
2D PhC one-way gaps without magnetic domains: numeric al validation

« Extreme » band-non reciprocity in MOPhC’s: 
one-way band gaps

Integrated waveguide isolator: 
state-of-the-art of « classical » approaches

��������	
���	���������������
�����������
��
�����
�������������
��
�
��	 	������

Magneto-photonic crystal based integrated optical iso lators
unique combination of (1) strong optical dispersion (  < PhC ) and (2) non-reciprocal magneto-optic effects

��� � enhancement of intrinsic MO strengths: Faraday, Kerr , Voigt, …
��� � asymmetric band structure: novel miniaturized integr ated non-reciprocal (NR) devices

� first pub 1999
� about 35 pubs/year since 2005
� only published experimental results 

are 1D MOPhC
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Loss-compensation isolator

forward light propagation

current injection I magnetization

M. Vanwolleghem et al., Appl. Phys. Lett. 85, 3980(2004).
Van Parys et al., Appl. Phys. Lett. 88, 071115 (2006).

Interferometric isolator

Output

Input External magnetic field

Nonreciprocal phase shifter

Tapered coupler

Y.Shoji et al. , Appl. Phys. Lett. 92, 071117 (2008).

reciprocal PS

fw : -90°  +  90°  = constructive
bw: +90° +  90°  = destructive

+ 21dB isolation
+ Si substrate

– 40dB insertion losses
– wafer bonding

– active/passive integration
– length ( 5 mm’s)

+ 13 dB isolation in 2mm

+ forward transparent (0dB!)
+ monolithic III-V device

– current densities 4 kA/cm²
– noise, gain saturation …

Kono et al., J. Lightwave Technol. 22(7), p.1741, (2004).

NR ������ �� even and odd supermodes 
��� � ���� e,fw – ���� o,fw ¹¹¹¹ ���� e,fw – ���� o,fw

��� � Lc,fw ¹¹¹¹ Lc,bw
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Takeda et al., Phys. Rev. A 78, 023804, (2008).

NR band structure ��� � NR vg

vg,fw ¹¹¹¹ 0 while vg,bw »»»» 0
+ reciprocal absorption

Yu, Wang and Fan, « One-way total reflection with 
one-dimensional magneto-optical photonic crystals », 
Appl. Phys. Lett. 90, 121133 (2007)

Unidirectional mirror in a 1D MO 
Bragg caused by asymmetric 
band gap in the extended 2D BZ

break time reversal symmetry 
��� � MO material

break spatial inversion symmetry 
��� � 3-layer unit cell (M is axial vector)

30 dB isolation in 50x a
(a ���� 140nm ���� = 633nm)
BUT magnetic domain walls 
with nm resolution and non-
integrated
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non-reciprocal directional coupler unidirectional light decelaration

increasing optical dispersion � increasing enhancement NR effect

maximal optical dispersion at band edges 
� « extreme » NR effects
� NR band edge shift
� appearance of unidirectional gap

Lc,f = 20a

Lc,b = 40a

26dB in 40a »»»» 10 ����
(for � * » 0.25)
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2D PhC one-way gaps without magnetic domains: theoret ical background
1. MO configuration without polarization coupling ��� � « pure » polarization bands and gaps

2. symmetry breaking in Brillouin zone ��� � NO inversion symmetry in reciprocal space
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TE : Ex, Ey (, Hz) non-reciprocal correction

TM : Ez (, Hx, Hy) unaffected by presence of MO material

x-y crystal plane ��� � M//z
Bi 3Fe5O12 (BIG):  « new » record MO material 

T. Tepper and C. Ross, J. Cryst. Growth 255, 324 (2003):

g = gyrotropy constant = odd function of M
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g���� = 6.25 ; g = 0.1 (near IR); 				 F»»»»1°/ 
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design crystal layout along a suitable magnetic symmetry group with uniform magnetization
our proposal: break 180° rotation symmetry (around M) by asymmetric geometry of the elementary motif  

Shubnikov theory of dichromatic groups 
(M black or white/ up or down)

M is an axial vector: switches under time reversal     and under mirror plane // M
� anti-unitary elements (= combinations with time reversal) in symmetry group

A. V. Shubnikov and N. V. Belov, Colored Symmetry
(Pergamon Press, 1964).

M
�

� , � : «ordinary» space groups with � subgroup of index 2 of �
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This work has been supported by the French Research  Agency ANR 
and was recently published in Vanwolleghem et al., «Unidirectional band gaps 

in uniformly magnetized two-dimensional magnetophoto nic crystals», 
Phys. Rev. B 80, 121102(R) (2009) 

k-star reduced to 6 without inversion centre
� IBZ enlarged and contains both
� only � -M reciprocal
� highest non-reciprocity 

excepted around K and K’
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TE isofrequency contours 2nd band close to K and K’

Quantitative

k =2 /3ay p

forbidden

forbidden
vg vg

k =-2 /3ay p

k =2 /3ay p

k =-2 /3ay p

R  = 1b
M

0 < T < 1f

0 < R < 1f

y

x

qi

qiqi

qi

|k |=
n*

*
w inc

N periods

(a) (b)

k y
(x

 a
/2

)
p

kx (x a/2 )p kx (x a/2 )p kx (x a/2 )p

kx (x a/2 )p

k y
(x

 a
/2

)
p

k y
(x

 a
/2

)
p

k y
(x

 a
/2

)
p

k  = sin( ) n* *
y i incw q

r/a = 0.2
d/a = 0.2

TE bands along IBZ contour
(128 x 128) – plane wave expansion

saddle points in 2nd band: � K > � K’

maximal optical dispersion of band !

one way gap appearing along ���� –K close to K
��� � integrated one-way mirror under uniform magnetizati on

Generalization
2D anisotropic FDTD confirmation

(collaboration X. Checoury NAEL IEF)

• 40 period thick MOPhC slab 
embedded in homogeneous BIG
• TE (Ez = 0) plane wave incidence: 				 i = 20°
• 25 dB isolation in »»»» 20 �������� !!
• 5 dB forward transmission loss
mainly due to reflection loss

��� » 10-3 100-200 GHz telecom bandwidth
�	 angular acceptance µ � ky/ninc � *»2-3°

forward resonant transmission

k-space inversion º time reversal º M inversion
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specular TE plane wave power transmission spectrum ( Fast Fourier Transform of near field)

non-reciprocal « gap »
��� » 10-3

NR implemented as anisotropic conductivity tensor 
(dependent on frequency)
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Hz steady state at � * = 0.4575 Conclusion

backward light rejection

Shubnikov group theory provides generic scheme to identify 
candidate one-way MO PhC layouts
� out of 46 type of Shubnikov groups only 6 have no k-space 
inversion with uniform magnetization: p3m’1, p31m, cm’, pm’, pg’, p1

cm’ group: 1, m’ and g’

Tb

Tf

Rb

Rf

Tf/Tb ���� 300 ��� � 25dB !!

RCWA: Stabilized recursive S-matrix calculation of 
R and T matrices using proper Li factorization rules

• novel design for a ultracompact optical integrated MOPhC one way mirror (isolator) with uniform magneti zation and 

technologically feasible : 25dB isolation in 20-30 



 m !

• identified a generic design using purely magnetic g roup theory considerations

• qualitatively and quantatively confirmed by four me thods: PWE, FDTD, Fourier-Bessel, FDTD and RCWA

• further optimization: e.g. reducing resonances (AR coating structure?!), fill factor optimization, mot if optimization

• first fabrication is underway

SEM picture fabricated metallic 
etch mask
(PhD thesis L. Magdenko)
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= k0 x 1/(3f*) ���� k0 0.712

x

x

x

Unidirectional mirror !!
Field « rejection » just by switching magnetization !

f* = 0.4548

one-way gap


