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We theoretically investigate an all-optical isolator under arbitrary linearly polarized fundamental
wave (FW) input in an optical superlattice (OSL). The scheme is based on simultaneously phase matching
the first-order Type I (0o0-e) quasi-phase-matching (QPM) second-harmonic generation (SHG) process
and higher-order Type 0 (ee-e) QPM SHG process in an OSL with a defect inserted in an asymmetrical
position. Simulation results show that the contrast ratio of the all-optical isolator can maintain close to 1
under arbitrary linearly polarized FW. Thus, an all-optical isolator based on an OSL that is not sensitive
to the direction of linear polarization can be realized. We also show that, with the defect in a strong
asymmetry position, the length of the defect can be designed flexibly to maintain a high contrast ratio.
Additionally, if the length of the OSL is longer, the nonreciprocal response can be realized for low optical

intensities. © 2011 Optical Society of America
OCIS codes:  190.2620, 160.4330.

1. Introduction

The optical isolator as an indispensable element
in fiber optical communication and semiconductor la-
ser diode systems has attracted significant interest
because it can reduce problems caused by unwanted
reflections or interference effects. A standard magne-
to-optic Faraday rotator combined with polarizers
compose the conventional optical isolator that is the
most widely used. Based on the magnetic-optical ef-
fect, much effort has been expended in developing in-
tegrated magnetic isolators [1-3]. As demand keeps
increasing for nonmagnetic optical isolators in inte-
grated photonic systems, several schemes, including
planar chiral metamaterials [4], negative-refraction
metamaterials [5], or indirect photonic interband
transitions [6], have been proposed. Recently, second-
harmonic generation (SHG) in optical superlattices
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(OSLs) has attracted much attention as a means
of achieving a unidirectional and bidirectional tun-
able optical isolator [7-11]. This scheme relies on
two principles. First, the phase-matching condition
should be satisfied to guarantee an efficient SHG
process. Second, the structure must be spatially
asymmetric so that the fundamental wave (FW, w)
converts more strongly to the second-harmonic wave
(SHW, 2w) from one direction (e.g., from the back-
ward direction) than from the other direction. There-
fore, when combined with an absorption filter
centered at 2w, the FW will exhibit an optical isolator
effect. The contrast ratio of the optical isolator is
defined as C = (T} - T;)/(T; + T;), where T} and
T; are the FW transmissions in the forward and
backward directions, respectively. For those proposed
optical diodes based on the SHG process, polarizers
should be used to get a fixed polarization of the FW
(typically z polarized in the case of lithium niobate, to
maximize the effective nonlinearity), since the SHG
processes are usually polarization dependent [7—11].



However, the polarizers will undoubtedly decay the
initial energy of the FW and make the configuration
more expensive. As is well known, the state of po-
larization is linearly polarized in semiconductor
laser diode systems. Thus it is desired to develop a
kind of all-optical isolator under arbitrary linearly
polarized input light for semiconductor laser diode
systems.

In this paper, we use a multi-phase-matching
technique to realize all-optical isolator action under
an arbitrary linearly polarized FW in an OSL. The
multi-phase-matching technique includes cascaded
[12], dual-periodic [13,14], and quasi-periodic [15,16]
structures. Our scheme is based on simultaneous
phase-matched first-order Type I (0o-e) and high-
order Type 0 (ee-e) SHG in periodically poled lithium
niobate (PPLN) with geometrical asymmetry. We
present a phenomenon that the contrast ratio of the
optical isolator can maintain close to 1 under an ar-
bitrary linearly polarized FW. The all-optical isolator
action influenced by the defect, the input FW inten-
sity, and the length of the crystal are also discussed.
All the results are based on the numerical calculation
of the coupling wave equations among these waves.

2. Theoretical Analysis

Most quasi-phase-matching (QPM) processes in
lithium niobate are designed to target the largest in-
trinsic nonlinear coefficient in lithium niobate, dss.
In terms of QPM SHG, we denote this the Type 0 pro-
cess (zz-z), as the ds3 coefficient couples z-polarized
fundamentals to z-polarized harmonics [17,18].
Lithium niobate does, however, have an appreciable
ds; coefficient, which can be used for a Type I process
(yy-z), where y-polarized fundamentals couple to z-
polarized harmonics. The Type I process can still be
used as an attractive alternative for the SHG process
and the SHG/difference-frequency-generation cas-
cading process for its broadband wavelength accep-
tance [19,20]. According to the Sellmeier data of
lithium niobate [21], first-order Type I and high-
order Type 0 QPM SHG can be simultaneous phase
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Fig. 1. (Color online) Required fabrication periods versus the

temperature for phase-matched Type I (black solid curve), and
fifth- (red dashed—dotted curve) and seventh- (blue dashed curve)
order Type 0 QPM SHG at 1064 nm.

matched at appropriate temperatures and wave-
lengths. Figure 1 shows the required period for
Type 0 and Type I QPM SHG for the wavelength
of 1064 nm, as a function of the crystal temperature.
We find two suitable periods in PPLN for simulta-
neous phase matching of two SHG processes: (a) the
period 45.78 um at 453.11 K to phase match the first-
order Type I and seventh-order Type 0 SHG process,
and (b) the period 31.99um at 515.15K to phase
match the first-order Type I and fifth-order Type 0
SHG process.

In this case, both the z-polarized and y-polarized
FWs contribute to the SHG, so the coupling equa-
tions can be deduced as follows:

dA
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where Ej;, w;, and nj: (j = 1, 2 referring to the FW and
the SH, respectively, and & =y, z representing the
polarization orientation) are the electric fields, the
angular frequencies, and the refractive indices, re-
spectively. c is the speed of light in vacuum, and ds3
and d3; are the nonlinear coefficients. As the struc-
ture function f(x) is a periodic function of x with per-
iod A due to the periodically modulated nonlinear
coefficient, it can be written as a Fourier series,
fx) =>,,8m exp(-iG,,x), where G,, are the recipro-
cal vectors and g,, are the amplitudes of the recipro-
cal vectors. The QPM conditions for these processes
is Akl = k22 - 2klz - C‘;m1 =0 and Ako = k22 - 2kly_
G, =0, where m; and my are the orders of the
QPM vector, G,, = 2zm/A.

3. Simulation Results

A schematic diagram of an all-optical isolator under
an arbitrary linearly polarized FW input is shown
in Fig. 2. In our simulation, the input intensity of
the FWis 80 MW /cm?, L = 4cm, ds3 = 27 pm/V, and
d3; =4.7pm/V. The intensity ratio between the y-
polarized components and the total input light, de-
fined as P, /P, whose value is from 0 to 1, represents
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Fig. 2. (Color online) Schematic diagram of the all-optical isolator

under arbitrary linearly polarized FW input. A is the period of
grating. A defect is introduced at x = L; with a length SL.

Backward

the arbitrary linearly polarized light. A defect is
introduced at a distance L;/L = 0.1 from x = 0 with
a length 6L = 0.2A, which disturbs the coupling be-
havior of the SHG cascading process in forward and
backward propagation by imposing dephasing be-
tween the FW and the SHW. The amount of dephas-
ing determined by the length of the defect can be
written as Ag = (26L/A - 1)z. Figure 3 shows the
FW transmission in both direction and contrast
ratio under arbitrary linearly polarized FW in-
put. We should stress here that the FW transmis-
sion contains the transmission of both the
y-polarized and z-polarized components. Thus a new
contrast ratio can be defined as C = (Tfy +T1,)-
(Ty, +T3,)/(Ty, + T1,) + (Ty, + Ty,). In Fig. 3(a),
the period of the crystal is chosen to simultaneously
phase match the first Type I and the seventh Type 0
SHG (A = 45.78 ym). It is seen that the FW trans-
mission in the forward direction is maintained at a
relatively high value (40%-72%) under the random
linearly polarized FW input, while the FW transmis-
sion in the backward direction is almost close to O,
although there exists some slight difference under
the different polarization states of the FW. Therefore,
the contrast ratio can be maintained close to 1,
regardless of the direction of linear polarization.
Figure 3(b) shows the scheme based on simultaneous
phase-matched first Type I and fifth Type 0 SHG
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Fig. 3.

(A = 31.99 um). Under most of the linear polariza-
tion states, the contrast ratio is close to 1, except
when the FW has few y-polarized components. In this
sense, simultaneous phase-matched first Type I and
seventh Type 0 SHG is more suitable for realizing a
high-contrast all-optical isolator under an arbitrary
linearly polarized FW. In addition, the temperature
and period required are more convenient for both
fabrication and operation (see Fig. 1). Thus, simulta-
neous phase-matched first-order Type I and seventh-
order Type 0 SHG processes will be discussed in the
following text.

To further investigate the principle of the all-
optical action under an arbitrary linearly polarized
FW, the detailed evolution of the FW and SHW cou-
pling inside the crystal under any two linearly polar-
ized FWs is shown in Fig. 4. Without loss of
generality, P,/P = 0.2 and P,/P = 0.8 are selected
in the simulation. Figures 4(a) and 4(b) show the
coupling process in different directions under the
FW polarization state of P,/P = 0.2. In the forward
direction, the FW propagates from the left to right.
The intensity of the SHW improves rapidly due to the
phase-matching condition. If there is no defect, the
FW will completely convert to SHW. However, after
the waves propagating through the defect, the intro-
duced dephasing causes the energy to exchange
alternately between the FW and the SHW, which re-
sults in 67.13% at the output in the transmission of
the FW. In the backward direction, the FW propa-
gates from the right to left. We see that the FW
energy continuously transforms to the SHW and,
consequently, the FW almost depletes to 0 when the
waves propagate a certain length. Correspondingly,
the coupling behavior under the FW polarization
state of P,/P = 0.8 is plotted in Figs. 4(c) and 4(d).
It is interesting to find that the curves in Fig. 4(d)
are similar to those of Fig. 4(b). That is because
the long efficient interaction length allows the FW
to almost convert to the SHW before reaching
the defect, thus the FW transmission will approach
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(Color online) Transmission in both directions and the contrast ratio under an arbitrary linearly polarized FW based on

(a) simultaneously phase-matched first-order Type I and seventh-order Type 0 SHG processes, and (b) simultaneously phase-matched

first-order Type I and fifth-order Type 0 SHG processes.
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(Color online) Evolution of two-wave coupling of the SHG processes inside the crystal under two different linearly polarized FW.

(a) P, /P = 0.2; the FW propagates from left to right. (b) P, /P = 0.2; the FW propagates from right to left. (c) P, /P = 0.8; the FW propagates
from left to right. (d) P, /P = 0.8; the FW propagates from right to left.

0 regardless of the phase contribution Ag. So, how-
ever the polarization state of the FW changes, the
transmission of the FW is always at a relatively high
value in forward propagation but always close to 0 in
backward propagation, thus the contrast maintains
as 1 under arbitrary linearly polarized FW input.
Figure 5 shows that the contrast ratio is influenced
by the position and length of the defect. The input
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Fig. 5.

Contrast

intensity and the length of the crystal are the same
as in Fig. 3. Figure 5(a) describes the contrast ratio
influenced by the position of the defect, and the
length is fixed at 6L = 0.2A. It is apparent that a
high contrast ratio can be obtained under arbitrary
linearly polarized FW for the strong asymmetry geo-
metrical structure (L;/L =0.1, 0.2, 0.25). When
L;/L = 0.3, the contrast ratio declines as the P /P
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(Color online) Contrast ratio influenced by the position and length of the defect under an arbitrary linearly polarized FW.

(a) SL=0.4A, L;/L =0.1 (black solid curve), 0.2 (red dashed curve), 0.25 (blue dotted curve), 0.3 (olive dashed-dotted curve).
(b) L;/L = 0.1, L = 0.2A (black solid curve), 0.4A (red dashed curve), 0.6A (blue dotted curve), 0.8A (olive dashed—dotted curve).

The inset shows the details of (b).

1 December 2011 / Vol. 50, No. 34 / APPLIED OPTICS 6355



—— 1=20MW/em®
- = 1=40MW/cm® |
- -+ +1=60MW/cm®
—- — [=80MW/cm®

Contrast

05

P /P
y

Fig. 6. (Color online) Contrast ratio influenced by the input FW
intensity under an arbitrary linearly polarized FW while L = 4 cm,
L{/L =0.1, L = 0.2A. The black solid, red dashed, blue dotted,
and olive dashed—dotted curves correspond to I = 20 MW/cm?,
40 MW /cm?, 60 MW /cm?, and 80 MW/cm?. The inset shows the
details of the curves corresponding to I=40MW/cm?2,
60 MW /cm?, and 80 MW /cm?.

increases. As a consequence, it is difficult to maintain
a high contrast ratio under the arbitrary linear polar-
ization state of the FW. The length of the defect also
affects the contrast ratio, since it determines the
amount of dephasing Ag. It is different from other
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reports that the length of defect or A plays an im-
portant role in the contrast [7,8]. In our proposed
structure, the contrast ratio is insensitive to the
length of the defect when the defect is in the strong
asymmetry position of a relatively long crystal. In
Fig. 5(b), the position of the defect is fixed at
L,/L = 0.1. It is found that nearly all the curves par-
allel to 1 when we choose different lengths of the
defect, and the inset of Fig. 5(b) shows the details
of the different curves. So in practical application,
the defect should be introduced in the strong asym-
metry position of the structure, which can offset
the error of the design and fabrication processes to
realize such all-optical isolator system.

The input FW intensity is another factor that also
plays an important role in the contrast ratio. Differ-
ent input FW intensities are assumed in our inves-
tigation for L =4cm, L;/L =0.1, and 6L = 0.2A.
The simulation results are shown in Fig. 6. When
I =20MW/cm?, the contrast ratio is lower than
0.9. The inset figure shows the details of the curves
when I = 40 MW /cm?, 60 MW /cm?, and 80 MW /cm?,
and increasing the input intensity can raise the con-
trast ratio close to 1.

However, high-intensity FW input would cause
photorefractive damage in the ferroelectric crystal.

Contrast
1

L=4cm

(b)

Input FW intensity (MW/crr?)

Input FW intensity (Mw/crr?)

Ny
4

(Color online) Contrast ratio versus the polarization state of the FW and the input intensity for different crystal lengths.

(a) L=2cm, (b) L =4cm, (c) L =6cm, and (d) L = 8cm. In these figures, L;/L = 0.1 and 6L/A = 0.4.
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Low input intensity operation of the optical isolator
is expected for a high contrast ratio under an arbi-
trary linearly polarization state. By numerical calcu-
lation, we find that increasing the whole length of
the crystal while guaranteeing the defect in a strong
asymmetry position at the same time is an effective
way to achieve the goal. We set L;/L =0.1 and
SL/A = 0.2 in our simulation. In Fig. 7(a), the crystal
length is set at 2cm. It shows that, only when
the input FW intensity reaches as high as
100 MW /cm?, can the contrast ratio maintain as 1
under the arbitrary linearly polarized light. When
the length of the crystal increases to 4 cm, the optical
diode can operate at 40 MW /cm? input intensity un-
der an arbitrary linearly polarized FW, as shown in
Fig. 7(b). However, under the current crystal growth
technology, it is difficult to reach a PPLN length of
more than 6 cm [22]. In theory, if the length of PPLN
is 6cm or even 8cm, the required input intensity
can be lowered to 20 MW /cm?, or even lower than
10 MW /cm?, which is shown in Figs. 7(c) and 7(d).

Our proposed theory to realize an all-optical
optical isolator under arbitrary linearly polarized
FW is available for both the continuous-wave and
quasi-continuous-wave regimes. The pulsed regime
has attracted interest in many applications, where
the low-power tails of the pulse are unable to induce
a significant nonlinear behavior. A detailed study of
the pulsed regime, including considerations on the
effects of nonzero mismatch in input and output
segments, is far too complex and is outside the dis-
cussion in this paper.

4. Conclusion

In summary, we have proposed for the first time, to
our knowledge, an all-optical isolator under an arbi-
trary linearly polarized input FW in an OSL. Our
scheme is attractive in semiconductor laser diode
systems because it can work without polarizers.
Other advantages include that the period of the OSL
can be designed at tens of micrometers and the defect
length can be designed flexibly, which is convenient
for fabricating a precise OSL to realize this type of
all-optical isolator. In addition, a long OSL will rea-
lize an all-optical isolator for low optical intensities.

This research was supported by the National Nat-
ural Science Foundation of China (NSFC)-NSAF
(Contract No. 10876019), and the Shanghai Leading
Academic Discipline Project (No. B201).
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