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The multi-Fano interference, which is obtained through the
simultaneous acquisition of bright and dark states in different
phase transitions of Eu3+ : BiPO4 (7 : 1, 6 : 1, 1 : 1, and 0.5 : 1)
and Eu3+ : NaYF4 (1 : 1/4) crystals, were reported in this work.
Multidressed spontaneous four-wave mixing and multidressed
fluorescence (multiorder) were adopted to optimize the strong
photon–phonon nested dressing effect, which results in more
obvious multi-Fano interference. Firstly, the multi-Fano is
produced through interference in continuous and multibound
states. Secondly, five multi-Fano dips are originated from the
nested five dressings (one photon and four phonons) under
symmetrical splitting of 7F1 energy level. It is found that the pure
H-phase (0.5 : 1) sample exhibits the strongest photon–phonon
dressed effect (five Fano dips). Further, high-order non-Hermi-
tian exceptional points in multi-Fano interference were investi-
gated by adjusting the ratio of Rabi frequency to dephase rate
through nested photon and phonon dressing. The experimental
results are validated by theoretical simulations, which may be
applied to designing optoelectronic devices such as non-Hermitian
multi-Fano interferences (multichannel) router.
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INTRODUCTION

In recent years, notablly surging research efforts have been paid on
Fano resonance, owing to its extensive range of material applications
within the realms of physical, chemical, and biological sciences1–7.
Structures with Fano resonance have great application potential in the
fields of hybrid photonics and nanophotonics, which involve the
coupling of light with various particles and quasiparticles such as
phonons, electrons, spin, excitons, and mechanical degrees of freedom8.
In Fano interference, interference of a discrete quantum state with a
continuum of states with the same energy contributes to the appearance
of asymmetric line shapes in the measured excitation spectra, which can
be characterized by a Fano ‘shape’ parameter, and this was first
observed in experiments by exciting rare gas atoms to Rydberg
states9,10. Fano lineshapes serve as essential spectroscopic indicators
that provide quantitative insights into the structural and dynamic
properties of physical objects, spanning from nuclei to three-
dimensional solids and liquids.

In recent studies, special emphases have been laid upon exploring
higher-order exceptional points (EPs)11–13 and parity-time (PT)
symmetric systems that involve alternating gain and loss14–18. These
systems have shown potential for effectively controlling non-
Hermitian multi-Fano interference. The applications of Fano reso-
nance encompass various domains, including the utilization of linear
and nonlinear dielectric nano resonators, two-dimensional (2D)
materials19–21, slow light optomechanical nanocavities22, Dirac semi-
conductors with ultrafast dynamics of phase and topology23, Fano-
lasers and spacers24,25, and Fano devices26,27. Fano-based devices
are very sensitive to changes in geometry and the surrounding envi-
ronment, there still exist big hurdles in its the implementation despite
the fact that it is an important part of an effective sensor.

To address this challenge, the advantages of adopting rare earth ion
doped crystals to advance integrated quantum circuits have been widely
recognized. The lifetime, coherence time, and spectral resolution of
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doped crystals such as Eu3+ : YPO4, Pr
3+ : Y2SiO5, and Eu3+ : BiPO4

can be precisely controlled through the nonlinear process28,29.
However, among them, Eu3+ : BiPO4 tends to be the best candidate due
to the longest coherence among other doped crystals owing to
photon–phonon dressing30–33. The functional crystal of BiPO4 exhibits
three different crystal structures, namely, hexagonal phase (HP, space
group: Po3121), low-temperature monoclinic phase (LTMP, space
group: P21/n), and high-temperature monoclinic phase (HTMP, space
group: P21/m)34,35. The phase transition of BiPO4 from LTMP or
HTMP to HP occurs by continuously doping Ln3+ ions. The current
research is mainly focused on investigating the effective manipulation
of the phase transition, which results in the identification of the novel
phenomena of multi-Fano resonances controlled through photon–
phonon interaction and multidressing effect. However, all of the spec-
tral Fano interferences that have been previously reported involved
a single Fano interference arising from the interaction between
one continuous state and one bound state, which are solely caused by
external photon dressing.

In this paper, the complex relationship between novel multi-Fano
interference and phase transitions of ion-doped microcrystals (Eu3+ :
BiPO4/Eu

3+ : NaYF4) was reported. The experimental results show that
each energy level of the BiPO4 fine structure exhibits distinct lattice
vibrations, resulting in different phonon frequencies. As a consequence,
the number of dressing levels varies, leading to the observation of multi-
Fano interferences. The evolution of five Fano interferences from a
single Fano interference was observed by precisely controlling the
interaction between a continuous state and multibound states with the
adoption of laser power, temperature, and gate position (GP). In this
work, single-laser excitation results in a single Fano dip caused by the
self-dressing effect, whereas multidressing is generated from photon–
phonon multi-Fano interference. The non-Hermitian-controlled higher-
order EPs was realized, which can be defined by real and imaginary
quantization alignment. The outcomes were applied to suggest a non-
Hermitian multichannel router and show that broadband peak input
fluorescence (FL) to multi-Fano output can be achieved. This study
Fig. 1 | a, Energy level of ion-doped microcrystals and router. Crystal field splitting o

Photon-assisted crystal filed splitting in Eu3+ : BiPO4/NaYF4 (right). b, Enlarged view
router. d, Dressing-like Zeeman splitting (7F1, MJ = −1,

7F1, MJ = 0 and
7F1, MJ = +1)
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explores extensively into the correlation between thermal-phonon
dressings and multi-Fano interference in ion-doped microcrystals, with
potential applications in the development of optoelectronic devices.
RESULTS

Scheme for multi-Fano interferences In our experiment, the molar
ratio (PO4

3− : [Bi3+ + Eu3+]) of doped ions is adjusted with different
concentrations of Hexagonal (H) and monoclinic (M) phase to obtain
different phase transitions of BiPO4 nanocrystals (7 : 1, 6 : 1, 1 : 1, 0.5 :
1) as shown in Fig. S1(a–f) (See Supplementary materials for detailed
physical images of the samples). The (7 : 1, 6 : 1, 1 : 1) BiPO4 crystals
with C1 point group site symmetry has a proportion of M-phase,
whereas the concentration of H-phase is high in (0.5 : 1) the BiPO4

sample (C2 symmetry), which results in more lattice-vibrating
phonon36,37. The Eu3+ : NaYF4 (YF4

3− : [Na3+ + Eu3+] = 1 : 1/4) exhibits
pure H-phase with Cs symmetry. The transition between H-phase to M-
phase has been achieved by increasing the phosphate ion (PO4

3−) con-
centration in the Eu3+ : BiPO4 system, while different crystal phases are
synthesized by adjusting the pH values38–42.

In the experiment, samples were held in a cryostat (CFM-102) with
temperatures varying from 300 K (strong phonon dressing) to 77 K
(weak phonon dressing) by flowing liquid nitrogen. The left and middle
of Fig. 1a show crystal field (CF) splitting levels of Eu3+ : BPO4 and
Eu3+ : NaYF4, respectively. The right of Fig. 1a shows photon-assisted
CF splitting in Eu3+ : BPO4/NaYF4. The

7F1 fine structure (J = 1) splits
into three levels: 7F1, MJ = −1 (587.3 nm), 7F1, MJ = 0 (592.3 nm), and 7F1,
MJ = +1 (597.3 nm) under the dressing and CF effect of BiPO4. Fig. 1b
illustrates the subenergy levels corresponding to the right of Fig.1a.
Two dye lasers (narrow scan with a 0.04 cm−1 linewidth and broad scan
with a 0.08 cm−1 linewidth, R610 dye) pumped by an injection-locked
single-mode Nd : YAG laser (Continuum Powerlite DLS 9010, 10 Hz
repetition rate, 5 ns pulse width) were employed to generate the two
pumping fields E1ðu1Þ and E2ðu2Þ. By exciting the Eu3+:BiPO4 crystal
f 7F1 energy level for Eu3+ : BiPO4 (left) and Eu3+ : NaYF4 (middle), respectively.

of 7F1 energy levels corresponding to a. c, Model of a non-Hermitian multichannel
in Eu3+ : BiPO4.
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with E1 and E0
1 (reflection of E1) (Fig. 1d), the output Stokes (ES)/anti-

Stokes (EAS) signals are generated under a phase-matched condition
(K 0

1 + K1 = KS + KAS) due to interaction with Eu3+ : BiPO4 energy
levels. The out-of-phase FL1 and FL2 are generated through E1
(broadband laser) and E2 (narrowband laser), respectively. The pulse
generated from the Nd3+ : YAG laser is used to simultaneously trigger a
boxcar-gated integrator (G) and oscilloscope (OS). The input laser
beams are along the [010] axis of the crystal, which is perpendicular to
the optical axis. The spectral optical outputs are obtained by scanning
laser frequency, while the time-resolved OS achieves the temporal
optical outputs by fixing dye laser (DL) frequency. The grating motor of
DL1 and DL2 is scanned by computer to form the x-axis (wavelength),
and the intensity of the excitation spectrum is the average of ten shots
from the gated integrator appearing on the y-axis. The optical signal
generated is detected at photomultiplier tubes (PMTs) via confocal
lenses (CL), as shown in Fig. S1(g) (See Supplementary materials for
detailed experimental setup). While PMT2 is positioned close to the
sample to detect hybrid signal (FL + ES/AS) with dominant FL emission,
PMT1 (near-detector position) and PMT3 (far-detector position) are
precisely positioned to detect the generated in-phase spontaneous four-
wave mixing (SFWM) (Fig. 1b). By adjusting the GP, one can obtain
output signals from different energy levels with different lifetimes. The
ratio of FL to ES/AS in a hybrid signal is controlled by GP. Due to the
distinct decay rates exhibited by the FL and SFWM, they can be easily
differentiated at the PMT by adopting a boxcar GP. Furthermore, Fano
resonance strongly depends upon point-group site symmetry of
different phases of Eu3+ : BiPO4. Fig. 1c shows the proposed model of a
non-Hermitian multichannel optical router. Fig. 1d shows the dressing-
like Zeeman splitting of 7F1 energy level. For the 7F1 energy level by
dressing field quantized rotation, the following splitting energy levels
can be obtained: 7F1, MJ =−1,

7F1, MJ = 0, and
7F1, MJ = +1.

Theoretical Model for thermal-phonon dressings The proposed
model shows that more phonons can couple more energy levels, as
shown in Fig. 1a3. The excitations from single laser and two lasers
show a single Fano dip (self-dressing) and multi-Fano dips (external
dressing), respectively. It is worth mentioning that multidressing can
only be generated from photon–phonon multi-Fano interference, not
through excitations of one or two lasers. For the Eu3+ : BiPO4 sample,
unique lattice vibrations can produce phonons with different fre-
quencies which are coupled to different CF splitting levels 5D1 /

7F1,
5D0 /7F1, and

5D0 /7F3 in the ion Eu3+. Therefore, more phonon
results in effective dressing36. The findings in the current work reveal
the five sharp dips, which can only be explained by the combined effect
of photon dressing and phonon.

The non-Hermitian multi-Fano of one laser By opening field E1,

the dressed third-order density matrix element for ES (r0ð3ÞS ) and EAS

(r0ð3ÞAS) via perturbation chains r
ð0Þ
00 /

E1
r
ð1Þ
20 /

EAS
r
ð2Þ
00 /

E0
1
r
ð3Þ
20ðSÞ and

r
ð0Þ
00 /

E0
1
r
ð1Þ
20 /

ES
r
ð2Þ
00 /

E1
r
ð3Þ
20ðASÞ, respectively, can be written as follows:

r
ð3Þ
Sð2Þ¼

�iG1GASG0
1
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�
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0ð5Þ
Sð2Þ+r
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where, d1 ¼ jG1j2=ðG20+iΔ1 � iΔAS+d3Þ,
d3 ¼ ��Gp1

��2=�G10+iΔ1 � iΔAS � iΔp1
�
;

d2 ¼ jG1j2
.�

G20+iΔ0
1� iΔS+d4

�
;

d4 ¼
��Gp1

��2.�G10+iΔ0
1� iΔS� iΔp1

�
;���r0ð3ÞS=AS

���¼ðA2+B2+C2+2ABcosðΔ41Þ+2ACcosðΔ42Þ+2BCcosðΔ43ÞÞ1=2 .

The linewidth of the ES/AS signal is GS=AS ¼ G20+G00+G20. The

transverse dephase rate Gij ¼ �
Gi+Gj

��
2, where, Gphonon is related to

the sample temperature and Gdressin g is associated with dressing. Here,
two Fano interferences are controlled by three phases (Δ41 ¼ p,
Δ42 ¼ p, Δ43 ¼ 0). The aforementioned equations show nested
double dressing suggesting two-Fano interference is originated from

one continuous state r0ð3ÞS=AS and two bound states (photon1 r0ð5ÞS=AS

photon1–phonon1 r0ð7ÞS=AS). Gi ¼ �μHH=Z is the photon Rabi fre-

quency, where, H is the magnetic field for Rabi frequency, μH is the
magnetic dipole matrix elements levels jmD and jnD and jmD and jnD are
the CF-splitting energy levels of 5D0 and

7F1, respectively. Gmn is the
transverse decay rate between levels jmD and jnD. The frequency
detuning Δi ¼ Umn � ui, where, Ukl is the corresponding atomic
transition frequency between levels jmD and jnD. ui is the frequency of
the laser field Ei.

Photon excitation is resulted from the interaction of laser light with
the host material (Eu3+ : BiPO4). On the other hand, phonon excitation
arises from the interaction of the doped ion with a source of phonons
(crystal lattice vibration), which are vibrations in the crystal lattice. The
phonon Rabi frequency is described as the phonon Rabi frequency
Gpi ¼ � μklEpi=Z, μkl, which is the dipole moment between jkD and jlD
of CF energy levels in 7F1. upi is the phonon frequency of phonon field
Epi, which is determined by the vibration frequency of crystal lattice
state mode. The Gkl is the transverse decay rate between jkD and jlD.
Gi ¼ �μklEi=Z is the frequency detuning, where, Ukl is the resonant
frequency between jkD and jlD. ui is the frequency of photon field Ei,
which is determined by the vibration frequency of crystal lattice state
mode. For the three dark states of nested three dressing, the expression
(Fig. 5e) can be written as follows:

r
ð3Þ
Sð3Þ ¼ �iG1GASG0

1
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�ÞÞ

¼ r0ð3ÞSð3Þ+r
0ð5Þ
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0ð7Þ
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Sð3Þ; (3)

r
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�
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Where, d00 ¼ jG1j2=ðG20+iΔ1+
��Gp1

��2=ðG10+iΔ1 � iΔp1+��Gp2
��2.�G13+iΔ1 � iΔp1 � iΔp2ÞÞ; d000jG1j2

.�
G20+iΔ0

1+
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��2.
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1�iΔp1+
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�ÞÞ:

���r0ð3ÞS=AS+r

0ð5Þ
S=AS+r

0ð7Þ
S=AS+r

0ð9Þ
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��� ¼ ðA2+B2+C2+D2+2ABcosðΔ41Þ+
2ACcosðΔ42Þ+2ADcosðΔ43Þ+2BCcosðΔ44Þ+2BDcosðΔ45Þ
+2CDcosðΔ46ÞÞ1=2

Eq. (3)–(4) represent nested three dressing resulting in three-Fano
interference, which is originated from an imperfect continuous state

(r0ð3ÞS=AS) and three bound (photon1 r0ð5ÞS=AS photon1–phonon1 r0ð7ÞS=AS

photon1–phonon1–phonon2 r0ð9ÞS=AS) states. The three Fano in-

terferences are governed by six phases (Δ41 ¼ p,Δ42 ¼ p,Δ43 ¼
p, Δ44 ¼ 0, Δ45 ¼ 0, Δ46 ¼ 0). For the four dark states of nested
four dressing, the expression can be written as follows

r
ð3Þ
Sð4Þ ¼ �iG1GASG0

1

ðG20+iΔ1+d3Þ
1
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�
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�ÞÞ
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0ð7Þ
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0ð9Þ
Sð4Þ+r

0ð11Þ
Sð4Þ; (5)

r
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1
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1
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Where, d3 ¼ jG1j2=G20+iΔ1+
��Gp1

��2=ðG10+iΔ1 � iΔp1+
��Gp2

��2=
ðG30+iΔ1 � iΔp1+iΔp2+

��Gp3
��2=�G31+iΔ1 � iΔp1+iΔp2 � iΔp3
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��Gp3
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iΔp2� iΔp3
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By using Eq. (1) and (2), the interference terms can be written
as follows:���r0ð3ÞS=AS+r

0ð5Þ
S=AS+r

0ð7Þ
S=AS+r

0ð9Þ
S=AS+r

0ð11Þ
S=AS

��� ¼ ðA2+B2+C2+D2+E2+2ABcosðΔ
41Þ+2ACcosðΔ42Þ+2ADcosðΔ43Þ+2AEcosðΔ44Þ+ 2BCcosðΔ45Þ+2BDcos
ðΔ46Þ+2BEcosðΔ47Þ+2CDcosðΔ48Þ+2CEcosðΔ49Þ+ 2DEcosðΔ410ÞÞÞ1=2

The dressed third-order density matrix can be approximated as the sum
of the third-, fifth-, seventh-, ninth-, and eleventh-order ES/AS, governed

by dressed SFWM multi-Fano phase Δ4S=AS ¼ 4
ðLÞ
S=AS � 4

ðKÞ
S=AS

(L < K). The total phase 4ðjÞ
S=AS of generated ES/AS is a sum of the initial

phase 4I ðjÞ
S=AS, cross-Kerr nonlinear phase 4xðjÞ

S=AS, and self-Kerr

nonlinear phase 4sðjÞ
S=AS (4ðjÞ

S=AS ¼ 4IðjÞ
S=AS+4

sðjÞ
S=AS+4

xðjÞ
S=AS). There-

fore, multi-Fano interference could be constructive or destructive
depending upon the total phase when the condition is set as Δ4S=AS ¼
0 (i ¼ 1 to 10), which results in 10 bright states. However, at 0 or p (i
CHIP | VOL 3 | SPRING 2024 Fan, H. et al. Chip 3, 1
¼ 1 to 10), the result shows 10 dark states. For the four dark states, the

expression can be written as jr0ð3ÞS=AS� r0ð5ÞS=AS � r0ð7ÞS=AS � r0ð9ÞS=AS �
r0ð11ÞS=ASj. The four-Fano is controlled by ten phases (Δ41 ¼ p,Δ42 ¼
p, Δ43 ¼ p, Δ44 ¼ p, Δ45 ¼ 0, Δ46 ¼ 0, Δ47 ¼ 0, Δ48 ¼ 0, Δ
49 ¼ 0, Δ410 ¼ 0)). Eq. (1) and (2) show four-Fano interference,

which is originated from an approximate continuous state r0ð3ÞS=AS,

photon1 r0ð5ÞS=AS, photon1–phonon1 r0ð7ÞS=AS, photon1–phonon1–

phonon2 r0ð9ÞS=AS, photon1–phonon1–phonon2–phonon3 r0ð11ÞS=AS states.

Moreover, the SFWM multi-Fano interference between continuous and
multibound states is very obvious when the Δ1 is scanned.
The non-Hermitian multi-Fano of two lasers In a L-type three-

level system, third-order r
ð3Þ
S=AS via r
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20ðASÞ, respectively, can be written as follows:
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where, d5 ¼ jG2j2=ðG20+iΔ1+iΔ2+
��Gp1

��2=ðG10+iΔ1+iΔ2� iΔp1

+
��Gp2
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The equations represent three-Fano interference, which is originated

from the photon1–photon2 continuum state r00xð3ÞS=AS and three bound

states (photon1 r00ð5ÞS=AS, photon1–phononon1 r00ð7ÞS=AS, and

photon1–phonon1–phonon2 r00ð9ÞS=AS). Three-Fano has six phases

(Δ41 ¼ p, Δ42 ¼ p, Δ43 ¼ pΔ44 ¼ 0, Δ45 ¼ 0, Δ46 ¼ 0).
The interference between continuous and multibound states of
SFWM multi-Fano appears when the Δ2 is scanned.

Through the Eu3+ : BiPO4 crystal lattice vibrations, the phonon
dressing can control multi-Fano interference. Fig. 2a shows the spectral
evolution of hybrid signal (FL + SFWM) from single Fano to triple
Fano obtained from the (0.5 : 1) Eu3+ : BiPO4 sample by changing GP
(5 μs, 500 μs, 1 ms) when E1 is scanned at 300 K. The (0.5 : 1) Eu3+ :
BiPO4 crystal exhibits three distinct fine-structure energy levels named
as 5D1 /

7F1 (magnetic dipole transition), 5D0 /
7F1 (magnetic dipole

transition), and 5D0 /
7F3 (induced electric dipole transition) at the CF

of about 106 V/cm. The spectral signal recorded at PMT1 (Fig. 2a11)
shows three Fano interference resulting from the coexistence of dressing
and fine-structure energy levels splitting (5D0 /7F1 in Fig. 5g1),
whereas three Fano dips (three dark states) come from destructive
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interference between approximate continuous state (r0ð3ÞASð3Þ) and three
bound states (r0ð5ÞASð3Þ, r

0ð7Þ
ASð3Þ, r

0ð9Þ
ASð3Þ) are controlled by Fano phases

(Δ41 ¼ p, Δ42 ¼ p, and Δ43 ¼ p) modeled through Eq. (3) and
(4). It is noteworthy that the magnitudes of the two Fano peaks are
greater than those of the three Fano dips because of more pronounced
splitting of energy levels within the 7F1 state than the nested three

dressing. jG1j2=ðG20+iΔ1+
��Gp1

��2=ðG10+iΔ1 � iΔp1+
��Gp2

��2=�G13+iΔ1

�iΔp1 � iΔp2
�ÞÞ fromEq. (3) and (4). The validation of this is supported

by our theoretical findings as illustrated in Fig.2 h3 at Δ1 = − 50. When
the GP approaches 1 ms, the three suppression Fano dips (Fig. 2a31)
tends to be more prominent than the enhancement Fano peaks. This
observation can be attributed to the dominance of nested three dressing in
the completion between the splitting and dressing of the energy levels. In
Fig. 2a21, the first Fano dip is stronger than the third Fano dip, which can
be attributed to the greater influence of the linear polarization dipole
moment in energy level 7F1,MJ = 0 than that of the circular partial dipole
moment in the energy level (μL μC). The theoretical results (Fig. 2g and
h) validate the multi-Fano evolution (Fig. 2a). In Fig. 2a12, two Fano
interference is resulted from the coexistence of double dressing and
energy levels’ splitting (5D0 /

7F1), where two Fano dips come from

interference in an approximate continuous state r0ð3ÞSð2Þ and two bound

states r0ð5ÞSð2Þ, r
0ð7Þ
Sð2Þ controlled by Fano phase (Δ41 ¼ p, Δ42 ¼ p).

The practical results obtained align precisely with the theoretical results
depicted in Fig. 2h2 (simulated atΔ1 =− 50).When theGP is increased to
500 μs (Fig. 2a22), the two Fano dips evolve into three Fano dips due to
sensitive phonon dressing (

��Gp1
��2, ��Gp2

��2) and easy distinction for in-
phase SFWM. When GP is at 1 ms (Fig. 2a23), the right first Fano
dip is the strongest due to more dressing interaction of 7F1, MJ = 0 and

7F1,
MJ = +1. The single Fano interference (Fig. 2a13) occurs due to the
coexistence of single dressing and energy level splitting. In contrast, a
single Fano dip emerges from the interference between dark states and
bright states, a phenomenon regulated by the Fano phase (Δ4 ¼ p) and
Fig. 2 | Spectral intensity signal measured from the Eu3+ : BiPO4 crystal with molar r
signal intensity measured at different gate positions (5 μs, 500 μs, and 1 ms). b1–b3 an

BiPO4 measured at PMT1, PMT2, and PMT3, respectively, when E1 is scanned while
ns). g and h, Theoretical results for dressing evolution corresponding to 2a at Δ1 = 0
PMT, photomultiplier tube.
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modeled by r0ð3ÞASð1Þ+r
0ð5Þ
ASð1Þ. When GP is increased to 1 ms, two Fano

peaks are changed into single Fano dip due to photon dressing

(jG1j2) dominance.
The spectral evolution of two sharp peaks to five Fano interference,

recorded at PMT2 by adjusting GP, is displayed in Fig. 2b. The two
sharp peaks observed in Fig. 2b11–2b13 can be attributed to the
splitting of energy levels during the transitions 5D1 /

7F1,
5D0 /

7F1,
and 5D1 / 7F3, respectively. Multi-Fano interference seen at PMT2
(Fig. 2b) is stronger than that at PMT1 (Fig. 2a) due to the strong SFWM
at the near detector. The spectral evolution observed at PMT3 (Fig. 2c)
exhibits behavior that is identical to that observed at PMT1. The Fano
interference in Fig. 2d–f, resulting from the interaction of two lasers, is
stronger than that of a single laser (Fig. 2a–c), which is mostly ascribed
to two lasers dressing enhancement. However, the left first Fano dip is
stronger than the left third Fano dip in Fig. 2d, f, which is mainly
attributed to more dressing interaction effect between 7F1, MJ = +1 and
7F1, MJ = 0.

Fig. 3a shows the spectral evolution of multi-Fano interference from
three Fano dips to a single Fano dip in the (7 : 1) Eu3+ : BiPO4 crystal
corresponding to Fig. 3c when E1 is scanned. In Fig. 3a11, two Fano
peaks and three Fano dips come from nested three dressing 
jG1j2=G20+iΔ1+

��Gp1
��2=ðG10+iΔ1 � iΔp1+��Gp2

��2=�G30+iΔ1 � iΔp1+iΔp2
�

!
and can be controlled

through the Fano phase (Δ41 ¼ p, Δ42 ¼ p, Δ43 ¼ p), corre-
sponding to the simulation in Fig. 2g3. The Hamiltonian

(H ¼ iZk1α
†
1α

†
p1α

†
p2 where k1 ¼ � i6c

ð9Þ
1 ESEp1Ep2E3

1=2) shows str-

ong dressing coupling between photon1 (α†1), sample phonon1 (α†p1),

and sample phonon2 (α†p2). The energy level splitting (5D0–
7F3) and

dressing coexistence lead to two Fano interferences in Fig. 3a12, where,
two Fano dips can be explained by nested two dressing

(jG1j2=G20+iΔ1+
��Gp1

��2=�G10+iΔ1 � iΔp1
�
) controlled by Fano phase
atio (0.5 : 1) by scanning E1; a, PMT1; b, PMT2 and c, PMT3. a1–a3, the spectral
d c1–c3 are the same GP as a1-a3. d, e, and f, Spectral intensity from (0.5 : 1) Eu3+ :

E2 is fixed at 588 nm (laser power = 7 mW, temperature = 300 k, gate width = 200
and corresponding 3a at Δ1 = −50, respectively. Abbreviations: GP, gate position;

00077 (2024) 5 of 11

https://doi.org/10.1016/j.chip.2023.100077


Fig. 3 | Measured spectral intensity of the hybrid signal from (7 : 1) phase Eu 3+ : BiPO 4 at PMT1 by fixing GP (30 μs), gate width (500 ns), and temperature (300
K). a, Different laser excitation. a1, Scan E2 only; a2, Scan E1 while E2 is fixed at 588 nm; a3, scan E2 only. b1–b5, Measured spectral from (0.5 : 1) Eu3+ : BiPO4 at
PMT2 and 9 mW power. b, GP (500 μs), and gate width (200 ns). b1, Scanning E1 while fixing E2 (588 nm) and low temperature (77K); b2, scanning E1 only at 300 K;
b3, Scan E1 is scanned while E2 is fixed at 588 nm at room temperature (300 K); b4, Scan E1 is scanned and E2 (588 nm), GP (500 μs), gate width (15 μs), and 300 K

temperature; b5, scanning E1 at GP (1 ms), gate width (200 ns) and 300 K temperature. Abbreviations: PMT, photomultiplier tube; GP, gate position. c, Show the
measured time-domain signal from Eu3+:BiPO4.
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(Δ41 ¼ p, Δ42 ¼ p) mentioned in Eq. (1) and (2). The amplitude of
three Fano dips (Fig. 3a11) is reduced as a consequence of the weak
dressing resulting from the interaction of two lasers, when compared to
Fano dips illustrated in Fig. 3a11. Similarly, the two Fano interference
tends to be weak in Fig. 3a22, which aligns with the simulation results
depicted in Fig. 2g2. When compared to the Fano interference in
Fig. 3a11, the Fano interference seen in Fig. 3a3 is weak. This differ-
ence can be attributed to the influence of a narrower excitation band,
which controls the extent of crystal vibration phonons in the system.

In Fig. 3b1, two sharp peaks are resulted from competition between
energy level splitting (5D0–

7F1) dominance and dressing, which can be
further explained by two lasers interaction and low-intensity

phonon dressing (
��Gp1

��2, ��Gp2
��2) at low temperatures. Moreover,

the spectral linewidth of the peak is sharp (Fig. 3b1). The four
Fano dips (Fig. 3b2) come from destructive interference

(r0ð3ÞS=AS+r
0ð5Þ
S=AS+r

0ð7Þ
S=AS+r

0ð9Þ
S=AS+r

0ð11Þ
S=AS from Eq. (5) and (6). The con-

trol of Fano dips and peaks can be achieved by manipulating the Fano
phase, where the dips are attributed to the presence of four dark states
that are observed at Δ41 ¼ Δ42 ¼ Δ43 ¼ Δ44 ¼ p. Such four

dressing dips come from photon1 dressing jG1j2 and three phonons

dressing (
��Gp1

��2, ��Gp2
��2, ��Gp3

��2) with Hamiltonian H ¼
iZk1α

†
1α

†
p1α

†
p2α

†
p3+H:c:, where, k1 ¼ � i6c

ð11Þ
1 EASESEp1E3

1 Ep2

Ep3=2.It shows the strong dressing coupling among photon1 (G†
1)–

phonon1 (G†
p1)–phonon2 (G†

p2)–phonon3 (G†
p3). In Fig. 3b2, broad

profile linewidth is caused by three phonons dressing in (0.5 : 1) BiPO4.
The Fano phase for four dark states and six bright states can be written
as Δ41¼ Δ42¼ Δ43 ¼ Δ44 ¼ p and Δ45 ¼ Δ46 ¼ Δ47 ¼
Δ48 ¼ Δ49 ¼ Δ410 ¼ 0, respectively. The presence of six bright
states surpasses the number of four dark states due to the additional
bright state being integrated into the existing five bright states. The left
first Fano dip is stronger than the left fourth Fano dip in Fig. 3b2 due to
CHIP | VOL 3 | SPRING 2024 Fan, H. et al. Chip 3, 1
μC > μL. These results coincide with our theoretical results obtained for
nested four dressing at Δ1 = 50.

In Fig. 3b3, the signal observed by scanning E1 while fixing E2
(588 nm) shows multi-Fano interference with three Fano dips
resulting from nested three dressings (jG2j2=ðG20+iΔ2+

��Gp1
��2=

ðG10+iΔ2 � iΔp1Þ+
��Gp2

��2=�G30+iΔ2 � iΔp1+iΔp2
�ÞÞ in Eq. (7) and (8)

and four Fano peaks from energy level splitting and Autler–Townes
(AT) splitting. In addition, it is observed that single-laser excitation
(Fig. 3b2) exhibits a greater number of dressing dips than two lasers
excitation (Fig. 3b3). This can be attributed to the interaction between
the two lasers within the crystal, which reduces the dressing effect, as
illustrated in Fig. 2e. The observed outcome is consistent with the
findings obtained from the nested three-dressing simulation at Δ1 = 50.
The spectral signal depicted in Fig. 3b4 exhibits strong three Fano
interference at 15 μs gate width for the (0.5 : 1) Eu3+ : BiPO4 sample
mostly attributed to the dominance of SFWM dominance. The three
multi-Fano dips can be explained by photon2 and two phonons nested
dressing (jG2j2,

��Gp1
��2, ��Gp2

��2). By comparing the Fano dips observed
in Fig. 3b3 to those in Fig. 3b4, it is evident that the latter exhibits three
consecutive Fano dips. This can be attributed to a more phonon dres-
sing. As gate width increases from 200 μs (Fig. 3b3) to 500 ns (Fig.
3b4), the increasing ratio of SFWM in hybrid signal leads to high
spectral resolution. The bright and dark states can be controlled by
adjusting the phase between zero and p. As the gate width expands, the
number of bright states rises, as illustrated in Fig. 3b4. The three Fano
dips and four Fano peaks are originated from the two-laser excitation
with a Fano phase of three dark states (Δ41 ¼ Δ42 ¼ Δ43 ¼ p) and
three bright states (Δ44 ¼ Δ45 ¼ Δ46 ¼ 0), respectively. The
additional peak is originated from pure constructive states at Fano
phases Δ4i ¼ 0 (i = 1, 2, 3, 4, 5, 6). When the GP reaches to 1 ms, Fig.
3b5 depicts clearly defined sharp peaks that can be attributed to the
dominance of CF splitting, as illustrated in Fig. 1a2. Based on the
findings obtained from our research, it can be concluded that the (0.5 :
1) H-phase Eu3+ : BiPO4 exhibits strong dressing Fano interference
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compared to (7 : 1) M-phase Eu3+ : BiPO4 resulting from more
phonon dressing.

Figs. 4a and b discuss the evolution of SFWM from FL in a hybrid
signal for (6 : 1) and (1 : 1) Eu3+ : BiPO4, respectively. At near GP, the
dressing effect is weak, leading to a spectral peak characterized by low
resolution and a broad linewidth, as shown in Fig. 4a1. Upon increasing
the GP (20 μs), an emergence of three Fano dips and two Fano peaks is
apparent, (Fig. 4a2), resembling the pattern depicted in Fig. 2a22. The
observed phenomenon can be attributed to the reduced impact of
dressing detuning, resulting in a decreased photon dressing effect and
high SFWM resolution. By further increasing GP (200 μs), the three
Fano dips tend to be stronger in Fig. 4a3 due to one-photon dressing
(jG1j2) and two-phonon dressings (

��Gp1
��2, ��Gp2

��2) as modeled from
Eq. (3) and (4). As the GP reaches 500 μs, the five Fano-dips in
Fig. 4a4 are originated from energy levels 7F1 symmetrical splitting of
one laser excitation.

Fig. 4b shows the evolution from a single broad dip to sharp multi-
dips for (1 : 1) Eu3+ : BiPO4 under the same experimental conditions as
described in Fig. 4a. In comparison to Fig. 4a1, the broad dip is shown
in Fig. 4b1 due to higher frequency (wpi) phonon for (1 : 1) than (6 : 1)
Eu3+ : BiPO4, which results in strong phase transition phonon dressing
(
��Gpi

��2=�iUmn � iwpi
�
) with Δ1 � Δp1, Δ1 � Δp1+Δp2, Δ1 � Δp1+

Δp2 � Δp3, which is close to resonance compared to the (6 : 1) sample,
Fig. 4 | Measured spectral signal for different samples. a, b, Spectral intensity of
respectively, by scanning Δ1 with gate position being 1 μs, 20 μs, 200 μs, and 500 μ
increasing power of E1 from 9 mW to 1 mW, respectively. e, Theoretical results cor
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as shown in Fig. 4a. As GP reaches 500 μs, the five Fano dips are shown
in Fig. 4b4. So, the phase transition phonon dressing is stronger in the (1
: 1) sample than that in the (6 : 1) sample. In summary, in contrast to the
FL signal, the SFWM signal exhibits higher resolution. The presence of
multiple Fano dips can be readily observed in the signal generated
by SFWM.

From our results, we have realized the wavelength division multi-
plexing of both classical and coherent channels. The non-classical
SFWM may be effectively multiplexed with divided Fano dip across
a range of 1 μs to 500 μs. This multiplexing technique enables the
routing of identical information across many channels, ranging from
one channel (Fig. 4b1) to five channels (Fig. 4b4). A non-Hermitian
multichannel router can be realized by non-Hermitian control real-
part quantization (Fig. 1c), and the routing process can be achieved by
changing the boxcar GP. Similarly, when GP is at 500 μs, the coherent
channel output can be multiplexed to five divided Fano dips for routing
the same information to different channels. Fig. 4b shows two adjacent
dips with relative distance between many dips. Such a phenomenon
(pure dip to five Fano dip) is analogous to routing. Such results are
used for routing. Here we adopt channel equalization ratio (P ¼ 1�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN�1

1 ðsi � aÞ2=a
q

) to measure demultiplexing, where a is the area of

one dip and si is the area of each dip or gap between dips. When siza ,
hybrid signal measured at PMT1 from (6 : 1) and (1 : 1) Eu3+ : BiPO4 crystals,
s. c, d, Spectral intensity of (0.5 : 1) and (1 : 1) Eu3+ : BiPO4 crystal versus Δ1 by

responding to c. Abbreviation: PMT, photomultiplier tube.
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Fig. 5 | Different spectral signals at different powers. a–c, Spectral intensity of the hybrid signal from the (0.5 : 1) Eu3+ : BiPO4 plotted versus Δ1 by increasing E1

power measured at PMT1, PMT2, and PMT3, respectively, at a fixed gate width (200 ns), gate position (500 μs) and temperature (300 K). d, Theoretical results by
scanning Δ2 from −50 to 50 and by fixing Δ1 at −500, −250, 0, 250 to 500. e, SFWM dressing energy level. f, Five nested dressing energy levels. g, Fine structure energy-
level diagram of Eu3+ : BiPO4 for transition

7F1/
5D1 and

7F3/
5D0, respectively. Abbreviation: PMT, photomultiplier tube.
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P is maximum (100%), more balanced and stable spatial channels were
obtained. From Fig. 4b, the channel equalization ratio P has the po-
tential to reach values ranging from 60% to 80%.

Fig. 4c and d represent the spectrum evolution from multi-Fano
interference to two sharp peaks for (0.5 : 1, 1 : 1) BiPO4, respec-
tively, versus changing power. In Fig. 4c, the spectral intensity for the
(0.5 : 1) Eu3+ : BiPO4 sample is shown at the near detector (PMT2). The
laser power was changed from 9 mW to 1 mW at 300 K. When the
power is high, strong jG1j2 results in five dressing dips (Fig. 4c1, 4c2)
from 7F1 symmetrical splitting (similar to Fig. 4a4), which is corre-
sponding to the simulation result at Δ1¼ 0 in Fig. 4e1–e4, respec-
tively. Also, the left first to third Fano dip for energy level 7F1, MJ = ±1 as
shown in Fig. 4c1–c2, come from nested three dressings, where the left
fourth to fifth Fano dips come for energy level 7F1, MJ = ±1 as shown in
Fig. 4c1–c2, owing to nested double dressing. Fig. 4d shows the
spectral intensity for the (1 : 1) Eu3+ : BiPO4 at PMT2 by changing
power (9 mW, 7 mW, 5 mW, 3 mW, 1 mW). When the power of E1 is
decreased to 1 mW, the two sharp peaks are observed, as shown in
Figs. 4c5 and d5, due to weak dressing (jG1j2 z 0) at low power.

The nested dressing multi-Fano dips observed in our studies can be
associated with third-order quantization, as depicted in Fig. 1d. Herein,
EP or non-Hermitian control originating from real and imaginary
quantization alignment is discussed, as shown in Fig. 1d. The non-
Hermitian EP manifests itself via CF splitting independently of any
dressing effects. Fig. 4a–d exhibit full- and half-EP control, respec-
tively. The multi-Fano real-part quantization channels can be defined as
N ¼ Nm=NEP, where Nm represents the number of dressing dips in
SFWM signal, and NEP is the number of peaks at EP control (two CF
peaks), where, each peak represents one level (7F1, MJ = ±1, or

7F1,
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MJ = 0). The SFWM multi-Fano quantization leads to different channels
(N = 3 (fourth-order) at 7F1,

7F1, MJ = ±1 for the left EP peak (Fig. 4a4–a2
and N¼ 2 (third-order) at 7F1, MJ = 0 for the right EP peak
(Fig. 4c5–c1). Similarly, N = 1 (second-order) at 7F1, MJ = 0, and third-
order N = 2 at 7F1, MJ = ±1 exhibited from each level in Fig. 4b and N = 2
(third-order) exhibited in each level from Fig. 4d.

Fig. 5 shows the evolution from multiple dips to two peaks when the
laser of E1 is kept high. Fig. 5a and b show five Fano dips resulting from
five nested dressings (three dressing in 7F1, MJ = ±1 and two dressing in
7F1, MJ = 0) in a manner similar to that described in Fig. 4c1. When the
laser power is lowered, there is a reduction in photon dressing, which
leads to the diminishing of three Fano dips resulting from three distinct
fine structure energy levels (7F1, MJ = -1,

7F1, MJ = 0,
7F1, MJ = 1). This

reduction in photon dressing also contributes to the decrease in phe-
nomenon illustrated in Fig. 4c4. When the power reaches 1 mW, only
two sharp peaks appear as shown in Fig. 5a4–c4 due to weak photon
dressing. From Fig. 5a1–a4, it can be seen that the center of the peak
remains unchanged due to strong phonon dressing. When comparing
the signal measurements of PMT2 with PMT1 and PMT3, it is observed
that the signal measured at PMT2 exhibits a stronger dressing effect.
This can be attributed to its proximity to the sample, allowing it to detect
FL with a higher amplitude, resulting in a more significant dressing dip.
Theoretical results are displayed in Fig. 5d in accordance with experi-
mental results (Fig. 5b).

Owing to the earlier explanations, Fig. 5 shows similar EP control
for SFWM multi-Fano quantization (half-EP control). Fig. 5b1 shows
channel N = 3 (fourth-order) at 7F1, MJ = ±1 for the left EP peak b4 and
exhibits N = 2 (third-order) at 7F1, MJ = 0 in b1 for the right EP peak
Fig. 5b4. Similar results were observed for Fig. 5a, c.
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Fig. 6a shows the EP evolution vs the ratio (Gp1/G20) between
photon–phonon dressing Rabi frequency and transverse dephase rate
between level |2> and |0>. The theoretical results are corresponding to
nested double dressing. At Gp1/G20 = 0.5, one energy level splits into a
real part and an imaginary part. At internal dressingG1/G20 = 0.5, the real
and imaginary parts are split as shown in Fig. 6a3, a4, respectively. The
splitting of the real part and the imaginary part of the nested double
dressing does not occur simultaneously. When the third-order splitting
(G1/G20) occurs in the real part (Fig. 6a3), the corresponding imaginary
part (Fig. 6a4) will have the second-order splitting (Gp1/G20). Thus, the
real-part splitting is larger than the imaginary part splitting. The imagi-
nary part is nonlocal, more degenerate and non-Abelian, and highly
symmetric. The real part is local, less degenerate and Abelian, and low
symmetric. More importantly, the real part is changed from local,
Abelian, and more degenerate to nonlocal, non-Abelian, and less
degenerate in third-order systems. The dominance of real-part splitting
(G > G) shows high-order router; however, the dominance of imaginary
part splitting (G >G) shows low-order router. The non-Hermitian EP is a
point without dressing. Such an EP can be achieved by varying various
external parameters. Such an EP can be achieved by changing different
external parameters. The GP is the primary parameter. When the GP is
changed from middle (hybrid) to far (SFWM), there exists the EP be-
tween hybrid and SFWM. For the nested double dressing, the dressing
Fig. 6 | Theoretical and experimental EP. a, Real and a(a2, a4), imaginary parts of the

rate (G) with a Gaussian-likeenvelope. b, 3D simulation corresponding to 2D simulation
d; (0.5 : 1) sample of Eu3+ : BiPO4 and Eu

3+ : NaYF4 when E1 is scanned from 572.4 n
10 ms, 25 ms) at 200 ns gate width and 300 K temperature at power = 9 mW, respe

dimensional.
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term is already solved, and it is converted into a univariate cubic equation
to be solved, so three eigenvalues are obtained, but in our model, the
photon-dressing-like Zeeman splits three energy levels, as shown in
Fig. 1a4. The 7F1, MJ = -1 and

7F1, MJ = +1 energy levels are dressed by two
phonons (phonon1 and phonon2) and the other two phonons (phonon3
and phonon4), respectively. However, the 7F1, MJ = 0 energy level is
dressed by one photon (photon1). So, eight eigenvalues can be obtained
by solving the equations of two nested double dressings and one single
dressing. Moreover, the experimental results are a subset of the theo-
retical simulation.

Figs. 6c and d show the spectral intensity signal obtained from (0.5
: 1) Eu3+ : BiPO4 (C2 symmetry) and H-phase Eu3+ : NaYF4 (Cs
symmetry), respectively. In this experiment, the competition between
real a and imaginary ib eigenvalues based on nested photon–phonon
dressing is discussed. The detailed model of EPs’ control based on
different laser dressings is depicted in Tables S1-S4 (Supplementary
materials). It is worthy to be mentioned that the GP affects the dephase
rate (G) at the spectral signal. In other words, the ratio of G and G can
be tuned by changing the GP. In Fig. 4c, Fig. 5b1, and Fig. 6c1, the
visible five Fano dips can be observed due to the dominance of the
nested dressing (jG1j2,

��Gp1
��2, ��Gp2

��2, ��Gp3
��2 in Eq. (5) and (6). The

left first and second Fano dips are originated from phonon1 and
phonon2 dressing. The central Fano dip is resulted from photon1
eigenvalues as a function of the dressing Rabi frequency (G) and transverse dephase

a1–a2, a3–a4, respectively. The spectral signal measured at PMT2 obtained from c,
m to 612.4 nm and GP is changed c, (500 μs, 2 ms, 5 ms, 20 ms) and d, (1 ms, 6 ms,
ctively. Abbreviation: PMT, photomultiplier tube; 2D, two-dimensional; 3D, three-
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dressing. The fourth and fifth Fano dips can be explained by phonon3
and phonon4 dressing. Compared to the other four Fano dips, the fifth
Fano dip is the strongest (Fig. 4a4) due to photon dressing (similar to
Fig. 4c1, c2 and Fig. 5a1, b1).

With the GP reaching 5 ms, the two sharp peaks can be observed in
Fig. 6c3 corresponding to EP, where G and G are equal due to the
dominance of CF splitting (Fig. 1a2), which is validated by theoretical
results in Fig. 6a. The visible three Fano dips observed in Fig. 2a12,
Fig. 4a2, b2, and Fig. 6c3 are attributed to the stronger nested three
dressing (photon1–phonon1–phonon2 atomic coherence coupling in
Fig. 1a4) than CF splitting. The evolution from three Fano dips to two
sharp EP peaks to five Fano dips is corresponding to Fig. 1a2, a4,
Fig. 6b1, b2 are the three-dimensional simulation results corresponding
to the real and imaginary parts of 2D simulations
(Fig. 6a,b), respectively.

Lastly, Fig. 6c exhibits fourth-order (N = 3) at 7F1, MJ = ±1, which
corresponds to four eigenvalues in a univariate quartic with three
dressing, and one third-order (N = 2) EP control at 7F1, MJ = ±1 corre-
sponding to four eigenvalues in a univariate cubic equation (S3 Galois
group) with two dressing for left and right peaks, respectively.
Fig. 6d1–d4 exhibits one third-order (N = 2) EP control for each peak.

CONCLUSION

In summary, this research examined the phenomenon of multi-Fano
dips and demonstrated that their behavior can be regulated by higher-
order EPs control in non-Hermitian systems. Additionally, the rela-
tionship between multi-Fano interference and the photon–phonon
nested dressing effect was demonstrated for various Eu3+ : BiPO4

samples. This research established the categorization of the multi-Fano
resonance between discrete and continuous states into three distinct
types (dressed FL, hybrid, and dressed SFWM Fano interference),
which can be controlled through the GP (ratio of FL and Stokes).
Moreover, the experimental results suggest a scheme for achieving a
higher channel equalization ratio of about 80%.

METHODS

Experimental setup The samples were held in a cryostat with different
temperatures. Two dye lasers were used to generate the two pumping
fields. The spectral optical outputs are obtained by scanning laser fre-
quency, while the temporal optical outputs are fixed by DL frequency.
The optical signal generated is detected at PMT. The ratio of FL to ES/
AS is changed by different gate positions. Moreover, The point group
site symmetry of different phases of samples can control multi-
Fano resonance.
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