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Abstract: Achieving a broadband nonreciprocal device without gain and any external bias is
very challenging and highly desirable for modern photonic technologies and quantum networks.
Here we theoretically propose a passive and magnetic-free all-optical isolator for a femtosecond
laser pulse by exploiting a new mechanism of unidirectional self-induced transparency, obtained
with a nonlinear medium followed by a normal absorbing medium at one side. The transmission
contrast between the forward and backward directions can reach 14.3 dB for a 27 — 5 fs laser
pulse. The 20 dB bandwidth is about 56 nm, already comparable with a magneto-optical isolator.
This work provides a new mechanism which may benefit non-magnetic isolation of ultrashort
laser pulses.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Nonreciprocal optical devices (NRODs), such as optical isolators and circulators, enforcing
unidirectional light propagation, have become key components for modern photonic applications
[1-4], quantum information processing [5-9], enhancing quantum sensing [10] and even
nanofabrication of optical crystals [11]. NRODs need to break the electromagnetic time-reversal
symmetry. A standard approach to implement NRODs is based on the Faraday effect using a
DC magnetic bias in a magneto-optical material [12]. However, a magneto-optical system is
typically incompatible with integrated photonic technologies, introduces large loss to the signal,
and requires a strong magnetic field. A nonmagnetic NROD is desired for magnetically sensitive
applications and integrated photonics.

Various schemes for magnetic-free nonreciprocity have been proposed and demonstrated
by using spatiotemporal modulation [13—17], nonlinear resonator modes [18-20], quantum
nonlinearity [21-23], nonlinearity in a parity-time-symmetry-broken system [24—27], photon-
phonon coupling [28—33], moving lattice [34,35], spinning resonators [36—38], wave-mixing
processes in nonlinear media [39—42], chiral quantum optical systems [30,43—57], chiral valley
systems [58], reservoir engineering [59] and unidirectional quantum squeezing of microring
resonator modes [60,61]. In addition, phononic and microwave nonreciprocity have been reported
and have their own applications [62—-66]. Meanwhile, these approaches require high-quality
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cavities to enhance the light-matter interaction or narrow-band auxiliary systems, such as alkali
atoms or mechanical modes. As a result, their nonreciprocal bandwidth is strongly limited.

Nonlinearity-based NRODs have attracted significant attention because they are compatible
with integrated photonics and can be obtained in the absence of an external bias. Nevertheless,
dynamic reciprocity imposes fundamental constraint to their practical applications [67]. The
chiral Kerr nonlinearity can tackle the problem of dynamic reciprocity [50,68—70]. However,
nonlinear NRODs often require nonlinear resonators, theoretically which have a very limited
bandwidth.

In this work, we propose a passive magnetic-free optical isolator for an ultrashort laser pulse
by using a nonlinear medium with asymmetric inputs. This magnetic-free isolator can enable
unidirectional propagation of a 5 fs laser pulse. A 56 nm bandwidth can be obtained for 20 dB
isolation.

2. System and model

Our proposed optical isolator consists of a one-dimensional(1D) two-level atom (TLA) medium
and a normal-absorpting (NA) medium, as schematically depicted in Fig. 1. The TLA medium
is followed by a NA medium in the right-hand end. The NA medium causes absorption to a
laser field. For simplicity, we consider the TLA and NA media to be surrounded by air, for the
theoretical analysis. In practice, the TLA medium can be a semiconductor [71,72], an ensemble
of atoms [73], or semiconductor quantum dots doped in an optical material [74—77].
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Fig. 1. Schematic of the passive magnetic-free optical isolator consisting of a TLA medium
and a NA medium. The forward-moving femtosecond laser pulse first passes the TLA
medium without light loss due to the self-induced transparency (SIT) and then is partially
absorbed by the NA medium (red pulses). The backward-moving pulse (blue pulses) first
decays to an area smaller than 7 due to the absorption in the NA medium, and then is further
strongly absorbed in the TLA medium according to the Beer’s law [78].

We use a standard two-level model for the TLA medium. The transition between the ground
state |g) and the excited state |e) of the TLA system has a resonance frequency wg and a vector
electronic dipole moment d with amplitude d. The population relaxation time and the decoherence
time are 7' and 7>, respectively.

We assume that a laser field is polarized along d with angular frequency wy. At position z and
time ¢, its envelope is E,(z, ). The envelope area of a laser pulse is defined as [78]

d [~ .
A= ﬁ/ E.()dt . (1)
The pulse energy is calculated as
1 <
U() = 5&0 / EX(z0)dr 2

with gy being the vacuum permittivity.
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The propagation of a short laser pulse with a duration 7, < T4, 7> in a TLA medium is
crucially dependent on its area A [78]. Due to the strong nonlinear interaction, an ultrashort laser
pulse with area A = 27 and resonance frequency wy, = wq drives a full Rabi oscillation of the
TLA medium. This process takes place much faster than the relaxation and decoherence rates.
During propagation, the first-half part of the 27 laser pulse coherently transfers energy to atoms
and completely inverts the atomic population. Then, the atoms coherently return back the energy
to the laser pulse after being “pulled” back to the ground state by the second-half part. Thus,
the 2 laser pulse can propagate as the nonlinear medium is transparent and maintain its area
2n. In this case, the laser pulse can be considered as a light soliton with very small energy loss.
This SIT phenomenon has been demonstrated in various experiments [79-81] and by numerical
simulations based on the Maxwell-Bloch equations [82-90]. When m<A <2, the pulse will
quickly evolve to a 27 pulse at the expense of losing some energy. If A<, the pulse will be
strongly absorbed. Its total intensity or energy reduces exponentially according to Beer’s law
[78]. A 7 pulse is unstable and will decay during propagation.

The key idea of our isolator can be explained as follows. When ultrashort pulse with area
A ~ 27 enters the device from the left end (to the TLA medium) in the forward case, the TLA
medium is mostly transparent because of the SIT. Then, the pulse leaves the device after a small
absorption and outer the NA medium. This forward transmission can be high. In contrast, in the
backward case, the pulse first inputs to the right end of the NA medium; it is partially absorbed by
the NA medium and then suffers a Beer-law decay in intensity (energy) inside the TLA medium.
Thus, the asymmetric arrangement of the NA medium causes unidirectional SIT, indicating a
strong magnetic-free optical nonreciprocity.

Now we model the propagation of the laser pulse E\(¢) in the TLA medium with the Maxwell-
Bloch coupling equations. The TLA-field interaction can be described by the Hamiltonian
without the rotating-wave approximation and the slowly varying envelope approximation as

hwy/2  dE;
He o/ E, (1) . 3)
dEL(1) —hwo)2

We consider a 1D continuous TLA medium with a number density N,. The Maxwell’s
equations for the electric field E, and the magnetic field By take the form

OBy = —0.E, , (4a)

1
0:D; = __asz P (4b)
Ho

where g is the magnetic permeability in the vacuum. The nonlinear response of the TLA
medium is taken into account via the relation D, = yE, + P,, where the macroscopic polarization
P, = —N,du is connected with the off-diagonal density matrix element {e|p|g) = (u + iv)/2. P,
can be solved by the Bloch equations

1
o = —Eu + wov , (5a)
1 dE
0V = —wolt — Ev + Z#W , (5b)
dE 1
ow = —ZTXW - F](W - wp) , (5¢)

where w is the population difference between the excited state and the ground state. Note that u,
v, and w satisfy the relationship u> + v* + w? = 1. This model can reproduce well experimental
results [78,91] and has been widely used to study the time evolution of a femtosecond laser pulse
in a nonlinear medium [92,93].
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3. Numerical method

We employ the standard finite-difference time-domain method (FDTD) and the fourth-order
Runge-Kutta method to solve the Maxwell-Bloch coupling equations [84,87-89]. The Mur
absorbing boundary condition is used to avoid the reflection off the truncated boundary of the
FDTD simulation domain [94]. A source laser pulse is introduced to the air region at zr = 15 um
in the forward case and at z, = 225 um in the backward case. It is assumed to be a sech function
defined as E.(1) = E(t,7)sin(wy(t — 7)) with E.(t,7) = Egsech[1.76(t — 7)/7,], where Ej is
the amplitude. The delay 7 is much larger than duration 7, to ensure that the electric field is
negligible at ¢ = 0. Specifically, 7>47,. The area of the input pulse is Ay = dEy7,7/1.76A.

Now we specify the TLA medium and the NA medium. The TLA medium is set at
30 < z £ 120 um and the NA medium at 120 < z < 210 um. The medium in the rest regions
is air. The time-dependent transmitted pulses are retrieved at z = 15 um in the backward case
and at z = 225 um in the forward case. The NA medium causes a decay of 2.93 dB in the total
field energy. We refer to Ref [86-90,95] and choose the atomic parameters: N, = 3 x 10'% cm™,
wo =23 x10°Hz (19 =820nm),d =2x 1072 C-m, T} = 0.5ps and T, = 0.25 ps. The TLA
medium is initialized in the ground state such thatu = 0,v=0,and w = -1 at¢t = 0.

Without loss of generality, we adopt the typical duration 7, = 5 fs for a resonant femtosecond
laser pulse (wr, = wyp), spanning a 200 THz bandwidth. Such ultrashort pules are well available
[96-98]. For 7, = 51s, the pulse area canreach Ag = 27 when Ey ~ 3.7% 10° V/m, yielding a peak
Rabi frequency Qg = 0.7 fs~!, which is much large than the atomic decoherence and relaxation
rates. Thus the process is coherent. We are interested in a laser pulse with Ag<3x, corresponding
to a peak field intensity less than 4 x 10'> W /cm?. For such laser intensity, simulation of the
Maxwell-Bloch equations with the two-level system can reproduce well experimental results [82].

We evaluate the performance of the optical isolator by comparing energies of the input and
transmitted laser fields. The forward and backward transmissions are calculated as

It = —101log,o[U(z = 210 um)/U(z = 30 um)] , (6a)
I = —101ogo[U(z = 30 um)/U(z = 210 um)] . (6b)

We truncate the integral time limits because the energy of the laser pulses outside the limits is
negligible. The isolation contrast is defined as n = —101log,,(-Z%/ %).

4. Numerical results

We first investigate the propagation of a 2 laser pulse excited by the source at either z¢ or z,
respectively. The initial energies of both input laser pulses are Uy = 346.6 nJ. The nonreciprocal
propagation can be seen from Fig. 2. In the forward case, see Fig. 2(a), the laser pulse enters
the TLA medium at about ¢ = 50 fs with a negligible reflection and leaves at t = 350 fs with the
unchanged pulse shape. The laser energy decays to 79.1% of the initial energy Uy due to the fast
atomic dissipation. After going through the nonlinear medium, the energy of the pulse further
decays by about 2.93 dB due to the absorption of the NA medium. The laser pulse transmitted
through the device retain 40.3% of Uy, about 139.7 nJ yielding .7 = 40.3%. Nevertheless, the
pulse keeps its shape unchanged after passing through the isolator. In the backward case, see
Fig. 2(b), the laser pulse with the same area is excited by the source at z. In stark contrast, the
backward-moving laser pulse is first absorbed to an area well smaller than 2x, corresponding
to 50.9% of the initial energy, and then enters the TLA medium at ¢t = 350 fs. The pulse area
remains about 1.47r. During propagation, the pulse quickly splits into two parts, a fast-decaying
strong pulse and a slowly-decaying weak one with an oscillating envelope. According to Beer’s
law, the TLA medium strongly absorbs the main pulse but leaves the negligibly small oscillating
one, corresponding to a 27 pulse but with a smaller energy decay scale with respect to the Beer’s
law. When the laser field passes through the TLA medium, only 1.49% of the initial energy of
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the pulse, about 5.16 nJ corresponding to % = 1.49%, remains. Most energy of the backward
pulse, 341.44 nJ, is blocked by the isolator.
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Fig. 2. Evolution of a 2 femtosecond laser pulse with 7, = 5fs in the forward case (a) and
the backward case (b).

This nonreciprocal energy evolution of the laser pulses due to the unidirectional SIT during
propagation is clearly shown in Fig. 3. Our magnetic-free isolator already achieves an isolation
contrast of 14.3dB for an entire 5 fs laser pulse at the cost of a 3.95dB insertion loss. The
insertion loss in the forward case dominantly results from the absorption in the NA medium.
Therefore, our theoretically proposed optical isolator can enable nonreciprocal propagation of a
femtosecond laser pulse spanning over 200 THz. The discrepancy between the energy evolution
(simulations) and an exponential decay (fitting) in the TLA medium is due to the slow-decaying
and envelope-oscillating 27 pulse, which includes a small fraction of the total energy.

By simulating the propagation of an ultrashort laser pulse and observing the pulse field, we
evaluate the nonreciprocal spectral response of the isolator. With the spectral response, we can find
the limit to the duration of the laser pulse for high-performance isolation. Here, the transmission
spectra and the isolation contrast versus the frequency (wavelength) are evaluated with a 5 fs laser
pulse. The pulse spectra are obtained by the Fourier transform of the corresponding fields. The
spectra are normalized with respect to the peak value of the input pulse spectrum. We take the
time when the laser field disappears as the lower and upper temporal boundaries of the Fourier
transform. As shown in Fig. 4(a), after transmitting the optical isolator, the forward-moving
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Fig. 3. Energy evolution of the forward- (red curve) and backward-moving (blue cuve) laser
pulses. Dotted curves are fits with exponential decays. Red and blue arrows indicate the
forward and backward transmission directions.

laser pulse retains a spectral profile similar to the input pulse, whereas a deep dip appears in
the spectral center of the backward-moving pulse due to the strong Beer-law absorption of the
nonlinear medium. The isolation contrast around the dip is shown in Fig. 4(b). We obtain a
maximum contrast 30.5 dB at wy, and a nonreciprocal bandwidth of 56 nm for > 20 dB. This
nonreciprocal bandwidth indicates that our isolator can obtain an isolation contrast larger than
20dB for a laser pulse with duration 22 fs<7, < T, T>. When the laser pulse is longer than
22 fs corresponding to the bandwidth of < 56 nm, the isolation contrast is reduced, but it is
still reasonably high, as shown in Fig. 4(b). The performance of an isolator for different pulse
durations can be calculated by integration from the spectral response.
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Fig. 4. (a) Spectra of the input pulse (dotted black curve), the forward-moving (solid red
curve) and the backward-moving (dashed blue curve) pulses transmitted through the optical
isolator. (b) Isolation contrast versus the wavelength.

The isolation contrast can be improved to a much higher value by using a TLA medium long
enough, because the decay of the forward-moving laser pulse is mostly determined by the NA
medium and thus fixed, while the backward-moving laser pulse with an area A< initially in
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the TLA medium can be completely absorbed. Here, we choose a 90 um nonlinear medium for
demonstrating the concept of our isolator and remaining the reasonably high forward transmission.
A 5fs pulse is used as an example to find the nonreciprocal band covering the nonreciprocal
window. Using an ultrashort pulse with different duration will obtain a similar result.

The transmission and isolation contrast versus the area of the input laser pulse are shown in
Fig. 5. Here, the isolation contrast is calculated for a whole femtosecond laser pulse. When
21 <A<3m, the forward transmission is stable and high, larger than 40%. We obtain the maximal
isolation contrast 16.9 dB when A = 2.157. However, when A>2.15x, the backward transmission
quickly increases to a high level. According to the “area theorem” [78], if the area of a femtosecond
laser pulse is less than 7 when it enters the TLA medium, its energy can be completely absorbed
in the TLA medium. However, when A>2x, the laser pulse will split into multi daughter pulses
although the daughter pulses are under the SIT. To guarantee a high and shape-maintaining
transmission in the forward case, the pulse area when entering the TLA medium needs to be
no more than 27 to avoid splitting. Thus, the nonreciprocal energy range is narrow. Note that
there is a small reflection caused by the air-medium interface. We can attain high-performance
isolation for 1.7171<A<2.25x.
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Fig. 5. Transmission and isolation contrast of the optical isolator versus the pulse area A
and energy for a 5 fs laser pulse.

The dynamic nonreciprocity is also obtained when the two laser pulses simultaneously
propagate in the TLA medium along opposite directions. We study the two counter-propagating
27 laser pulses as an example. To allow the two laser pulses to meet in the medium, we input
the backward-moving pulse about 300 fs earlier than the forward-moving pulse. Figure 6 shows
the normalized electric fields of the pulses and the population inversion w. When the forward-
and backward-moving pulses meet, the population inversion w oscillates quickly. However, the
two laser pulses can pass each other without observable interference as two light solitons. The
transmission of the backward-moving pulse is much smaller than the forward-moving pulse.
These results confirm that our proposed optical isolator displays dynamic nonreciprocity.
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Fig. 6. Field distribution of a 5 fs laser pulse (blue curves) in the TLA medium and the

population difference w (brown curves) at different times. Red and blue arrows indicate the
forward and backward moving directions.

5. Conclusion and discussion

In summary, we have shown unidirectional SIT as a novel mechanism for obtaining a passive
magnetic-free optical isolator. This isolator displays dynamic nonreciprocity over an broad band-
with comparable with a magneto-optical nonreciprocal device. This broadband nonreciprocial
device has the potential to be integrated on a chip in a semiconductor platform and thus can boost
applications of integrated photonics and femtosecond lasers.

This work proposes a new approache for magnetic-free optical isolation of few- fs laser
pulses. With the progress of integrated photonics and microresonators, a train of ultrashort
laser solitons as frequency combs can be generated on a chip platform [99-101]. Generation
of optical frequency combs from a microresonator is extremely sensitive to noise and field
backscattering. Thus, this work may provide an approach to integrate a non-magnetic isolator for
future applications in isolation of backscattering from optical frequency combs. This function
may boost the applications of an on-chip frequency combs.

Although conventional isolators based on the magneto-optical effect can protect an ultrashort
laser, it is subject to dispersion because the Faraday rotation of polarization of light is proportional
to the inverse of the light wavelength. This strong dispersion limits the high-performance isolation
bandwidth and causes a large insertion loss. Our scheme already shows strong isolation for
a 5 fs laser pulse. It may provide a dispersion-immune method for protecting fs lasers from
backscattering of ultrashort laser pulses.

The SIT has been observed in various media, such as Ruby [102], vapors of alkali atoms
[73], Rydberg atoms [103], molecular gases [104], semiconductors [71,72] and semiconductor
quantum dots [74-76,105]. Semiconductors possess short relaxation times and comparatively
high transition dipole moments. Semiconductor quantum dots can be artificial TLAs with
high dipole moments [76,105]. The conditions required by our method can be satisfied with
semiconductors [74,75]. Thus, an on-chip optical isolator based on unidirectional SIT can be
integrated on a semiconductor platform.

Note that SIT of a few-cycle rf pulse has been experimentally observed in Rubidium atoms and
is reproduced by solving the Bloch equation [91]. Therefore, the concept of our optical isolator
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can be extended to the rf regime. If a TLA medium with small dissipation is available [103], our
method can also isolate the reflection of a long light pulse.
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