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For the first time, we investigated the electric-dipole transition dependent primary and secondary temporal
Autler—Townes (TAT)-splitting of a hybrid signal (fluorescence and Stokes) in Pr**:YPQO,. We compared the
TAT-splitting in different phases (pure tetragonal (T), pure hexahedral (H), (T + H)-phase, and (H + T)-phase)
of the Pr**:YPO, crystal. The TAT-splitting in the (H + T)-phase was observed to be stronger than that in
other phases, while the Pr®* ion had stronger dressing than the Eu®* ion in the host material of YPO.
Furthermore, we observed that the ratio of primary and secondary TAT-splitting can be controlled by the

single and double dressing effect using the power and detuning of employed laser fields. In our
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Accepted 26th March 2020 experiment, we observed that secondary splitting from secondary dressed levels can only be observed at
the resonance wavelength in the three-level system. Based on the results, we proposed a model for

DOI-10.1039/d0ra01379j a multi-channel optical router and logic NAND gate. The routing action results from primary and
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Introduction

Physicists have achieved incredible progress in understanding
and controlling the quantum coherence excitation and coher-
ence transfer in atomic gases. These processes lead to
numerous famous and intriguing physical phenomena, such as
electromagnetically  induced transparency (EIT)' and
spontaneous-parametric four-wave mixing (SP-FWM) under EIT
conditions.> The SP-FWM configuration with rubidium (Rb)
atomic vapors is considered as an ideal quantum system due to
the high imaging contrast, long coherence time (~ns), and
narrow spectral linewidth (~MHz).> However, it is less likely to
integrate such systems with atomic vapors for the development
and production of quantum technologies. In Pr**-doped yttrium
orthophosphate (YPO,), i.e., Pr’":YPO,, the “atom-like” proper-
ties of the dopant in which the atomic coherence can be
induced when interacting with multiple laser beams is similar
to other rare-earth-doped crystals.*® Unlike atomic gases,
Pr**:YPO, can be used in integrated quantum circuits due to
their solid crystal structure and induced coherence. Coherence
excitation has been explored mostly in doped crystals such as
Eu*":YPO,, Pr*":YPO,, and Pr*":Y,SiO;, for improving lifetime,
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secondary TAT-splitting, while the NAND gate was realized by the primary dressed states.

coherence time, spectral bandwidth, and the induction of non-
classic behaviour. The Autler-Townes (AT) splitting of multi-
order fluorescence (FL) has been investigated in numerous
atomic-like media.”® In atomic-like media, the lifetime of FL
processes can be controlled by the dressing effect, which can be
adjusted by the power or detuning of laser fields.” Recent
progress has widely explored solid-state atomic coherent
materials with EIT," reduction of optical velocity,"" optical
storage based on all-optical routing,"” coherent storage of light
pulses,® and optical read and write information.**

Eu®" and Pr’* ions are more sensitive to the site symmetry
and the surrounding crystal-field of the host material than other
crystal ions,'® which makes them an attractive material for
important applications such as in scintillation detectors,
medical imaging, display devices while demonstrating
a high chemical and thermal stability.’*** In this regard,
a double-cascade dressed optical metal oxide semiconductor
field-effect transistor is realized by exploiting the enhancement
and suppression in different phases of Eu**:YPO, and Pr**":YPO,
crystals.”* YPO, crystallizes with the zircon structure (xenotime-
type) with a tetragonal symmetry (@ = b = 0.6894 nm and ¢ =
0.6027 nm) and space group I4,/amd,** where the site symmetry
for Y** ions is the D,q point-group.?® The structure can be
described as chains parallel to the c-axis of the corner-sharing
structural units built of (YOg) dodecahedron and a (PO,) tetra-
hedron linked together by an edge.** The YPO, matrix has
excellent optical and physical properties such as a large indirect
bandgap (~8.6 eV), high dielectric constant (~7 eV), refractive

17,18

RSC Adv, 2020, 10, 15239-15244 | 15239


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra01379j&domain=pdf&date_stamp=2020-04-17
http://orcid.org/0000-0002-5319-3251
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01379j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010026

Open Access Article. Published on 17 April 2020. Downloaded on 8/2/2025 5:12:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

index (~1.72), high melting point (~160 °C), and phonon
energy (~1080 cm ™).

In this study, we investigated the relationship between
temporal AT-splitting (TAT-splitting) and excitation spectra of
the mixed-phase (much hexagonal (H) + less T) Pr’*:YPO,
crystal. We observed that the secondary TAT-splitting is very
sensitive to the electric dipole transitions, which can be
controlled through the wavelength and power of laser beams.
Based on our results, we proposed a model of a multi-channel
optical router and logic NAND gate controlled by a laser power.

Experiment setup

In this experiment, the sample of Pr’*":YPO, crystal was held in
a cryostat (CFM-102) maintained at 77 K by flowing liquid
nitrogen. Fig. 1(a) shows a fine structure energy level of
Pr’**:YPO,. Fig. 1(b) shows the schematic of the experimental
setup where the photomultiplier tube (PMT) is placed to detect
the generated Stokes (Es) and fluorescence (FL) hybrid signal
under phase-matched four-wave mixing. Two dye lasers (narrow
scan with a line width of 0.04 cm™') were pumped by an
injection-locked single-mode Nd:YAG laser (Continuum Pow-
erlite DLS 9010, 10 Hz repetition rate, 5 ns pulse width), which
were used to generate the pumping fields E; (w;, 4;) and E, (w,
4,) with frequency detuning of 4; = Q,,,, — w;, where Q,,, is the
corresponding atomic transition frequency between levels |m)
and |n). w; (i = 1, 2) is the laser frequency. Fig. 1(c) and (d) show
single and double dressed energy levels, respectively.

By opening the field E,, Es was generated in a two-level
system with phase matching condition ks = k; + k'1 — kas. The
density matrix elements of Eg from a mixed (H + T)-phase
Pr’**:YPO, via perturbation chain can be written as

S0 — ~iGasG1 G,
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Fig. 1 (a) Energy level of Pr¥*:YPO,. (b) Experimental setup. (c) Single
dressed energy level. (d) Double dressed energy level. (e) The sche-
matic diagram of the MOSFET logic “NAND" gate, where (A, B) and Y is
the input and output of proposed equivalent logic NAND gate,
respectively. (f) The schematic diagram of the multi-channel router.
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where G; = w;E;/h is the Rabi frequency of field E;, with the
electric dipole matrix elements u,; of levels |i) and |j) and I'; =
(I'; + I';j)/2 is the transverse decay rate, where, I';; = I'pop + Tion-
spin + Fion—ion + thonon - Fdressing + Fnon—rad~ The denSit}’ matrix
of the accompanying FL can be written as

PR = —|G\Pl(dy + |GiPIToo) Tty + |GiPlddy)] (2)

where d; = I'yy + id;. The lifetime of FL is given as I'yp, = 'y +
I'y;. The temporal intensity of FL is given as I(tf) =
pt% exp(—TI'gif). By opening E; and E, in a A-type three-level
system (Fig. 1(c)), the third-order nonlinear density matrix

elements of Es via the perturbation  chain
© B (1) Bs () B (3):
P11 P21 Po1 Psy 18 glven as
@ —iGas Gy
P2y = B 3 3 :
(Fa1 +idy + 1G] /Th +1Gol* [ (Tor + i(4) — 45)))
x - ®)
(ot +idy + |G2|2/(F21 +i(4) + 4,)))
1

(I +i(4y + 45) + |G1|2/(T11 +idy) + |G2|2/(T01 +idy))

The lifetime of the Stokes signal can be written as I'sy = I'o; +
2T5;. Similarly, fourth-order FL in a A-type system via the

Ey —E; E, —E, .
pathway p, p(ﬁ)) p(lzl) ﬂ(lsz) P(ﬁ) 1s
4
Pt =
G\
(dy +1GiI’ /T +1Gal* o) (d> +|GiI* /T oz +1Gal* [ T22)
G 2
« | 2| (4)

(Tu +1GiP /(T +i4y) +|Gof [ )

Results and discussion

Fig. 2(a) and (b) shows the excitation spectrum of the hybrid
signal (FL + Eg) measured from the (H + T)-phase Pr’":YPO,
crystal in two-level and three-level A-type systems, respectively.
The excitation spectrum in Fig. 2 is measured by scanning E;
from 585 nm to 610 nm by fixing the gate position (gate width =
100 ns) at a certain point (5 ps on the time-domain curve
(Fig. 2(c)). In Fig. 2, four electric dipoles allowed transitions
between the Stark levels of 'D, and *H, are detected, whose
energy levels are shown in Fig. 1(a). The four peaks a1/b1 (595.1
nm), a2/b2 (596.7 nm), a3/b3 (600.0 nm), and a4/b4 (601.5 nm)
correspond to the electric-dipole allowed transitions between
D, (v2) = *Hy (30)s D, (v1) = *Ha (30), D2 (v2) — °Hy (32), and
'D, (v1) — *H, (8,), respectively. Under the action of the crystal
field of YPO and site symmetry (D, + D,q) of the (H + T)-phase,
the terms *H, (ground state) and 'D, (excited state) under
dipole-allowed transition can split into seven and four fine
structure levels, as shown in Fig. 1(a).>* In our experiment, we
observed only four peaks in (much hand less T)-phase YPO,
(Fig. 2(a)), which suggests that the site symmetry of (D, + D,4) is
not strong enough to completely lift the 2] + 1 degeneracy of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Shows spectral intensity signal obtained from Pr**:YPO, in (a)
two-level atomic system when E; is scanned from 585 nm to 620 nm
(E, is blocked), (b) A-type three-level system when E; is scanned and E»
is set at resonance wavelength. (c1), (d1) and (el) Measured time
domain intensity of hybrid signal with E; being at 595 nm, 596.7 nm
and 600.0 nm, respectively, in a two level system. (c2), (d2) and (e2)
Measured time domain intensity of hybrid signal with E, being at 595
nm, 596.7 nm and 600.0 nm, respectively, while E; is fixed at resonant
wavelength.

levels. It is worth mentioning here that each electric-dipole
transition corresponds to different lifetimes and dressing
effects. Fig. 2(c) shows the time-domain intensity of the hybrid
signal detected at PMT in the two-level (Fig. 2(c1)) and A-type
three-level (Fig. 2(c2)) systems. Fig. 2(c1) demonstrates the two
peaks in the temporal intensity of the hybrid signal. The right
peak is primary TAT-splitting attributed to the adiabatic pop-
ulation transfer between the dressed states, whereas the left
peak is the contribution of (FL + Eg) without the adiabatic
population transfer. If we set |1) as the frequency reference
point, the Hamiltonian for primary TAT-splitting can be written
. ) 0 Gy
using H = [(G: (—1)’211
Ai|t), we can obtain AL = [4; £ (44, + 4|Gl|2)1/2]/2. The split-
ting distance between |+) and |—) is 4L = A, — A_ = (445 +
4|G,|*)"2. The primary splitting distance 4. is directly propor-
tional to |G,|?. In the primary TAT-splitting, the left and right
peaks of the time-intensity signal correspond to the dressed
states |+) and |—), respectively, as shown in Fig. 1(d). When
both E; and E, are turned on, the primary dressed level |—) is
further split into two secondary dressed levels |—+) and |——),
as shown in Fig. 1(d). We named this as secondary splitting,
whose Hamiltonian for the secondary TAT-splitting is

)} 27 From the equation H|t+) =

0 G /

H=-h [ G A,Z} (where 4, = A_ — 4,) and from the equation
2 4

H|-+) =2_.|—-t),wecanobtain 4_, =1, —A__ =[4, +

(42 + 4|G,|*)"?]/2. At 4, = 0, we can know that the increase in
the |G,|* can lead to an increase in the |A_|. Using the above
equations, we can derive the formula for TAT-splitting® ¢yt o 1/
Tnon-rad + A exp(4./KgT). The secondary splitting distance of the
right peak in Fig. 2(c2) is physically due to residual particles in
|-+) transferring to |——) through the phonon-assisted
non-radiative transition. Acoustic phonons mainly determine
this phonon-assisted non-radiative transition at low
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temperatures. The three peaks in the FL time-domain signal
(Fig. 2(c2) and (d2)), from left to right, can be corresponded to
the primary dressed state |+) and the secondary dressed states
|-+) and |——), respectively, as shown in Fig. 1(d). One can
witness that in a A-type system, the time-domain signal has
both secondary and primary TAT-splitting (Fig. 2(c2)), whereas
only primary TAT-splitting was observed in the two-level system
(Fig. 2(c1)). However, it is worth mentioning that primary TAT-
splitting appears to be much stronger in the two-level system
(Fig. 2(c1)). Based on the results observed in Fig. 2(c)-(e), it is
clear that the spectra observed from mixed-phase Pr**:YPO, also
plays a critical role in the TAT-splitting. When E; was fixed at
595 nm, the particle transfer occurs between 'D; (y,) — *H, (3,)
and level |1) splits into |+) and |—), and primary TAT-splitting is
observed in Fig. 2(c1). The primary TAT-splitting can be
explained from the dressing effect of the term |G,|*/d; in eqn
(2). In the A-type system, level |1) that is already split into |+)
and |—) by E; and when E, was turned on, |—) will further split
into |—+) and |——) with the dressing effect of |G,|*/d,. Due to
further splitting of |—), the secondary TAT-splitting would
appear in Fig. 2(c2). By increasing E, to 596.7 nm (particle
transition between 'D, (y;) — °Hj (3,)), primary splitting
becomes strong and the intensity of secondary peak decreases,
while the splitting distance 4_ increases (Fig. 2(d2)), followed
by a decrease in the dressing effect |G,|*/I'5,. When the wave-
length of E, is set to 600 nm, the secondary peak vanishes, and
only primary TAT-splitting retains (Fig. 2(e2)). In the case of
a two-level system, the primary TAT-splitting becomes very weak
when observed at the third resonance point (Fig. 2(e1)). The
three peaks of the hybrid time-domain signal (Fig. 2(c2)), from
left to right, can be corresponded to the primary dressed state
|-), the secondary dressed states |—+) and |——), respectively,
as shown in Fig. 1(e).

Fig. 3 shows the temporal intensity of the hybrid signal (FL +
Eg) in a two-level system by changing the detuning of E; with
blocked E, When E; is fixed at far off-resonant (4, > 0), the
temporal intensity signal has a very weak amplitude and has no
AT splitting (Fig. 3(a1)). As 4; gets closer to the resonant
wavelength, the amplitude of the intensity signal raises gradu-
ally due to an increase in the population transfer between 'D,
(Y2) — *Hy4 (o) due to the resonant excitation of E;. At the
resonance wavelength (4, = 0), a strong primary TAT-splitting
is observed modelled by |G,|*/d; eqn (2), as shown in Fig. 3(a5).

(b)
EIl
S|
42‘ = b5
Z -
o -~ b4
JE . b3
— J b2
d b1
0 5 Time(ps)
Fig. 3 (a) and (b) show the evolution of the temporal intensity signal

obtained from Pr¥*:YPQ, in the two-level system when the detuning
of E; is changed, while E; is blocked.
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As the wavelength of E; is further increased to the off-resonant
wavelength, the primary TAT-splitting reduces (Fig. 3(a7)). The
weak AT-splitting can be explained by the weak dressing effect
of |G4|*/d; due to the off-resonant excitation of the E, beam.
When the wavelength of E; is further increased to 600 nm, the
primary TAT-splitting increases (Fig. 3(b3)), which can be
explained from an increase in the population transfer from 'D,
(v2) — *H4 (3,). As detuning is further increased to off-resonant,
the TAT-splitting disappears due to a very weak dressing effect,
as shown in Fig. 3(b5).

The time-domain intensity of the hybrid signal in Fig. 3(a)
shows the behaviour of the PNP transistor operating as a logic
NAND gate. The model of the optical logic equivalent NAND
gate is shown in Fig. 1(e). From Fig. 3, the right peak corre-
sponds to the output logic 1, whereas the absence of the right
peak corresponds to the output logic 0. In our proposed model
of the logic NAND gate, “A” and “B” are two inputs on the time-
intensity signal corresponding to either logic 0 or logic 1. When
the wavelength of the input beam is changed to resonance, the
logic input (4, B) satisfies the logical condition (1, 1) of the
NAND gate, so the output of MOSFET is observed as OFF state
(logical output 0) in Fig. 3(a1). When the wavelength is at off-
resonance, the input A and B signal satisfies the logical condi-
tion (0, 0) of the NAND gate, and MOSFET output is observed to
be in the ON state (logical output 1) in Fig. 3(a5). The output of
the proposed NAND gate can be controlled through primary
TAT-splitting. Our experiment results defined ON-state and
OFF-state by the switching contrast C = (Ipgg — Ion)/(Zott + Ion),
where I is the light intensity at the OFF-state and I, is the
light intensity at the ON-state.’® The switching contrast C is
measured to be about 88% (Fig. 3(a5)). The total switching
speed (20 ns) is taken to be the quadrature sum of several
independent contributions.

Fig. 4 shows the excitation spectrum of the hybrid signal (FL
+ Eg) in a A-type three-level system. The temporal intensity
signal in Fig. 4 is measured by fixing E; at resonance (4, = 0)
and changing the detuning of E,. To observe the maximum TAT-
splitting, the powers of both E; and E, were fixed at a high value
(5 mW). Even when E, is fixed at far off-resonance, very weak AT
splitting is observed (Fig. 4(a1)). Such a weak AT-splitting can be
explained from the dressing effect |G,|*/d, caused by the high
power of the E, dressing beam. As E, moved towards the peak

Intensity(a.u)

Time(us)

Fig. 4 (a) and (b) shows the evolution of the temporal intensity signal
obtained from Pr¥*:YPQ, in the A-type three-level system when the
detuning of E; is fixed at resonant wavelength (4, = 0), while E; is
changed.
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position of the first spectral peak (595 nm), double TAT-splitting
(both primary and secondary) is observed due to the dipole-
allowed transitions between 'D, (y,) — *Hy (3,), as shown in
Fig. 4(a4). The primary TAT-splitting results from the splitting
of |1) into |+) and |-), whereas the secondary TAT-splitting
comes from the further splitting of the primary dressed level
|-) into two secondary dressed levels |—+) and|——). The
primary splitting distance (44 = A, — A_ = (41 + 4|G4|%)"?)
between |+) and |—) and secondary splitting distance (4_4 =
Ay — A__ = [dy % (435 + 4]G,]|?)"?]/2) between the dressed
levels |—+) and |——) increases. Due to this, very clear double
TAT-splitting is observed in Fig. 4(a4). When E, moves towards
the peak position of the second spectral peak (D, (y1) — *Hy
(30)), secondary splitting distance (4_.) reduces and becomes
very weak (Fig. 4(a9)). At this wavelength, the intensity of the
primary TAT-splitting is observed to be maximum. When the
wavelength of E, is further increased to 598 nm, the TAT-
splitting becomes very weak (Fig. 4(b5)), followed by off-
resonant excitation at this stage. It is interesting that even at
the far resonant wavelength single AT-splitting is observed
(Fig. 4(b9)).

The multi-channel optical routing was realized by the
primary and secondary TAT-splitting results observed in Fig. 4.
Our experiment provides a physical mechanism to realize all
optical routing in real-time by controlling laser detuning.
Furthermore, we can see the division of one peak (Fig. 4(a1))
into two peaks (Fig. 3(a5)) due to change in laser detuning from
off-resonant to resonant. Therefore, the corresponding switch-
ing ratio of our routing model is about 2. In our experiment, the
channel equalization ratio can be defined as*®

TN

<P =1- Z (tar — a)Z/a> where “a” and “a;” is the area of
1

one peak and gap between the neighbouring peaks, respec-
tively. In our experiment, the channel equalization ratio P
increases up to 91% (Fig. 4(a4)) as the detuning of the input
beam is changed from 590 nm to 596.7 nm. For temporal
signals, contrast index can be defined as n = (tar — ¢)/(tar + ?),
where (tar — t) is the splitting between two neighbour peaks
then, higher the contrast index, greater accuracy of information
and less crosstalk between channels. From our experiment, we
measured 7 = 87% (greater accuracy of the information and less
crosstalk between channels), and the average power of our
routing can be operated at 1-2.0 pW.

Fig. 5(a1)-(a3) show TAT-splitting in a hybrid signal due to the
dressing effect of E; with the increase in the splitting distance
from bottom to top peaks as the power of E; is increased from low
to high in (H + T)-phase Pr**:YPO,. At first, the power of E; is too
little (1 mW) to split |1) into dressed energy levels, so we cannot
see the right peak appearing in Fig. 5(a1). With an increase in the
power of E; (=4 mW), the energy level |1) splits into |+), and
primary AT-splitting appears in Fig. 5(a3). We can explain that the
primary TAT-splitting distance (4. = A, — A_ = (4> + 4|G,|»)"?)
between |+) and |—) is directly proportional to the power of E;.
With an increase in E;, |G,|” keeps increasing, which leads to an
increase in the splitting distance, and prominent primary TAT-
splitting was observed in Fig. 5(a3).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) shows the evolution of the TAT-splitting with the double

dressing condition when power of E; is increased from 1 mW to 4 mwW
(E> is blocked). (b) shows the evolution of primary and secondary TAT -
splitting from (H + T)-phase Pr¥*:YPO,, when power of E; is increased
from 1 mW (bottom) to 8 mW (top) and Ej is fixed at 3 mW (c) shows
evolution of TAT-splitting with double dressing condition when E; and
E, are fixed at resonant wavelengths for (c1) H-phase Pri*:YPO,, (c2)
T-phase Pr¥*:YPO,, and (c3) (T + H)-phase Pr¥*:YPO,, (c4) (H + T)-
phase Eu®":YPO,.

Fig. 5(b) shows the time-domain intensity of the hybrid
signal by fixing E; and E, at resonant wavelengths and changing
P, of E, in a A-type three-level system. In a A-type system, when
power was changed from 1 mW (Fig. 5(b1)) to 4 mW (Fig. 5(b3)),
the primary TAT-splitting follows a similar trend as explained
for the two-level system (Fig. 5(a)). With an increase in the
power of E, (=8 mW), the primary dressed level | —) further split

into two secondary dressed levels |—+) and |——), as shown in
Fig. 1(d), and the secondary AT-splitting is observed in
Fig. 5(b5). The secondary distance (4_, =1, — A__ =[4, +

(4% + 4|G,|*)"'?]/2) between the primary and secondary peak in
the time-domain is only determined by E,. By increasing the
power of E,, |G2|2 increases, which leads to an increase in 4_ ..
The observation of the primary and secondary dressing results
from the exhibition of the strong atomic-like behavior of the
mixed-phase Pr’":YPO, due to a strong transfer probability of T-
phase and low symmetry of H-phase. Hence, the prominent
secondary peak is observed at high power (Fig. 5(b6)).

Fig. 5(c1), (c2), and (c3) shows the time-domain signal ob-
tained from the H-phase Pr**:YPO,, mixed (T + H)-phase
Pr’":YPO,, and T-phase Pr’":YPO,, respectively. The time-
domain signal is obtained under the same experiment condi-
tion as defined for Fig. 5(a). From Fig. 5(c1) and (c2), it can be
clearly seen that no TAT-splitting is observed for H-phase
Pr’*:YPO, (Fig. 5(c1)), whereas (T + H)-phase Pr*:YPO,
(Fig. 5(c3)) has strongest TAT-splitting among the three
samples. Hexagonal-phase Pr’":YPO, has a low D, point-group
symmetry site, which results in the strong atomic-like
behavior. The hexagonal-phase Pr’*:YPO, should have
a strong dressing effect, but no TAT-splitting is observed
(Fig. 5(c1)). This can be explained from the low transfer prob-
ability and weak dipole moment, which results in a weak
dressing effect in the H-phase Pr**:YPOy, as shown in Fig. 5(c1).
Unlike H-phase Pr’*:YPO,, the T-phase Pr**:YPO, has the high
D,q4 point-group symmetry, which results in a relatively weak
atomic-like behavior and should have a weak dressing effect.
Due to strong transfer probability and dipole moment in the T-
phase Pr*":YPO,, comparatively strong TAT-splitting is observed
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in Fig. 5(c2). Meanwhile, the mixed-phase (T + H) Pr’":YPO,
demonstrates the strongest TAT-splitting among the three
samples, as shown in Fig. 5(c1). YPO crystal having mixed (T +
H)-phase occupy (D, + D,q) site symmetry, which combines the
strong transfer probability and dipole moment of the T-phase
with strong atomic-like behavior of the H-phase Pr’":YPO,.
Hence, strong TAT-splitting was observed in (much-T + less-H)-
phase, as shown in Fig. 5(c3). In the mixed-phase (much-H +
less-T) Pr*':YPO, (Fig. 5(b)), both primary and secondary
dressing is observed as compared to the observation of only
primary dressing in (H + T)-phase Pr*":YPO, (Fig. 5(c3)). This
can be explained from the stronger atomic-like behavior of the
H-phase as compared to Fig. 5(c3).

To study the effect of different doped ion on TAT-splitting,
next, we compared (H + T)-phase Pr’":YPO, (Fig. 5(b)) with (H
+ T)-phase Eu*":YPO, (Fig. 5(c4)). Fig. 5(c4) shows the time
intensity of the hybrid signal obtained from (H + T)-phase
Eu*":YPO,. By comparing Fig. 5(b6) with Fig. 5(c4), we can
conclude that TAT-splitting is stronger in Pr** ion than in Eu®".
This can be explained from the higher dipole moment of
Pr*":YPO, as compared to Eu®*":YPO,, which corresponds to
a stronger dressing effect.

Here, the optical MOSFET equivalent NAND gate has been
realized in Fig. 5(a) and (c)). The model of MOSFET logic equiv-
alent NAND gate is shown in Fig. 1(f), where E; and E, are the
input signal, and Y is the output of the MOSFET. To realize the
switching function of the MOSFET, when the power of E; is
changed, the temporal intensity satisfies the logical condition (1,
1) of the NAND gate, and the output of the MOSFET Y performs
OFF-state as a spectral peak in Fig. 5(al, c1, and c4). Here, the
output of the MOSFET Y satisfies the logical 0 condition. The
temporal intensity input spectral signal satisfies the logical
condition (0, 0) of the NAND gate, and the output of the MOSFET
Y performs ON-state as a spectral peak in Fig. 5(a2), (a3), (c2), and
(c3). Here, the output of the MOSFET Y satisfies the logical 1
condition, where the switching contrast C is about 85% from
Fig. 5(a1) to Fig. 5(a3). Based on the primary and secondary TAT-
splitting, one can exploit this as a multi-channel optical router. In
the first stage of the three-level atomic system, one channel is
converted into intermediate state two-channel, where the
channel equalization ratio (P) increases from 15% (Fig. 5(b1)) to
50% (Fig. 5(b2)), and the contrast index rises to n = 55%
(Fig. 5(b2)) as laser power is increased from 1 mW to 3 mW. In the
second stage, when the power of E; is increased to 8 mW, the
intermediate state two channels are successfully converted in to
complete two-channel, and the channel equalization ratio (P)
increases to 93% (Fig. 5(b6)) with the contrast index rising up to n
= 95% (Fig. 5(b6)). In comparison to laser detuning (Fig. 4), the
higher channel equalization ratio and contrast index is measured
with respect to power. This can be explained from an increase in
the dressing effect at high power. Hence, the routing channels
became more distinguishable, as shown in Fig. 5(b6).

Conclusion

In summary, we have demonstrated the primary and secondary
TAT-splitting from different phases of the Pr’*:YPO, crystal. We
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observed that the site symmetry-dependent TAT-splitting from
mixed phases (H + T) had a strong dressing effect than that from
the pure T-phase or H-phase. Also, we discussed the dressing
effect dependency on the site symmetry of different ions (Eu®*
and Pr3+) in the host material YPO,. We also observed that the
Pr** ion had stronger TAT-splitting than Eu®" ion in the host
material of YPO. Further, the TAT-splitting depends on the
distance between bright states caused by the dressing effect.
The splitting distance increases, if laser power increases, and
the time delay becomes larger. The primary and secondary AT-
splitting were caused by single and double dressing, respec-
tively, and mainly depends upon the electric dipole transition
and power of laser beams. The multi-channel optical router and
logic NAND gate were also realized from the TAT-splitting. The
channel equalization ratio, contrast index, and switching
contrast were controlled by laser detuning and the power of
input beams.
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