figs. 6(c3, d3) decreases due to phononl-assisted dressing
(G, P +1GIZ D2 1 (Tyo+ir, +iA%) in o8] (similar to Figs. 4(c3) and 5(a3)). The spectral
linewidth of sharp peak in Fig. 6(al) at 300K is 9 times larger than the linewidth at 77K in

Fig. 6(c1) due to more thermal phonon dressing (|GTi 2 7ia%, > GT2 [? /iA%, )-
Similar to sharp peak with (6:1) sample at 300K (large ]}) in Figs. 5(a, b), the two
sharpest peaks with (0.5:1) sample are also shown at 77K (small G[2) in Figs. 6(c, d) due

to phase phonon dressing |GI2|?/(ia, +ia;) from resonance detuning ( A% ~0 ).

Therefore, compared with out of phase FL (Figs. 6(a, b)), in-phase SFWM is more sensitive
to phonon dressing (Figs. 6(c, d)).
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Fig. 6 (a, b) show FL cross-interaction observed from the output signals of Eu®*doped in molar ratio
(0.5:1) BiPOs at different E2 wavelengths (567.4nm, 587.4nm, 588nm, 588.4nm, 602.4nm) and Ei
scanned from 572.4nm to 612.4nm at 300K, at PMT1 and PMT?2, respectively. The time gate is 10us.
Figures 6(c, d) show SFWM cross-interaction at 77K at the time gate = 800ps, respectively. The other

experimental condition is the same as Figs. 6(a, b).

Figures 7(a, b) show the constructive cross-interaction of FL (sharp peak R,(6 =0),
broad peak N,(6r =0)) at Exresonance. When the time gate is fixed at 1us, compared with
sharp peak at E1 off-resonance in Fig. 7(a), the sharp peak R,(6z =0) at E1 resonance in
Fig. 7(a3) increases (similar to Fig. 6(a)). The sharp peak R,(6 =0) at E1resonance in Fig.

7(b3) decreases as compare to the sharp peaks at Ei off-resonance in Fig. 7(b) due to
phononl-assisted dressing (G, |+ |G} )2 / (I +iA, +ia%) of pf2) .

Figures 7(c, d) show the constructive cross-interaction of hybrid (single sharpest peak
R,, broad peak N,) at Eiresonance. When the time gate increases to 100us, difference
with the sharpest peak at E1off-resonance in Figs. 7(c, d), the sharpest peaks R, at E:
resonance in Figs. 7(c3, d3) decrease due to constructive cross-interaction with phononl-
assisted dressing of R, in Eq. (3). The broad peaks N, in Figs. 7(c, d) can be explained
by constructive cross-interaction with less phonon dressing.

Figure 7(e) shows the destructive cross-interaction of SFWM (single sharpest dips
R,(0as =), broad dip N, (b =) ) at Exresonance. When the time gate reaches to 500,

difference with sharpest dip at Ei off-resonance, the sharpest dip R,(0ps=7) at Ei
resonance in Fig. 7(e3) decreases due to stronger destructive cross-interaction with

phononl dressing. Such decreasing sharpest dip R,(6xs =7) results from external
dressing |G,|* of two cascade dressing |GI! P /(I'yp+ia%)+G? In piE) . Moreover, the

broad dip N,(0x =7) is obtained from 300K and (0.5:1) sample with more phonon

dressing.
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Similar to Fig. 5(c), figure 7(f) shows the cross-interaction of SFWM (single sharpest
peak R,(6is =0), broad dip N,(fis =7) at Eiresonance. Difference with sharp dip at Ex

off-resonance in Fig. 7(f), the sharpest peak at E1 resonance is shown in Fig. 7(f3) due to
constructive cross-interaction R,(f55 =0) with less phonon dressing. Such transition

(sharpest dip R, (€5 =7) to sharpest peak R,(fis =0)) results from the switch of three
cascade dressing | GT! |2 /(I +iA%,)+HGy 2 +HG,? of o2 . Similar to Fig. 5(c), the broad dip (Fig.

7(f)) comes from strong destructive cross-interaction N,(dis =7) with more phonon

dressing.
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Fig. 7 (a, b) show FL cross-interaction observed from Eu® doped in molar ratio (0.5:1) BiPOs at
different E1 wavelengths (577.4nm, 584.4nm, 587.7nm, 592.4nm, 612.4nm) and E: scanned from
567.4nm to 607.4nm at PMT1 and PMT2, respectively, at the near time gate (1ps). Figures 7(c-d)
show hybrid cross-interaction at the middle time gates (100ps). Figures 7(e-f) show SFWM cross-
interaction at the far time gate (500us). The other experimental condition is the same as Figs. 7(a, b),

respectively.

Therefore, the out of phase FL constructive interaction (Figs. 7(a, b)) can be evolved to
in-phase SFWM destructive interaction (Figs. 7(e, f)). The H-phase result (Figs. 5-6) comes
from sensitive phonon dressing and easy distinction for in-phase SFWM.

Moreover, the linewidth of peak increases from 0410.1nm in Fig. 7(c) to 4.7£0.1nm

in Fig. 7(a) due tothe T of generating process. The width with dressing dip increases

phonon

from 06+0.1nMmin Fig. 5(d) to 5.9+0.20Min Fig. 3(d) due to the T of dressing process.

phonon

The destructive cross-interaction R in Fig. 3(d) and 5(d) results from more phonon dressing

with same area. However, such more phonon dressing shows different phenomena for
single sharp FL dip in Fig. 3(d) and three sharpest SFWM dips in Fig. 5(d).

3. Discussion

From our results we conclude that unlike cross-interaction N; [non-resonance], the
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internal and external dressing atomic coherence coupling result in switching between con-
structive to destructive for R (Figs. 3(c), 4(b), 5(b, c), 7(f)). The resonant cross-interaction
Ris distinguished from non-resonant cross-interaction N; without internal dressing.
Furthermore, the destructive interactions result from cascade dressing (Figs. 3(d, e, f),
4(c), 5(b, c), 7(e)) and four nested-cascade dressing (Fig. 5(d)), respectively. The cascade
dressing and nested dressing suggest strong and stronger photon-phonon atomic

coherence coupling (leading to three dressing dips shown in Fig. 5(d)), respectively.
4. Conclusion

In summary, we theoretically and experimentally studied constructive and
destructive photon-phonon atomic coherence interaction. The destructive spectral
interactions result from cascade dressing and four nested-cascade dressing, respectively.
The cascade dressing with strong photon-phonon atomic coherence coupling lead to the
single sharp dip. Moreover, the four nested-cascade dressing with stronger photon-
phonon atomic coherence coupling lead to three sharp dips. The transistor as an amplifier
and switch were realized by photon-phonon atomic coherence interaction, which could

have potential applications in atomic-like systems.
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