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Great names associated with Salford 
include:

L.S. Lowry

Friedrich Engels

James Prescott Joule
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Joule’s contribution to Physics includes:

Heating of a current carrying conductor (Joule heating).
The mechanical equivalent of heat.
Joule-Thomson effect.

The physics laboratory
is name after the great
Salfordian physicist.
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DETERMINATION OF THE STATE 
OF POLARISATION OF LIGHT

-the measurement of Stokes 
parameters
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Newton-
 Opticks: Question 26

 ‘Have not the Rays of 
Light several sides, 
endued with several 
original Properties?’
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the polarisation states of light

12

 Étienne-Louis Malus 
was the first to 
describe the 
phenomena at the 
turn of the 19th 
century when he 
discovered 
polarisation by 
reflection.
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polarisation and 
the handedness of life?

 Amino acids produced by biological systems are 
found to be left-handed.

 It has been long speculated that life's preference for 
left-handed amino acids may have been triggered 
by compounds brought to Earth by meteorites.  

 It has also been speculated that right-handed forms 
of amino acids in the meteorites could then be 
preferentially destroyed by circularly polarised 
light, generated by particles accelerated around 
neutron stars.
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Modern exploration of the polarisation 
characteristics of light has wide-ranging 

applications 
 biology (e.g. microscopy)
 materials research (e.g. magneto-optical effects)
 environmental monitoring (e.g. aerosol content 

in atmosphere)
 astronomy (e.g. solar magnetic activity) 
 defence (e.g. terrain recognition and landmine 

detection)
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examples of polarisation analysis 
in the life sciences 

 the study of birefringence signals and calcium 
transients in skeletal muscles [ Suarez-Kurtz and 
Parker, Nature 1977]

 imaging of optically active biological structures with 
circularly polarised light [Keller et al, Proc. Natl, 
Acad, Sci, USA, 1985], Fibrin architecture in clots 
[Whittaker and Przyklenk, Bood Cells, Molecules, and 
Diseases, 2009]

 the imaging of human epithelial properties with 
polarised light-scattering spectroscopy [Gurjar et al, 
Nature Medicine 2001]

15
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Polarisation and 
Stokes parameters

 The Stokes parameters provide a means 
whereby the polarisation state of an 
arbitrary light beam can be uniquely 
characterised. Techniques used to measure 
the Stokes parameters are therefore of great 
interest to those working in the fields of 
fundamental and applied optics.
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 The polarisation ellipse
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The Stokes parameters
 A representation was introduced by Stokes in 1852 that 

the polarisation could be completely represented by 
four measurable quantities, now known as Stokes 
parameters.

18
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The orientation angle  of the polarised light:

The ellipticity angle:

Degree of polarisation:

Degree of linear polarisation:

Degree of circular polarisation:
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Phase modulation technique
 An additional linear birefringence is introduced 

to an optical element.
 This can be achieved by using a liquid crystal 

electrooptical modulator, a ferroelectric 
modulator, a Pockel cell or a photoelastic 
modulator.

 A photoelastic modulator (PEM) is based on the 
photoelastic effect, in which an optical element 
will exhibit a degree of birefringence which is 
proportional to the applied strain.
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A dual potoelastic 
modulator (PEM) 
polarimeter showing 
the 1st PEM, the 2nd 
PEM, a polarisation 
analyser and a 
photodetector.
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 A PEM can be treated as a retarder, and when 
it is rotated by an angle ! from the x-axis, the 
Mueller matrix for PEM1 can be written as 
follows,

23
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 For PEM2, !=0, so the Mueller matrix for this 
PEM takes the form:
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 For the analyser, at angle " with respect to x-
axis, the Mueller matrix is:
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 and
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Dual PEM based method-the basic expansion
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calibration

For purely polarised light,

Liu et al. JAP (2006)
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calibration matrix

31
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%1. �� ,86987.7=< 8/ �H =1*=�;.9;.<.7= ���
� ���� *7- �� 6*B +.�.A=;*,=.- /;86�=1.�918=8-28-.

<207*5� ><270� 58,4�27� *6952/2.;< 58,4.-� =8� =1. J
�� �J
��J� 8; �J� "� ;./.;.7,.� <207*5<� 8;

?*;28>< ,86+27*=287<�=1.;.8/�� �%1.�9>;.�/;.:>.7,2.<�*;.�0.7.;*55B�9;./.;;.-�<27,.�,8698<2=.

/;.:>.7,2.<� ;.:>2;.� *--2=287*5� .5.,=;872,<� =8� <>6� =1. *99;89;2*=.� ;./.;.7,.� <207*5<� %1. ��

,86987.7=�6*B�+.�6.*<>;.- ><270�* �� .5.,=;86.=.;���!@270�=8�?*;28><�,1*;*,=.;2<=2,<�8/�=1.

.A9.;26.7=*5� *;;*70.6.7=�� <>,1� *<� =1. .//2,2.7,B� 8/� =1. 918=8-28-. *7- =1.� /;.:>.7,B

;.<987<.�8/�=1.�.5.,=;872,<� ���� �#&
� �#&� *7- �� *;.�78=�=1.�*,=>*5�<207*5<�=1*= *;. 6.*<>;.-�

%1. 6.*<>;.-� <207*5< ���� �#&
� �#&� *7- �� *;.� ;.5*=.- =8 ���� �#&
� �#&� *7- �� =1;8>01

9;898;=287*52=B�,87<=*7=< $
� $�� $� *7- $ ;.<9.,=2?.5B�

�������$� ���� ��
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%1.�*+8?.�.:>*=287<�*;.�=1.7�@;2==.7�27�6*=;2A�/8;6�
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� 6*=;2A�27?.;<287�87 � 2<�;.:>2;.-��=1.�;.<>5=�8/�@12,1�6*B�+.�@;2==.7�*<�

��
�
�
�

�

�

��
�
�
�

�

�

�

��
�
�
�

�

�

��
�
�
�

�

�

��
�
�
�

�

�

��
�
�
�

�

�

�

��
�
�
�

�

�

��
�
�
�

�

�

�

��

��

��

�

��

��

��

�

�

�

�

�

�

�

�

�

�

��

��

���

�

�

�

�

�




�




�

��

�

��


			

		

		

	

��
����

@1.;. � 2<� *� <.=� 8/� ,87<=*7=<� =1*=� *;.� <9.,2/2,� =8� =1.� .A9.;26.7=*5� <.=>9� *7-� 7..-� =8� +.

-.=.;627.-� +./8;.� =1.� $=84.<� 9*;*6.=.;<� ,*7� +.� ,*5,>5*=.-�� � %12<� 2<� *,12.?.-� =1;8>01� *

,*52+;*=287�9;8,.<<��@12,1�@255�+. -.<,;2+.-�27�-.=*25�27�<.,=287����
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calibration matrix
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��� ������������������ ����������������	���
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%1. �� ,86987.7=< 8/ �H =1*=�;.9;.<.7= ���
� ���� *7- �� 6*B +.�.A=;*,=.- /;86�=1.�918=8-28-.

<207*5� ><270� 58,4�27� *6952/2.;< 58,4.-� =8� =1. J
�� �J
��J� 8; �J� "� ;./.;.7,.� <207*5<� 8;

?*;28>< ,86+27*=287<�=1.;.8/�� �%1.�9>;.�/;.:>.7,2.<�*;.�0.7.;*55B�9;./.;;.-�<27,.�,8698<2=.

/;.:>.7,2.<� ;.:>2;.� *--2=287*5� .5.,=;872,<� =8� <>6� =1. *99;89;2*=.� ;./.;.7,.� <207*5<� %1. ��

,86987.7=�6*B�+.�6.*<>;.- ><270�* �� .5.,=;86.=.;���!@270�=8�?*;28><�,1*;*,=.;2<=2,<�8/�=1.

.A9.;26.7=*5� *;;*70.6.7=�� <>,1� *<� =1. .//2,2.7,B� 8/� =1. 918=8-28-. *7- =1.� /;.:>.7,B

;.<987<.�8/�=1.�.5.,=;872,<� ���� �#&
� �#&� *7- �� *;.�78=�=1.�*,=>*5�<207*5<�=1*= *;. 6.*<>;.-�

%1. 6.*<>;.-� <207*5< ���� �#&
� �#&� *7- �� *;.� ;.5*=.- =8 ���� �#&
� �#&� *7- �� =1;8>01

9;898;=287*52=B�,87<=*7=< $
� $�� $� *7- $ ;.<9.,=2?.5B�

�������$� ���� ��
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%1.�*+8?.�.:>*=287<�*;.�=1.7�@;2==.7�27�6*=;2A�/8;6�
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� 6*=;2A�27?.;<287�87 � 2<�;.:>2;.-��=1.�;.<>5=�8/�@12,1�6*B�+.�@;2==.7�*<�
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@1.;. � 2<� *� <.=� 8/� ,87<=*7=<� =1*=� *;.� <9.,2/2,� =8� =1.� .A9.;26.7=*5� <.=>9� *7-� 7..-� =8� +.

-.=.;627.-� +./8;.� =1.� $=84.<� 9*;*6.=.;<� ,*7� +.� ,*5,>5*=.-�� � %12<� 2<� *,12.?.-� =1;8>01� *

,*52+;*=287�9;8,.<<��@12,1�@255�+. -.<,;2+.-�27�-.=*25�27�<.,=287����

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

��

%1. �� ,86987.7=< 8/ �H =1*=�;.9;.<.7= ���
� ���� *7- �� 6*B +.�.A=;*,=.- /;86�=1.�918=8-28-.

<207*5� ><270� 58,4�27� *6952/2.;< 58,4.-� =8� =1. J
�� �J
��J� 8; �J� "� ;./.;.7,.� <207*5<� 8;

?*;28>< ,86+27*=287<�=1.;.8/�� �%1.�9>;.�/;.:>.7,2.<�*;.�0.7.;*55B�9;./.;;.-�<27,.�,8698<2=.

/;.:>.7,2.<� ;.:>2;.� *--2=287*5� .5.,=;872,<� =8� <>6� =1. *99;89;2*=.� ;./.;.7,.� <207*5<� %1. ��

,86987.7=�6*B�+.�6.*<>;.- ><270�* �� .5.,=;86.=.;���!@270�=8�?*;28><�,1*;*,=.;2<=2,<�8/�=1.

.A9.;26.7=*5� *;;*70.6.7=�� <>,1� *<� =1. .//2,2.7,B� 8/� =1. 918=8-28-. *7- =1.� /;.:>.7,B

;.<987<.�8/�=1.�.5.,=;872,<� ���� �#&
� �#&� *7- �� *;.�78=�=1.�*,=>*5�<207*5<�=1*= *;. 6.*<>;.-�

%1. 6.*<>;.-� <207*5< ���� �#&
� �#&� *7- �� *;.� ;.5*=.- =8 ���� �#&
� �#&� *7- �� =1;8>01

9;898;=287*52=B�,87<=*7=< $
� $�� $� *7- $ ;.<9.,=2?.5B�

�������$� ���� ��
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%1.�*+8?.�.:>*=287<�*;.�=1.7�@;2==.7�27�6*=;2A�/8;6�
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� 6*=;2A�27?.;<287�87 � 2<�;.:>2;.-��=1.�;.<>5=�8/�@12,1�6*B�+.�@;2==.7�*<�
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@1.;. � 2<� *� <.=� 8/� ,87<=*7=<� =1*=� *;.� <9.,2/2,� =8� =1.� .A9.;26.7=*5� <.=>9� *7-� 7..-� =8� +.

-.=.;627.-� +./8;.� =1.� $=84.<� 9*;*6.=.;<� ,*7� +.� ,*5,>5*=.-�� � %12<� 2<� *,12.?.-� =1;8>01� *

,*52+;*=287�9;8,.<<��@12,1�@255�+. -.<,;2+.-�27�-.=*25�27�<.,=287����

K is a set of constants that are specific to 
the experimental setup and determined 
through a calibration procedure.
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A practical magneto optical Stokes polarimeter

33
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��� �����	��	�������
�������	�� ���
� �������
�
�

� <,1.6*=2,�-2*0;*6�8/�*�985*;26.=.;�,87<=;>,=.-�/8;�=1.�9>;98<.�8/�,1*;*,=.;2<270�89=2,*55B

=;*7<9*;.7=�6*07.=2,�<*695.< 2<�<18@7�27��20	��		�	 $18=80;*91<�8/�=1.�<B<=.6�*;.�<18@7�27

�20	� �			 '1.� 6.*<>;.6.7=� <B<=.6� ,*7� +. -.<,;2+.-� 27� =.;6<� 8/� =1;.. <.,=287<� *� 5201=

<8>;,.��<*695. <=*0. *<<.6+5B�*7- 985*;26.=.;	

��
�+$"20.,$2$0

�.-#$-1$0�+$-1

�!)$"2(4$�+$-1

����-,�+ 1$0�#(.#$

�$ ,�#$%(-(-&� /$0230$

�.+ 0(1$0

�+$"20., &-$2

�'$�1 ,/+$ (1�,.3-2$#� 2.
 -� ���� ,("0./.1(2(.-$0
�.,(22$#� %0.,� 2'$� #( &0 ,
%.0� "+ 0(26�� �$$� �(&�

������

�(�����/'.2.#(.#$

�����

�����

- +61$0

�
�
��
��
3
1

����
�.-20.++$0

7� �$%

�7� �$%

�7� �$%

�."*�(-��

�."*�(-��

�."*�(-�	

����
�.-20.++$0

�0 -1(,/$# -"$
�0$� ,/+(%($0

��

,/+(%($#�4.+2 &$�1(&- +

��
�.5$0
�3//+6

�
	��������� � ��<,1.6*=2,�-2*0;*6�8/�=1. 6*07.=8�89=2,*5 &=84.<�985*;26.=.;	

�����

�����

8

� !(-$2��.+$(+ ".,/$-1 2.0

0$ �1$+$"2(.-  /$0230$

������	�	�

����	����	���
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��������	��

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

� <,1.6*=2,�-2*0;*6�8/�*�985*;26.=.;�,87<=;>,=.-�/8;�=1.�9>;98<.�8/�,1*;*,=.;2<270�89=2,*55B

=;*7<9*;.7=�6*07.=2,�<*695.< 2<�<18@7�27��20	��		�	 $18=80;*91<�8/�=1.�<B<=.6�*;.�<18@7�27

�20	� �			 '1.� 6.*<>;.6.7=� <B<=.6� ,*7� +. -.<,;2+.-� 27� =.;6<� 8/� =1;.. <.,=287<� *� 5201=

<8>;,.��<*695. <=*0. *<<.6+5B�*7- 985*;26.=.;	

��
�+$"20.,$2$0

�.-#$-1$0�+$-1

�!)$"2(4$�+$-1

����-,�+ 1$0�#(.#$

�$ ,�#$%(-(-&� /$0230$

�.+ 0(1$0

�+$"20., &-$2

�'$�1 ,/+$ (1�,.3-2$#� 2.
 -� ���� ,("0./.1(2(.-$0
�.,(22$#� %0.,� 2'$� #( &0 ,
%.0� "+ 0(26�� �$$� �(&�

������
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�.-20.++$0

�0 -1(,/$# -"$
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,/+(%($#�4.+2 &$�1(&- +

��
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�3//+6

�
	��������� � ��<,1.6*=2,�-2*0;*6�8/�=1. 6*07.=8�89=2,*5 &=84.<�985*;26.=.;	
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A practical magneto opitical Stokes polarimeter
�� ���*��,#��%���!'�,(��),#��% �,($�+ �(%�*#&�,�*

��

��������%�� &#��� '1.�5201=�<8>;,.�,869;2<.<�* ��6) 5*<.; -28-. @2=1�*�@*?.5.70=1�8/����

76� *7-� =1. ?*;28><� 89=2,*5� ,86987.7=< /8;� ,87-2=287270� =1.� 5201=� +.*6	 '1.� 985*;2<*=287

<=*=.�8/�=1.�5201=�2<�,87=;855.- ><270 *�,86+27*=287�8/�* �*+27.=�&85.25�,869.7<*=8; �&9.,=;*5

#9=2,< ������ *7- * �5*7�'1869<87�985*;2<.;	 '1.�985*;2<.; *705.�2< -.78=.-�1.;.�*< � *7-

2< 6.*<>;.-� @2=1 ;.<9.,=� =8� =1. 5*+8;*=8;B 
�*A2<	 &27,.� 5*<.;� 5201=� 2<� *5;.*-B� 527.*;5B

985*;2<.-�=8�*�5*;0.�-.0;..��=B92,*55B������ =1.;.�2<�*�5*;0.�?*;2*=287�27�=1.�+.*6�27=.7<2=B�*<

=1.�985*;2<.;�2<�;8=*=.-	��'8�*?82-�=12<� =1.�,869.7<*=8; ,*7�+. ,*52+;*=.-�=8�9;8->,. ,58<.�=8 *

:>*;=.;�@*?. ;.=*;-*=287� *7- =1.7 95*,.-� +.=@..7� =1.� 5*<.;� *7-� =1.� 985*;2<.;� <>,1� =1*=� 2=

.//.,=2?.5B� J-.985*;2<.<K� =1.� 5*<.;� 5201=	 )1.7� ,2;,>5*;5B� 985*;2<.-� 5201=� 2<� ;.:>2;.-�� =1.

985*;2<.;� *7-� ,869.7<*=8;� *;.� 27=.;,1*70.-	� � '1.� 985*;2<.;� =1.7� 1*<� =8� +.� <.=� @2=127� *7

*99;89;2*=.�;*70.�8/�*705.<�<>,1�=1*=�=1.�27=.7<2=B�2<�<>//2,2.7=5B�1201	 )2=1�=1.�/*<=�*A2<�8/

=1.�,869.7<*=8;�8;2.7=*=.-�9*;*55.5� =8� =1. 5*+8;*=8;B 
�*A2<��,2;,>5*;�985*;2<*=287�2<�*,12.?.-

+B�;8=*=270�=1.�985*;2<.;�=8�E��D	

���!����%�����$$����'� '1.�<*695. <=*0.�*<<.6+5B ,87<2<=<�8/ *7�.5.,=;86*07.=� * =1;..�

*A2< 62,;898<2=287.; =8 @12,1�=1.�<*695.�2<�68>7=.-��*�,87-.7<.;�5.7<�=8�/8,>< 5201= 87=8�=1.

<*695.� *7-� *7� 8+3.,=2?.� 5.7<� =8� /8,><� =1. =;*7<62==.- 5201=� =1;8>01� =1.� 985*;26.=.;	 '1.

<*695.� 2<�68>7=.-�@2=1� 2=<� <>;/*,.�*5@*B<� /2A.-�9*;*55.5� =8� =1.�*9952.-� /2.5-��+>=� =1.�@185.

*<<.6+5B�6*B�+.� ;8=*=.-�<>,1� =1*= =1. <*695.� <>;/*,.�78;6*5 6*4.< *7�*705.�>9� =8�����D

� �

�
	��������� H �����918=80;*91�8/�=1.�985*;26.=.;	��'1.

,86987.7=<�?2<2+5.�*;.�=1.������5*<.;�����7.>=;*5�-.7<2=B

/25=.;�� ����985*;2<.;�������*+27.=�&85.25�,869.7<*=8;�� ���

.5.,=;86*07.=
<*695.�68>7=�*7-�5.7<.<����� $�!�������

$�!��� ���� *7*5B<270� 985*;2<.; �12--.7� +.127-� �� *7-

���� &2�$�"� 918=8-28-.	 ��� � �� ,58<.�>9� 918=80;*91� 8/

=1.�<*695.�68>7=�*7-�5.7<�*<<.6+5B	
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��������%�� &#��� '1.�5201=�<8>;,.�,869;2<.<�* ��6) 5*<.; -28-. @2=1�*�@*?.5.70=1�8/����
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(A): A photograph of the polarimeter. The 
components visible are the: (1) laser, (2) neutral 
density filter, (3) polariser, (4) Babinet-Soleil 
compensator, (5) electromagnet/sample mount and 
lenses, (6) PEM-1, PEM2, (8) analysing polariser 
(hidden behind 7) and (9) Si-PIN photodiode. (B): 
A close-up photograph of the sample mount and 
lens assembly.

Thursday, 29 March 12



35

Robustness
Guan et al. 
Appl. Opt. (2010)
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Example 
–Faraday effect in
CoPt multilayers

15 bilayers of 
Co0.4nm/Pt1.0nm
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NANOSTRUCTURED MATERIALS

-A study of the magneto 
optical characteristics  
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the motivations of our own work

 the responses of nanostructured materials to 
the polarisation states of incident radiation

 the magneto optical characteristics of 
magnetic nanostructures

 the interaction of (circularly) polarised light 
with electron spin states (spin polarised 
electron injection)
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NANOSTRUCTURED MATERIALS

-A study of the magneto optical 
characteristics  of anodic 
aluminium oxide (AAO)
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Preparation and characterisation of anodic 
aluminium oxide (AAO) and the nanowire 
arrays

Magneto-optical properties of Fe nanowire 
arrays

Magneto-optical properties of Co nanowire 
arrays
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AAO Template method-sample preparation

nanopore

wall

barrier layer

cell
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AAO Template method-sample preparation

nanopore

wall

barrier layer

cell
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Self-organised growth/self repair 
of defect structure (Masuda, et al, 

App.Phy.Lett.)
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Characterisation-
TEM Images of Fe-nanowire embedded in AAO 
template

d ≈ 15nm
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hcp Co Zhang, et al. JAP (2007)
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Fcc Co
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Fe nanowire 
array with 
7nm diameter 
wires

Characterisation-
Magnetic properties of nano-wire arrays in AAO 
(VSM)

Peng et al. APL (2003)
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Characterisation-
Magnetic properties of nano-wire arrays in AAO 
(VSM)

d=144 nm
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Characterisation-
Magnetic properties of nano-wire arrays in AAO 
(VSM)
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Results-
MO properties of Fe nanowire array in AAO matrix

normalized Stokes parameters of a 7nm diameter Fe nanowire array

d = 7nm
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Results-
MO properties of Fe nanowire array in AAO matrix

Max. FRA: 0.1840                                Max. Ellipticity (tanχ): 0.0127

d = 7nm d = 7nm

FRA and ellipticity vs magnetic field for a 7nm nanowire array

Thursday, 29 March 12



Results-
MO properties of Fe nanowire array in AAO matrix

normalized Stokes parameters of a 144nm diameter Fe nanowire array

d = 144nm
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Results-
MO properties of Fe nanowire array in AAO matrix

Max. FRA: 0.8300                                Max. Ellipticity (tanχ): 0.0108

FRA and ellipticity vs magnetic field for a 144nm nanowire array

d = 144nm d = 144nm
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Results-
MO properties of Fe nanowire array in AAO matrix

FRA is linear with nanowire length;
Let θ = VHl,  V = 0.0081 deg⋅cm-1 ⋅Oe-1, far less than bulk Fe;
Ellipticity vs nanowire length appeared to be linear.
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Results-
MO properties of Fe nanowire array in AAO matrix
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A comparison of 
Fe, Co and Ni 
nanowire arrays 
with wire 
diameter of 
7nm.
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key experimental observations
 Magneto optical effects are much smaller in 

nanowire arrays compared with their bulk 
counterparts

 The details of nano scale structures do influence 
the magneto optical characteristics

 No observable depolarisation by nano 
structures has been found.
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NANOSTRUCTURED MATERIALS

-nano structured patterned films
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Text
Sample preparation:
-thin film

UHV e-beam 
deposition
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An FIB system for 
nano patterning
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TEM images and 
SAED patterns for 
the as-grown Fe (a) 
and the Fe-Ga 
irradiated with (b) 
7.7×10^15, (c) 
2.3×10^16 and (d) 
3.4×10^16 ions 
cm^-2. The scale 
bars represent 100 
nm.
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XAS showing the Fe L2,3 absorption 
peaks at 721 and 708 eV respectively 
for the as- grown and irradiated film.
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A composite Fe and Fe-Ga pattern. The pattern design is shown in 
(a), where the dark areas represent the Ga irradiation. XMCD images 
of the magnetisation reversal sequence are shown in (b)-(f), with an 
overlay of the pattern design as a guide. The images only show the 
areas of the film that switch between two successive field steps, 
which are given along the left side of the images.
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Magnetic hysteresis loops measured using Selective Area 
Stokes Polarimetry (SASP) show the variation in ellipticity 
angle of the transmitted light with applied field. The inset 
plots the coercivity of the film vs. ion dose.
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The ellipticity angle of light transmitted through the magnetically 
saturated Fe and Fe-Ga is inversely proportional to the ion dose due to 
reducing film thickness. The magnetic circular dichroism is 
independent of ion dose until the film becomes discontinuous at doses 
above 3×10^16 ions cm^-2. This is illustrated by the black dashed 
line, which is a guide to the eye only.
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Magnetic hysteresis behaviour 
of an Fe thin film obtained 
using the SASP technique.  
Predominantly s- and p-
polarised light was incident at 
an angle of approximately 63° 
with the magnetic field applied 
in the plane of incidence.  The 
Faraday rotation induced by 
the film is shown in (a) and the 
ellipticity angle in (b).  

s-
polp-
pol

s-
polp-
pol

(b)

(a)
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SEM images of the chess-
board-style patterns 
etched into an Fe film 
using an FIB.  The 
dimensions of the Fe 
(bright) and etched (dark) 
elements are (a) 0.725 µm 
× 0.725 µm (a), (b) 0.725 
µm ×2.9 µm and (c) 0.725 
µm ×5.8 µm.
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Fig. 5. Dependence of the ellipsometric parameters on the magnetic
field for an iron nanowire array embedded in an AAO template. The
diameter of the wires is about 110 nm: (a) Faraday rotation angle
(b) ellipticity angle (c) degree of total polarization (d) degree of linear
polarization (e) degree of circular polarization.

ions cm−2 has been applied. (When this dose is exceeded
the film was known to be largely discontinuous and our
assumptions are no longer valid.) The results lead to the
conclusion that the initial reduction in !sat

F is primarily a

result of the reducing volume (i.e., thickness) of Fe, not
the inclusion of Ga as is sometimes reported to affect other
magnetic systems.27"29

Discontinuous nano-patterned films and nanostructured
materials present interesting challenges in the understand-
ing of their magneto-optical characteristics. With the
polarimeter calibrated, a 10–12 nm thick polycrystalline
Fe film, typical of those used throughout our work, was
placed in the magneto-optical microscope. The film was
then measured using predominantly p-polarized (# = 3")
and s-polarized (# = 87") light. The Faraday rotation (#F)
and ellipticity angle (!F) are plotted in Figures 4(a) and
(b) respectively. For this continuous Fe film, it is clear that
the coercivity values, as determined from both plots, are
identical within experimental error.

On the contrary, such behavior is not observed for dis-
continuous nanostructured materials such as an array of
110 nm diameter Fe nanowires embedded in AAO tem-
plate. The hysteresis loop of the Faraday rotation angle of
the sample is shown in Figure 5(a) from which it is seen
that the saturation value is 0$051"±0$001". The result for
the ellipticity angle, !F, is shown in Figure 5(b). The sat-
uration value is 0$0240"±0$0002". Figures 5(c)–(e) show
the degrees of total polarization, linear polarization and
circular polarization respectively after the initially polar-
ized light has passed through the nanowire array. The
degree of total polarization is very close to 100% which
means that, despite strong absorption of the light by the
wire array, there is negligible depolarization. We see that
the polarization state of the original beam is virtually
unchanged after transmission through the sample. This sit-
uation may, of course, not prevail in other types of sample.

The hysteresis loops derived from the Faraday rotation
and ellipticity angles appear to have different coercivities

(a) (b)

(c)

5 µm
x

y

Fig. 6. SEM images of the chess-board-style patterns etched into an Fe
film using an FIB. The dimensions of the Fe (bright) and etched (dark)
elements are (a) 0$725 %m×0$725 %m (a), (b) 0$725 %m×2$9 %m and
(c) 0$725 %m×5$8 %m.

J. Nanosci. Nanotechnol. 11, 1–7, 2011 5
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Magnetic hysteresis 
behaviour of the chess-board-
style patterns comprising (a) 
square, (b) 2.9 µm long and 
(c) 5.8 µm long elements, 
with the field applied along 
the x-axis of the pattern. The 
loops obtained from the 
square elements show a 
relatively ‘normal’ 
behaviour (apart from the 
thermal drift in the s-
polarised case). As shape 
anisotropy is introduced, the 
ellipticity angle no longer 
represents the magnetisation 
of the sample.
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(a)

(b)

(c)

Fig. 7. Magnetic hysteresis behavior of the chess-board-style patterns
comprising (a) square, (b) 2.9 !m long and (c) 5.8 !m long elements,
with the field applied along the x-axis of the pattern (see Fig. 6) The
loops obtained from the square elements show a relatively ’normal’
behavior (apart from the thermal drift in the s-polarized case). As shape
anisotropy is introduced, the ellipticity angle no longer represents the
magnetization of the sample.

although both types of signals attain saturation at the
same magnetic field (∼3 kOe). The question arises as to
which, if either, is a faithful representation of the usual
(M–H ) loop obtained by conventional magnetometry. Pre-
vious investigations36"37 of nanowire arrays have shown
that the (M–H ) loop obtained using a vibrating sample
magnetometer conforms well with that obtained from the
ellipticity angle. At the present time we have no explana-
tion for this apparent anomaly in coercivity. This obser-
vation suggests that the difference in coercivities obtained
from a nanowire system in the Faraday geometry may be
due to the intrinsic nature of the nanowire array itself.38"39

More profoundly, the introduction of nanoscale discon-
tinuities and structural, as well as magnetic, anisotropy
appears to have a very significant impact on the

characteristics of the hysteresis loops for both the Fara-
day rotation angle and the ellipticity angle. This is illus-
trated in a preliminary study of a chess board patterned Fe
film as the pattern is elongated. The pattern in Figure 6(a)
is referred to as a “chessboard” while those in (b) and
(c) are termed “elongated chessboards.” The Fe (bright)
and etched (dark) elements in (a) measure approximately
0#725 !m× 0#725 !m, while those in (b) and (c) have
been elongated in the y-direction such that they measure
2#9 !m and 5#8 !m in length, respectively. Each array
covers a large area of film 58 !m× 58 !m in size. The
$F loops for the three patterns are shown in Figure 7.
The measurements are taken with the magnetic field in
the plane of the patterned film and also in the plane of
incidence. The samples are magnetized along the x-axis
of the patterns as indicated in Figure 6. The graphs in
Figure 7 display $F for s- and p-polarization of the inci-
dent light. The hysteresis loops obtained from the ‘chess-
board’ patterned area show a relatively ‘normal’ behavior,
apart from the thermal drift in the s-polarized case. As the
shape anisotropy is introduced for the ‘elongated chess-
board’ patterns, clearly, the ellipticity angle no longer sim-
ply reflects the magnetization behavior of the samples.

4. SUMMARY

We have introduced a robust methodology recently devel-
oped that utilizes a dual-PEM setup for the determina-
tion of Stokes parameters. To illustrate its potential as a
useful analytical instrument for materials research, exam-
ples are given of the application of the technique to the
study of the magneto-optical characteristics of nanostruc-
tured materials. The first example is the investigation of
Ga ion irradiation of single-layer nanocrystalline Fe films
on Si3N4 substrates. A conclusion of the study is that the
initial reduction in $sat

F is primarily a result of the reduc-
tion in the volume (i.e., thickness) of Fe, not the inclusion
of Ga as is sometimes reported to affect other magnetic
systems.

As further examples, we have presented our work on
the magneto-optical properties of anodic aluminum oxide
embedded magnetic nanowire arrays and FIB patterned
magnetic films. The results show that the nanostructure
of materials may introduce structural and magnetic
anisotropy that can cause the materials exhibit interesting
but complex hysteresis loops in their magneto-optical
responses. Such complexity in the magneto-optical char-
acteristics clearly calls for further theoretical and experi-
mental investigations.
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DETERMINATION OF THE MAGNETIC 
ASYMMETRY IN PHOTOCURRENTS

across the Fe/GaAs and Ni/
GaAs interfaces
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I-C characteristics
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Liu et al. JAP (2005)
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The magnetic asymmetry for Fe(12 nm) /GaAs at 45° incidence.The 
magnetic field was in the plane of incidence and along the magnetic easy 
axis of the sample. The filled circles are for the measurements using a red 
diode laser (λ =670 nm, hυ=1.85 eV), and the open circles using an 
infrared laser (λ =1064 nm, hυ =1.17 eV).
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POLARISATION CHANGES IN CELLULAR 
DYNAMICS OF CARDIOVASCULAR CELLS

a proof of concept  
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P. Cook, T.H. Shen  (Salford)
H. Zhang and M. Lei (Manchester)
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polarisation changes during a contraction 
of a mouse cardiovascular cell.
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Summary/Future work
 A methodology is developed to measure the full state 

of polarisation of light with very high sensitivity.
 MO effects of magnetic nanowire arrays have been 

characterised.
 Current/Future work- a systematic study of structures 

from mesoscopic to ‘nanoscopic’ based on patterned 
thin films; modelling; non-linear optical characteristics.

 The development of a Stokes polarimetric microscope 
with high sensitivity and frame speed for the 
observation of dynamic cellular processes.
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