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ABSTRACT

We report the symmetry-dependent intensity–noise correlation and the intensity-difference squeezing of spontaneous parametric four-wave
mixing (SP-FWM) and fluorescence (FL) hybrid signals from the different phases [hexagonal (H) + tetragonal (T), T + H] of Pr3+: YPO4

and Eu3+: YPO4 crystals. The competition between FL and SP-FWM in hybrid signals determines the amplitude and hybrid line shape of
the two-mode and three-mode correlation. The correlation amplitude switches from positive to negative due to strong double dressing
caused by a high transition probability and a dipole moment of the (more H + less T)-phase of Pr3+: YPO4. This switching phenomenon is
used to realize a metal–oxide semiconductor field-effect transistor-based logic inverter. Furthermore, the line shape of correlation
changes from broad to sharp due to weak dressing, transition probability, and a low dipole moment of the (more T + less H)-phase of
Pr3+: YPO4. Based on these results, we proposed the model of a tunable correlation filter. Gate position, frequency detuning, and laser
power control the amplitude and hybrid line shape. Our experimental results provide an advanced technique of bandwidth contrast of
about 0.9%. Such notch filters have potential applications in quantum communications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0058396

I. INTRODUCTION

Rare-earth-doped crystals have been extensively studied
because of their advantages for long coherence time, optical con-
trollability of the ionic states, and more appropriate for practical
applications. Recent studies on the atomic coherence effect in
rare-earth crystals have been reported, including light coherent
storage,1–3 all-optically controlled higher-order nonlinear fluores-
cence (FL),4 and all-optical routing and hybrid switching5,6 and
have been realized with such crystals. Coherence excitation has
been explored in doped crystals, such as Eu3+: YPO4, Pr

3+: YPO4,

and Pr3+: Y2SiO5, for controlling lifetime, coherence time, and
induction of non-classic behavior. The crystal structure of yttrium
phosphate (YPO4) has two polymorphic forms: tetragonal (T−)
and hexahedral (H−) phases.7,8 The hexagonal-phase and the
tetragonal-phase occupy a D2 and D2d point-group site symmetry,
respectively.9,10 The luminescence intensity of the H-phase Pr3+:
YPO4 crystal is higher than the T-phase Pr3+: YPO4 crystal.11

Naik et al. investigated the concentration quenching of FL from
Pr3+: YPO4 by recording decay rates for different concentrations.12

Lan et al. used the dressing effect to control the competition
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between the spontaneous parametric four-wave mixing (SP-FWM)
and FL in a hybrid signal.13

The experimental preparation, manipulation, and detection of
correlated photons in the Pr3+/Eu3+: YPO4 crystal holds special
interest in quantum mechanics with potential applications in long-
distance communications. The correlation and squeezing of FWM
signals can also be modulated via polarized dark states.14 Such a
correlation from dressed states has potential applications such as
all-optical switching and routing devices.

In this paper, we investigate the effect of symmetry-dependent
dressing on intensity–noise correlation and intensity-difference
squeezing obtained from different phases of Pr3+: YPO4 and Eu3+:
YPO4 crystals. We discuss the switching of line shape and ampli-
tude of correlation in a hybrid signal regime modulated by the
laser. The results are exploited for the realization of a correlation
filter with optimized bandwidth contrast and a metal–oxide semi-
conductor field-effect transistor (MOSFET) based logic inverter.
The bandwidth contrast is controlled by gate position, frequency
detuning, and power of the input laser.

II. BASIC THEORY

The samples used in our experiments are Pr3+ and Eu3+ ions
doped at 5% in YPO4 nanocrystals with different phase structures.
The synthesis of each Pr3+/Eu3+: YPO4 samples with different
formations is as follows: first, the aqueous solution (0.4 M) of
Y0.95Eu0.05 (NO3)3 was obtained by mixing Eu2O3 and Y2O3 in an
HNO3 solution with agitation under heating for 1 h. Second, 10 ml
of an NH4H2PO4 solution (0.2 M) was added dropwise into 5 ml of
a Y0.95Eu0.05 (NO3)3 solution (0.4 M). The resulting solution was
continuously stirred for almost 30 min. By further adding the
HNO3 solution, the pH value of the mixture was kept to 1. After
additional stirring for 60 min, the resulting mixture was transferred
into the Teflon lined stainless steel autoclaves and then heated at a
temperature of 180 °C for almost 9 h. Then, the autoclave was
allowed to naturally cool down to 30 °C. The white precipitates
were cleaned from distilled water and absolute ethanol by centrifu-
gation. Last, cleaned white precipitates were left to dry at 80 °C for
about 12 h, and final H-phase YPO4 samples with D2 point-group
symmetry was obtained. We synthesized different phases of YPO4

crystals such as pure T-phase and T-/H-mixture phase samples by
carefully adjusting the molar ratio of PO3�

4 : RE3+(Y3+, Eu3+/Pr3+):
trisodium citrate (Cit3−). The composition of YPO4 phases used in
our experiment is the pure T-phase: [more H-phase (74%) + less
T-phase (26%)] and [more T-phase (54%) + less H-phase (46%)].

III. EXPERIMENTAL SETUP

In this experiment, the sample was held in a cryostat
(CFM-102) at 77 K (the temperature is controlled by flowing liquid
nitrogen). The sample has a 5% concentration of doped Eu3+/Pr3+

ions in the host YPO4 crystal; the optical depth (OD) of the YPO4

crystal is 80. Figures 1(a) and 1(b) show the fine structure energy
levels of Pr3+: YPO4 and Eu3+: YPO4, respectively. In Pr3+: YPO4,
under the action of the crystal field and site symmetry, the (2J+1)
degeneracy is partly lifted, while 3H4 (ground state) and 1D2

(excited state) levels are split into two levels each. The Eu3+: YPO4

has a ground state (7F1) and an excited state (5D0), where ground

state 7F1 is split into |mj = 0⟩ and |mj = ±1⟩ under the crystal field
effect of the YPO crystal. The schematic diagram of SP-FWM in a
two-level system is illustrated in Fig. 1(c). Figure 1(d) shows the sche-
matic diagram of the experimental setup. We used two dye lasers
(narrow scan with a 0.04 cm−1 linewidth) pumped by an injection-
locked single-mode Nd:YAG laser (Continuum Powerlite DLS 9010,
10 Hz repetition rate, 5 ns pulse width) to generate E0

1 (frequency ω0
1,

wave vector k01, Rabi frequency G0
1) and E2 (ω2, k2, G2) pumping

fields. The size of E0
1 and E2 beams is the same, i.e., 0.5 mm. The

pumping fields E0
1 and E2 excite the sample and are reflected (E1)

from the surface of the crystal with a small angle of θ. Stokes and
anti-Stokes (EAS) signals are generated from the reflected beam E1 via
the SP-FWM process, satisfying the phase-matching condition
k1+ k1= kS + kAS with k being a wave vector. In our paper, the energy
level and dressed perturbation theory for Λ-type and V-type systems
have been adapted from Refs. 15–17. Arrangements of three pho-
tomultiplier tubes (PMT) are used to detect the generated EAS
(PMT3) and hybrid signals (PMT1-2) through a boxcar gate inte-
grator. Due to the confocal lens, PMT1 and PMT2 are treated as
near the sample where FL emission dominates over ES in a hybrid
signal. As PMT1 [Fig. 1(d)] is placed closer to the sample than
PMT2, therefore, the FL proportion in the hybrid signal obtained
at PMT1 is higher. The EAS signal is detected at far PMT3
without a confocal lens. Figure 1(e) shows a proposed model of a
notch filter. According to the definition of a notch filter, it gener-
ates a very narrow band of frequencies for a given input state.
Here, the intensity noise correlation in Fig. 1(e1) is considered the
input signal to the notch filter (stop-filter). The output signal
[Fig. 1(e2)] is generated by manipulating the parameters (gate
position, frequency detuning, and power) of the control signal
(E0

1/E2) in Fig. 1(d). The control signal activates the notch filter
operation, which is analogous to the base current of the filter.
Our experiment provides a physical mechanism to control band-
width contrast of the notch filter in the delayed time by manipu-
lating control signal parameters. From our experiment results,
bandwidth contrast can be defined as Cτ ¼ (τþ�τ�)/(τþþτ�),
where τ+ and τ− are two points on equal distance on the correla-
tion curve. The bandwidth contrast of the notch filter depends on
the coherence time of correlation, determined by FL-ES competi-
tion in a hybrid signal.

IV. THEORETICAL MODEL

In a two-level system [Fig. 1(c)], by opening the laser field E0
1

[shown in Fig. 1(d)], the Stokes and anti-Stokes signals are gener-
ated from the reflected beam (E1) under the phase-matching
condition. The density matrix for ES and EAS via the perturbation

chain ρ(0)00 !E1 ρ(1)10 !EAS
ρ(2)00 !E1 ρ(3)10(S) and ρ(0)00 !E1 ρ(1)10 !ES

ρ(2)00 !E1 ρ(3)10(AS),
respectively, can be written as

ρ(3)10(S) ¼�iGASjG1j2/{(Γ10þ iΔ1)(Γ00þ iΔ1þjG1j2/(Γ00þ iΔ1))Γ11},

(1)

ρ(3)10(AS) ¼�iGSjG1j2/{(Γ10þ iΔ1)(Γ00� iΔ1þjG1j2/(Γ00þ iΔ1))Γ11},

(2)
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where Gi ¼ μiEi/�h is the Rabi frequency of field Ei, with the electric
dipole moment μij of levels |i⟩ and |j⟩ and Γij ¼ (Γi þ Γj)/2 is the
transverse decay rate. When the laser field E0

1 is shined on the
crystal, the second-order FL signal is generated. The density
matrix element of the second-order FL via the perturbation chain

ρ(0)00 !E
0
1
ρ(1)10 !�E0

1
ρ(2)11 can be written as

ρ2FL ¼�jG0
1j2/{(Γ10þ iΔ0

1þjG0
1j2/Γ00)(Γ11þjG0

1j2/(Γ10þ iΔ0
1))};

(3)

when both E0
1 and E2 are open, the fourth-order FL signal is gener-

ated. The density matrix of the fourth-order FL in a Λ-type system

via the perturbation chain ρ00 !
E0

1
ρ(1)10 !�E0

1
ρ(2)11 !�E2

ρ(3)12 !E2
ρ(4)11 can

be written as15

ρ(4)FL ¼ [jG2j2/{(d1 þ jG0
1j2/d20 þ jG2j2/Γ00)

� (Γ22 þ jG0
1j2/(Γ21 þ iΔ0

1)þ jG2j2/(Γ20 þ iΔ2))}

� jG0
1j2/{(d12 þ jG0

1j2/Γ22 þ jG2j2/(d20 þ jG0
1j2/d1)

� (Γ12 þ jG0
1j2/(Γ22 þ iΔ0

1)þ jG2j2/d22)}], (4)

where d1 ¼Γ20þ iΔ2, d20 ¼Γ10� i(Δ0
1�Δ2), d10 ¼Γ20þ i(Δ0

1þΔ2),
d12 ¼ Γ12 � iΔ0

1, and d22 ¼ Γ10 þ iΔ2 þ jG0
1j/d10. The decay rate

of FL is given by ΓFL ¼ Γ20 þ Γ22 þ Γ12. Considering the interac-
tion between the sample and coupling fields, the broadened
linewidth of the measured FL signal can be described as
Γ ¼ Γpop þ Γion�spin þ Γion�ionþ Γphonon � Γ(Δ+), where Γ(Δ+)
represents the location of the energy level induced by dressing
fields. The temporal intensity of the hybrid signal in the lambda-
level system is determined by

I(t) ¼ [I0(FL)(t)e
-G2

i t
2 � ρ2FLe

�1/ΓFL(t)

þ I0(S)(t)e
-G2

i t
2 � ρ2Se

�1/ΓS(t)

þ I1(FL)e
(�(t�to)

2/2tp) � e�1/Γ*
FL(t)

þ I1(S)e
(�(t�to)

2/2tp) � e�1/Γ*
S(t)]: (5)

The two-mode intensity noise correlation function G(2)
ij (τ)

among intensity fluctuations of two optical beams (i, j, i≠ j) as a
function of time delay τ is given by18

G(2)
ij (τ) ¼

hδÎi(t)δÎj(t þ τ)iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h[δ Îi(t)]2ih[δ Îj(t þ τ)]

2i
q cos(4f)

¼ A cos(4f): (6)

FIG. 1. (a) and (b) show energy levels of Pr3+and Eu3+ doped in the host crystal of YPO4, respectively. (c) Generation of Stokes and anti-Stokes through FWM in a
two-level system. (d) Experimental setup. (e) Schematic diagram of the notch filter.
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The shape of the correlation function for SP-FWM in a
two-mode correlation is determined by

AS�aS ¼ R1jA1j2[exp(�2Γ�
S�aSjτj)þ exp(�2Γ�

S�aSjτj):
� 2cos(Ωejτj)exp{�(Γþ

S�aS þ Γ�
S�aS)jτj}], (7)

where �2Γ�
S�aS is the decay rate of Stokes/anti-Stokes. Furthermore,

Eq. (8) determines the shape of the correlation function for the
hybrid signal, which is

AC ¼ R1jA1j2[exp{�2(Γþ
S�aS þ Γþ

FL)jτj}
þ exp{�2(Γ�

S�aS þ Γ�
FL)jτj}� 2cos(Ωejτj)

� exp{�(Γþ
S�aS þ Γþ

FL þ Γ�
S�aS þ Γ�

FL)jτj}], (8)

Here, the decay rate of a hybrid signal is �2(Γþ
S�aS þ Γþ

FL),
and Ω shows the Rabi frequency of Stokes or anti-Stokes signals.
The degree of two-mode intensity-difference squeezing of signals i
and j is given by19

Sq(2) ¼ Log10 hδ2(̂Ii � Îj)i
.
hδ2(̂Ii þ Îj)i

h i
, (9)

where hδ2(̂Ii � Îj)i is the mean square deviation of the intensity-
difference (red curve) and hδ2(̂Ii þ Îj)i is the mean square deviation
of the intensity sum of the coherent laser beams (black curve).

V. RESULTS AND DISCUSSION

The intensity fluctuation of the hybrid signal in the spectral
domain is recorded by changing a boxcar gate integrator to

different positions ti as illustrated in Fig. 2(c). Figures 2(a) and 2(b)
show the spectral intensity of the hybrid signal measured at PMT1
from a mixed phase of Pr3+: YPO4 and Eu3+: YPO4, respectively,
obtained by changing boxcar gate positions marked in Fig. 2(c).
The total intensity of hybrid signals can be modeled as
ρ ¼ ρ(4)22 þ ρ(3)S . It should be noted that the emission from bright
and dark states determines the ratio of FL and ES in hybrid signals,
which can be controlled through a gate position. At gate position t1
(200 ns), the spectral peak with a broad line shape is observed in
Fig. 2(a1) with low lifetime and incoherent nature, suggesting FL
dominant emission (ρ ¼ ρ(4)FL ). At t2 (1.5 μs), the FL peak evolves
from AT splitting to pure suppression dip [in Fig. 2(a2)], predicted
by jG2j2/(Γ10 � iΔ2 þ jG0

1j/d10) [in Eq. (4)] and results from the
presence of a dark state between two dressed states j+i created by
E0
1. When the gate position changed to t3 (the gate position is set to

5 μs), suppression dip switches to multiple sharp and narrower
peaks shown in Fig. 2(a3). It should be noted that narrow line-
shaped ES is generated from the coherent processes, suggesting
pure coherent emission of Stokes ρ ¼ ρ(3)S and negligible low life-
time FL depicted in Fig. 2(a3). Figure 2(a3) shows four spectral
peaks measured at about 595.1 nm (p1), 596.7 nm (p2), 600.0 nm
(p3), and 601.5 nm (p4) corresponding to electric dipole transitions
1D2 (γ2)→

3H4 (δ0),
1D2 (γ1)→

3H4(δ0),
1D2 (γ2)→

3H4(δ2), and
1D2 (γ1)→

3H4(δ2), respectively. In the case of Eu3+: YPO4, similar
spectral evolution is observed at t1 and t3, as shown in Figs. 2(b1)
and 2(b3), respectively. However, when the gate position is at t3, two
sharp spectral peaks at about 592.3 nm (r1) and 595.6 nm (r2) are
observed corresponding to fine structure transition j5D0 !7 F1, mj¼0i
and j5D0 !7 F1, mj¼+1i, respectively. Furthermore, in Fig. 2(b2),
when we increased E0

1 power from 2 to 7mW, we observed three

FIG. 2. (a) and (b) show the measured spectral signal from Pr3+: YPO4 and Eu3+: YPO4, respectively, subject to the gate position from t1 (200 ns) to t3 (5 μs), while the
power of the input beam is fixed at 2 mW except 2(b2) for which power is increased to 7 mW. (c) and (d) show the time-domain signal corresponding to (a) and (b), respec-
tively, and (e) shows the optical MOSFET based logic inverter.
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visible peaks and two dips in the spectral signal due to the strong dres-
sing effect of laser power. Figure 2(e) shows the model of the proposed
MOSFET logic inverter, where Iin is the input [shown in Figs. 2(e1)
and 2(e2)] and Iout is the output of the MOSFET logic inverter [shown
in Figs. 2(e3) and 2(e4)]. When the input Iin performs the ON-state,
the output Iout performs the OFF-state and vice versa. The input of the
MOSFET Iin in Figs. 2(e1) and 2(e2) satisfies the logical input condi-
tion 1, whereas the output Iout in Figs. 2(e3) and 2(e4) satisfies the
logical output condition 0. The control signal E0

1 in Fig. 1(d) controls
the logic MOSFET operation, which is analogous to the gate voltage
and the gate current of the MOSFET. The logic inverter contrast (C)

can be described as C= (Ioff − Ion)∕(Ioff + Ion), where Ioff and Ion are
the light intensity at the OFF-state and the On-state, respectively. Next,
we will investigate the dependence of two-mode and three-mode inten-
sity noise correlation and intensity-difference squeezing on electric
dipole allowed transitions from doped crystals.

In Fig. 3, the time-dependent intensity fluctuations of the
hybrid signal from PMT1 and the EAS signal from PMT3 are
recorded and plotted by using the correlation function G(2)

ij (τ) men-
tioned in Eqs. (6) and (9). The power of input beams E0

1 (590 nm)
and E2 (593 nm) is fixed at 2 and 4mW, respectively. According to
Eq. (7), the line shape (AS/AS) of the correlation function is

FIG. 3. (a1)–(a4) and (c1)–(c4) show the measured two-mode intensity noise correlation between anti-Stokes and hybrid signals (FL + ES) plotted vs delayed time τ. The
inputs of correlation (anti-Stokes and hybrid) are from mixed-phase (more H-phase + less T-phase) Pr3+: YPO4, controlled by changing gate position ti (200 ns, 1.5 μs,
5 μs, and 10 μs) in a Λ-type (a) and two-level system (b). (b1)–(b4) and (d1)–(d4) show the corresponding two-mode squeezing in accordance with (a1)–(a4) and
(c1)–(c4), respectively.
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dependent on the decay rate. There is a transition of a correlation
peak from sharp [Fig. 3(a1)] to broad [Fig. 3(a4)] as the gate is
changed from t1 to t4. When the gate position is fixed at t1, FL
emission (ρ(4)FL ) with high decay rate ΓFL dominates over ES, while
at gate position t4, ES with a low decay rate ΓS dominates over FL
in a hybrid signal, as explained in detail in Fig. 2. At t1, FL emis-
sion with low coherence time dominates, and a sharp line shape
(AS/AS) of correlation is observed in Fig. 3(a1). By changing the
gate position to t4, ES with high coherence time dominates in a
hybrid signal, and the line shape of correlation changes from sharp
to broad, as shown in Fig. 3(a4). In Fig. 3(c), correlation curves are
measured for the two-level system by blocking E2. Similar behavior
of a hybrid line shape of correlation is also observed for the two-
level system. At low power of E0

1, the population transfer between
the ground state (3H4) and the excited state (1D2) is comparatively
weaker than two laser excitations (Λ-type), which results in a low
correlation amplitude in Fig. 3(c) with noise. Meanwhile, the
two-mode squeezing between the EAS and hybrid signals is plotted
using Eq. (9). The value of squeezing in Figs. 3(b) and 3(d) shows
an increasing trend as the gate position is changed, which corre-
sponds to results discussed in Figs. 3(a) and 3(c), respectively.

The model of a notch filter (stop-filter) is realized from inten-
sity–noise correlation results observed in Fig. 3. Here, the intensity
noise correlation in Figs. 3(a3)–3(a4) and 3(c3)–3(c4) is considered

the input signals, and Figs. 3(a1)–3(a2) and 3(c1)–3(c2) are the gen-
erated output signals. Here, the notch filter operation is only acquired
when the system satisfies the condition ti � 1:5 μs. In our experi-
ment, Cτ increases from 1.2% [Fig. 3(a1)] to 60% [Fig. 3(a4)] as ti
changes from 200 ns to 5 μs. In a two-level system, Cτ changes from
1.3% [Fig. 3(c1)] to 59.5% [Fig. 3(c4)] as the gate position changes.

Next, we discuss the dependence of the intensity–noise corre-
lation on frequency detuning (Δ0

1) of the dressing field. In our
experiment, the detuning of E0

1 is changed from off-resonant
(Δ0

1 . 0) to near-resonant (Δ0
1 � 0) and then to resonant (Δ0

1 ¼ 0),
while E2 is kept at 596.8 nm. Figure 4(a) shows the correlation
between the anti-Stokes and hybrid signal from a mixed phase
(more H-phase + less T-phase) of the Pr3+: YPO4 crystal in a
Λ-type system. The total intensity of a hybrid signal detected at
PMT1 can be defined as ρ ¼ ρFL þ ρS, where ρS ¼ ρ(3)10(S) and
ρFL ¼ ρ(4)FL . When detuning of E0

1 is changed from off-resonant to
resonant, the correlation peak switches from positive [Fig. 4(a1)] to
negative [Fig. 4(a3)]. The switching of the correlation curve can be
explained using the double dressing effect of E0

1 and E2 beams. The
dressing effect can control the precise emission of FL and SP-FWM
emission in a hybrid signal.17 At off-resonant excitation, the inten-
sity of Stokes (ρS ¼ ρ(3)10(S)) dominates FL emission in the hybrid
signal such that ρ ¼ ρS due to the strong dressing effect of E2; i.e.,
jG2j2/jG0

1j2 � 1 as predicted from Eq. (4). We can say that the

FIG. 4. (a1)–(a4) and (d1)–(d5) show the measured two-mode intensity noise correlation measured between EAS and the hybrid signal from the mixed phase (more
H-phase + less T-phase) and (more T-phase + less H-phase) of Pr3+: YPO4, at different detuning of E

0
1 in a Λ-type and V-type system, respectively. (b1)–(b4) show the cor-

responding two-mode squeezing following (a1)–(a4), and (c) shows dressed energy levels.
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nested-cascade double dressing acts as a single dressing of G2 at off-
resonant excitation of E0

1. In Fig. 4(a1), due to the domination of ES,
the correlation between ES and EAS has a broad line shape. The posi-
tive correlation [Fig. 4(a1)] can be explained from the total phase
Δw ¼ ΔwN þ ΔwI [from Eq. (6)], mainly determined by the nonlin-
ear phase (ΔfN ¼ fS � fAS ¼ 2(KSnS2 � KASnAS2 )jE2j2e�r2z/nS/AS1 ),
generated by self-phase modulation and initial phase
(ΔfI ¼ fS � fFL ¼ 2(KSnS2 � KFLnFL2 )jE2j2e�r2z/nS/FL1 ), generated
by cross-phase modulation, depends upon dressing of the atomic
system.20 Initially, when frequency detuning E0

1 is at off-resonant,
ΔwI ¼ ΔwN ¼ 0. Hence, the total phase for G(2)

ij is Δw ¼ 0, which
results in a positive correlation observed in Fig. 4(a1). By changing
detuning of E0

1 to near-resonant, the dressing term G0
1 increases,

and the nested-cascade dressing effect is modified as
jG2j2/jG0

1j2 � 1. Also, the FL emission ρ(4)FL increases in a hybrid
signal by reducing the dressing effect. Due to an increase in FL
emission, the coherence time decreases, results in a sharp line
shape of correlation signals in Fig. 4(a3). Besides, the amplitude of

correlation changes to negative, which can be explained by the
initial phase. As FL increases, the initial phase increases to
ΔwI ¼ π; thus, the total phase for G(2)

ij between FL and EAS is
Δw ¼ π, which changes the amplitude of correlation to negative in
Fig. 4(a3). Furthermore, when E0

1 changes to resonant [Fig. 4(a4)],
the dressing term G0

1 increases and cancels the dressing effect of
G2; i.e., jG2j2/jG0

1j2 ¼ 1. In Fig. 4(a4), as both input beams are at
resonant excitation, FL emission is suppressed to minimum and
coherence time increases, which results in a broad line shape of
correlation signals. Figure 4(b) shows squeezing by changing
detuning of E0

1, and a similar trend of switching is observed as dis-
cussed in Fig. 4(a). Figure 4(d) shows the intensity–noise correla-
tion for mixed-phase (more T + less H) Pr3+: YPO4 in a V-type
system under the same experimental conditions as defined for
Fig. 4(a). Unlike Fig. 4(a), no correlation switch is observed in
Fig. 4(b); instead, line shape of correlation changes from broad
[Fig. 4(d1)] to sharp [Fig. 4(d3)] as detuning is changed from off-
resonant to resonant. The non-switching phenomenon can be

FIG. 5. By changing power of the input beam from 7 to 2 mW in a Λ-type system, (a) shows a two-mode intensity–noise correlation measured between EAS and the
hybrid signal, (b) shows a three-mode intensity–noise correlation measured between EAS and hybrid signals obtained from mixed phase (more T + less H) Pr3+: YPO4,

where a three-mode correlation function is described as G(3)
ijk (τi , τj , τk ) ¼

[δ̂Ii (τi )][δ̂Ij (τj )][δ̂Ik (τk )]h iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
[δ̂Ii (τi )]

2
� �

[δ̂Ij (τj )]
2

� �
[δ̂Ik (τk )]

2
� �q , and (c) shows corresponding three-mode squeezing in accordance

with (b1)–(b4) and its function is described as Sq(3) ¼ Log10 hδ2(̂Ii � Îj � Îk )i/hδ2(̂Ii þ Îj þ Îk )i
h i

.
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explained due to the low contribution of the H-phase in the mixed
phase (more T + less H) of Pr3+: YPO4. The H-phase is more asym-
metric (more atomic like) due to low D2 symmetry, whereas the
T-phase is more symmetric (less atomic like) with high D2d sym-
metry. The low contribution of the H-phase causes low sensitivity
of dressing effect. Also, the nested-cascade double dressing in a
V-type system is weak as compared to a Λ-type system.21 Hence,
the overall dressing is not strong enough to cause correlation
switching in Fig. 4(d).

Now, we shall discuss the realization of the MOSFET logic
inverter by utilizing the above intensity–noise correlation as an input
signal. According to the definition of the logic inverter, it generates
an orthogonal state at the output for a given input state. Here, the

intensity noise correlation in Figs. 4(a1)–4(a2) is considered an input
signal to logic inverter Iin=G(2)(τ). The orthogonal output is gener-
ated by the cross-Kerr and initial phase induced by the nonlinear
Kerr effect, as shown in Figs. 4(a3)–4(a4). According to the experi-
mental results, the orthogonal output can only be acquired when the
control signal E0

1 satisfies the condition E0
1 ffi 596:8 nm. The logic

inverter contrast C is measured at about 85% [Figs. 4(a1) and 4(a4)].
Furthermore, Fig. 4(d) is used to realize the notch filter,

as explained in Fig. 1. Here, the notch filter operation is only
acquired when the control signal E0

1 is at resonant excitation;
i.e., E0

1 ¼ 596:8 nm. Bandwidth contrast changes from 67.5%
[Fig. 4(d1)] to 2.6% [Fig. 4(d3)] as detuning changes from
off-resonant to resonant.

FIG. 6. The experimental setup is the same as Fig. 5 but with a pure T-phase of Eu3+: YPO4.
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Next, we investigate the dependence of the intensity–noise
correlation by changing E2 power while E0

1 is fixed at medium
power (3 mW). In Fig. 5(a), when the power E2 is high, ES ρ(3)10(S)
completely dominates FL emission in a hybrid signal due to the
strong dressing effect of E2; i.e., jG2j2/jG0

1j2 � 1 [Eq. (4)]. Similar to
Fig. 4(d1), a broad line shape of correlation is observed in Fig. 5(a1)
at high power of E2 with a bandwidth contrast of 63%. By reducing
the power of E2 to 2mW, the line shape of correlation changes from
broad to sharp in Fig. 5(a4). This can be explained by the domination
of FL in a hybrid signal due to a decrease in the dressing effect, i.e.,
jG2j2/jG0

1j2 	 1 at low power of E2, which is similar to the correla-
tion curve observed in Fig. 4(d3). In Fig. 5(b), the three-mode correla-
tion G(3)

ijk between hybrid signals (from PMT1 and PMT2) and EAS
(PMT3) is plotted, under the same experimental conditions described
for Fig. 5(a). In the case of a three-mode correlation, when the power
of E2 is 7mW, multiple broad peaks are observed in Fig. 5(b1). By
reducing power to 2mW, multiple broad peak correlation shapes
change to a single sharp peak due to more FL emission in a hybrid
signal, as shown in Fig. 5(b4). Figure 5(c) shows three-mode intensity-
difference squeezing Sq(3) for the results discussed in Fig. 5(b). By
decreasing power of E2 from 7mW, squeezing shows a decreasing
trend and becomes equal in Fig. 5(c3). Furthermore, when power
reaches 2mW, anti-squeezing switches to squeezing in Fig. 5(c4).

The notch filter operation is only acquired when the control
signal E2 satisfies the condition E2< 3 mW. By decreasing power
from 7 to 2 mW in Fig. 5(a), bandwidth contrast decreases from
63% [Fig. 5(a1)] to 0.9% [(Fig. 5(a4)]. Hence, at low power, the
observed correlation curve [Fig. 3(a4)] works as a notch filter.

The experimental setup with Eu3+: YPO4 in Fig. 6 is similar to
Fig. 5 (Pr3+: YPO4). Due to the nested-cascade double dressing
effect of E0

1 and E2 laser beams, the hybrid line shape of the
two-mode [Fig. 6(a)] and three-mode [Fig. 6(c)] correlation
changes from broad to sharp, which is reinforced here as described
in Fig. 5. By comparing Figs. 6(a4)–6(b4) and 5(a4)–5(b4), we
observed that in Pr3+: YPO4, the hybrid line shape of the two-mode
[Fig. 5(a4)] and three-mode [Fig. 5(b4)] correlation is sharper than
in Eu3+: YPO4 [Figs. 6(a4) and 6(c4)]. Also, we observe that the
three-mode intensity–noise correlation obtained from Pr3+ is much
better than in Eu3+: YPO4. This can be explained by the low dipole
moment and the lifetime of dopant ions (Eu3+ and Pr3+) in the
YPO4 crystal. The ion with a low lifetime has a strong dipole
moment, which is directly related to the Rabi frequency (Gi), which
directly relates to the dressing term jG2j2/(Γ10 þ iΔ2 þ jG0

1j/d10) of
Eq. (4). Due to the strong dipole moment, a strong dressing effect
is observed, which results in a sharp line shape of correlation
outputs from Pr3+: YPO4 [Figs. 5(a4) and 5(b4)].

In the case of Eu3+: YPO4 as the experimental setup is the same
as in Fig. 5, therefore, the notch filter operation is also the same; i.e.,
E2< 3mW. By decreasing power from high to low bandwidth, contrast
decreases from 67.5% [Fig. 6(a1)] to 2.6% [Fig. 6(a4)]. Hence, the cor-
relation curve in Fig. 6(a4) from Eu3+: YPO4 works as a notch filter.

VI. CONCLUSION

In summary, we investigated the phase dependency of a con-
trollable hybrid line shape of two-mode and three-mode correlation
and intensity-difference squeezing of anti-Stokes and hybrid signals

from the YPO4 crystal doped with Pr3+ and Eu3+ ions. The gate
position, power, and detuning in two-level and three-level systems
changes the decay rate and modulate the phase through dressing
effect. The decay rate switches the line shape of correlation from
broad to sharp (H + T-phase of Pr3+: YPO4), and phase modulation
switches the amplitude of correlation to negative (more T + less
H-phase of Pr3+: YPO4). Such switching in line shape and ampli-
tude may play a vital role in designing filter and inverter MOSFET,
respectively.
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