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Far-field optics

Object-image relation in incoherent light (Kohler illumination)
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FT(D): Frequency response function

Rayleigh criterion => 2o’ = AM/p i,
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P_. >\/2



A light beam is diffracted by a periodic array

Only the propagating light is showed



Rayleigh domain
AS: uncertainty on measure of N / yleig

uneerta AL

position, s=(X,y) e ™

AKq: uncertainty on measure of —%n/k 9 2::/7»

wave vector EEw B ?
Heisenberg relation: i : Near- ; i
As-Ak,> 27 . hele

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K,z )exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh domain
AS: uncertainty on measure of N / yleig

. AN
position e ~
AKq: uncertainty on measure of —%n/k 9 2::/7»
wave vector EEw B ?
Heisenberg relation: i : Near- ; i
As.Aky> 27 . hele

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh domain
AS: uncertainty on measure of N / yleig

. AN
position e ~
AKq: uncertainty on measure of —%n/k 9 2::/7»
wave vector EEw B ?
Heisenberg relation: i : Near- ; i
As.Aky> 27 . hele

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh domain
AS: uncertainty on measure of N / yleig

. AN
position e ~
AKq: uncertainty on measure of —%n/k 9 2::/7»
wave vector EEw B ?
Heisenberg relation: i : Near- ; i
As.Aky> 27 . hele

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K,z )exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh I
@ uncertainty on measure of N / ayleigh domain \

position s ~
AKq: uncertainty on measure of —%n/k 0 2::/7»
wave vector

Heisenberg relation:

As.Akg> 21

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh I
@ uncertainty on measure of N / ayleigh domain \

position s ~
AKq: uncertainty on measure of —%n/k 0 2::/7»
wave vector

Heisenberg relation:

As.Akg> 21

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh I
@ uncertainty on measure of N / ayleigh domain \

position s ~
AKq: uncertainty on measure of —%n/k 0 2::/7»
wave vector

Heisenberg relation:

As.Akg> 21

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh I
@ uncertainty on measure of N / ayleigh domain \

position s ~
AKq: uncertainty on measure of —%n/k 0 2::/7»
wave vector

Heisenberg relation:

As.Akg> 21

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh I
@ uncertainty on measure of N / ayleigh domain \

position s ~
AKq: uncertainty on measure of —%n/k 0 2::/7»
wave vector

Heisenberg relation:

As.Akg> 21

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




Rayleigh domain
AS: uncertainty on measure of N / yleig

position s ~
AKq: uncertainty on measure of —%n/k 0 2:5/7»

As.Akg> 21

wave vector mm .ﬁ T
Heisenberg relation: N

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

M
k2+ky? > (2m/h)? P

= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\e\vanescent waves /




Rayleigh domain
AS: uncertainty on measure of N / yleig

position s ~
AKq: uncertainty on measure of —%n/k 0 2:5/7»

As.Akg> 21

wave vector mm .ﬁ T
Heisenberg relation: N

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

M
k2+ky? > (2m/h)? P

= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\e\vanescent waves /




Rayleigh domain
AS: uncertainty on measure of N / yleig

position s ~
AKq: uncertainty on measure of —%n/k 0 2:5/7»

As.Akg> 21

wave vector mm .ﬁ T
Heisenberg relation: N

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

M
k2+ky? > (2m/h)? P

= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\e\vanescent waves /




Rayleigh domain
AS: uncertainty on measure of N / yleig

position s ~
AKq: uncertainty on measure of —%n/k 0 2::/7»

As.Akg> 21

wave vector mm .ﬁ T
Heisenberg relation: N

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

M
k2+ky? > (2m/h)? P

= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /




@ uncertainty on measure of N

position
AKq: uncertainty on measure of
wave vector

Heisenberg relation:

As.Akg> 21

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\eianescent waves /

/ Rayleigh domain
AN
4 A
-27/A 0 27/
H N .ﬁ | !
Near-
field




@ uncertainty on measure of N

position
AKq: uncertainty on measure of
wave vector

Heisenberg relation:

As.Akg> 21

Rayleigh criterion: As= A/2
As<A2 => Ak, > 4m/A

k>=k>+ky?+k, 2= (21/L)?

k2+ky2 > (2m/A)?
= k,? <0

E=Egexp(-K, z)exp(j(ot-k x-k y)
kz=j K,

\e\vanescent waves /

/ Rayleigh domain
AN
4 A
-27/A 0 27/
H N .ﬁ | !
Near-
field




Some properties of the optical near-field
I

* Distance probe-sample plays the role of a low-pass filter
[E o< Eo(t) exp(-z/1p)]

* The characteristic decay length: * is independent of the wavelength
* depends on the period (Fourier component)
* depends on the diffraction order number

* The emission diagram of the local oscillating dipoles is quite different in the far-
and in the near-field

* Resolution depends mainly on the lateral size of the probe



How to detect evanescent ligth?
I

The aim of the near-field microscopy 1s to provide 1mages of the
small details (having a characteristic length lower than A/2) of
objects.

These details diffract evanescent waves.

A local probe diffusing light towards the detection system or
diffusing light in the near field 1s needed.

We have adopted the following scheme:

Far field Near field Far field

Source ‘Local Probe * Object ‘ Detector
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Magneto-optic Scanning Near-field Microscopy

in transmission mode
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Magneto-optic Scanning Near-field Microscopy
in reflection mode
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Transverse Kerr effect
I

- Far-field

AR, /Ry~ 103-10"

Sample

Advantages (relative to the longitudinal Kerr):

* maximum light (parallel polarizers)
* sensitivity to My only



Transverse Kerr effect

- Far-field - Near-field
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Theorem of reciprocity applied to near-field optics

J UL J rec

= Detector ® s

3 Probe and Yx
fata ol e .

b e == = SOD UGS, oure svopiae]u b
S NN\ By Ho, S

j exp
where jsou, Jexp: current density in external source, in the sample

Eexp, Hexp: €lectric, magnetic fields radiated by the sample
with the actual configuration

Eaet: electric field at the detector position
Jrec: point source located at the detector position

Erec, Hrec : reciprocal electric, magnetic fields without sample

Erec .] rec=Erec (rsou)-j sou+j s(EeXpXHrec‘ErecXHexp)ededy




Component A of the electric field along the direction of the analyzer direction p
at the detector position
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The optical imaging
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The magneto-optical imaging

Quarter wave plate (A/4)

Injection
PMT

Lock-in amp.

Function

Analyzer (//)

Polarizer (//)

</ /Half-wave plate (A/2)

Power

generator

supply

Monitor

— Scan x,y ——

Acquisition r‘ ,,Z 5@§/XAH
et


















---------------------

[ N S A TN

n n LI
e e e oo omm e [ ERRARARANRANRIRARINAN

L T Tr I ap e e}




Outline

* Optical far-field, Rayleigh criterion and Near-field
* Some previous results

* Our experimental method

* Theoretical background

* The experimental set-up

* Some examples

Conclusions



Thin film disk
@ 5 um; 50 nm thick
FeCoSiB

Topography Optics Magneto-optics




Hysteresis loops

3d mode of WSxM programme ~__ 1:386]
By Nanotec Electrénica (Spain) < 1’2:;_- /_/ /,
® ] I
. 1,380 n o
Photosignal=f(Happi, time) E» | 3781 |
N loops (N= 32, 64, 128, ...) § 1 3761 /'I *
Frequency: 0.4 Hz _g 1,374 by /.
m | |

10 15 20



Photosignal (V) Photosignal (V) Photosignal (V) Photosignal (V)

Photosignal (V)

0,008+

x=0
S 0004
H § 0,000 .: ;
L2 0004
°
£
Q0,008+ T T T T T T T
20 -15 -10 5 5 10 15 20
H (mT)
0,008 < 0,008+ 800
— X=- nm
0,004 x=-400 nm < 0004
c
00004 r 2 00004 g 7
2
-0,0044 8 -00041
o
0,008 +———————— I 0,008 +————————— r .
20 -5 -10 5 5 10 15 20 20 -15 -10 5 5 10 15 20
H (mT) H (mT)
0,008 0,008+
0,004 =-1200 nm S o004 X=-1600 nm
0,000 5 0,000
0
-0,004 .g -0,0044
K=
-0,00: - v } T T T - Q0,008 - r v } r T T v
2 -5 -0 -5 0 5 10 15 20 20 15 -0 5 0 5 10 15 20
H (mT) H (mT)
0,008 0,008+
000s] X=-2000 nm S o] X=-2400 nm
0,000 E 0,000
I3
-0,004-] .g -0,0044
=
-0,008+— . - . | r r . . a 0,008l . - . | r . . r
2 -5 -0 -5 0 5 10 15 20 20 15 -0 5 0 5 10 15 20
H (mT) H (mT)
0,008 0,008+
oooe] X=-2800 nm S ooe] X=-3200 Nm
©
0,000 ‘E, 0,000
I3
-0,004 ,g -0,0044
=
-0,008+— . . | r . . . Q0,008 . - . r . . r
2 -5 -0 -5 0 5 10 15 20 20 -15 -10 5 5 10 15 20
H (mT) H (mT)
0,008 0,008+
0,004 x=-3600 nm S o004 x=-4000 nm
©
0,000 50000 e
I3
-0,004 ,g -0,0044
=
-0,008+— . . | . . . Q0,008 . - . r .
20 -5 -10 5 5 10 15 20 20 -15 -10 5 5 10 15 20



16 x 16 um?
particle

80 nm thick

Fe, sCo0 4,451 5B

Hac=0
Hbias=0

v A

A

<
>
<

w

>

=)

H.#0
Hbias=0

Image and Local hysteresis loops

\

-100

0

100 200 300

Oe)

1.365
1.365
1.360
1.360
. 1.355+ —
S ~ S 1.355
= =4
~ 1.3501 = ~
= H =14 Oe =0
1.3454
1.345
1.3404
-300 -200 -100 0 100,200 300 -300 -200
Oe)
1.060
1.0554
3 1.0504 \
 1.0454 H=150Oe
1.0404
-300 -200 -100 0 100 200 300
H (Oe)
0.830
0.8254
— 0.8204
S ;b.t:£::::15;7::::::::=;,
3
:’ 0.8154
0.810
0.8054
-300 -200 -100 0 100 200 300
H (Oe)
1.365
0.9754
1.3601
0.9701
— o~ 1.3554
> >
Z:0.965 =
= 1350
0.960
1.3454
0.955
| 1.340
-300 -200 -100 0 100 200 300 -300 -200
H (Oe)

-100

0

100 200 300

Oe)

1.320

1.315

Z. 1810

1.305

1.300

-300 -200

-160

0

100 200

Oe)

300

1.195

1.190
—~1.185
>

3
1180

1175

1170

-300 -200

-100

H (O

0

100 200

e)

300

1.350
1.345
2 1340

1.335

1.330

-304 -200

-100

0

100 200 300

Oe)

1.270
1.265
< 1.260
1255

1.250,

\

1.245 T
-300 -200

-100

0

100 200 300

(Ce)

1.315
1.310
>
= 1305

1.300

1.295

-300 -200

-100

0

100 200 300

Qe)

1.290
1.285
<1280
E]
— 1275

1.270

-300 -200

-100

0

100 200 300

Qe)




Particular features

30- —mE— MO-SNOM
O Far-field LMOKE

0 4 8 12
Position (um)




LMOKE S

_m:_m__ A_m_.c.v_

=3~

S0

. D =

| Od
o =0 |

® S

ooo 75@
o® °

o

(ne

)

leubis INONS-OW

40

-
N



0.13 mT<H,<1.1 mT

MODS signal (mV)

12
Position (um)

16 x 16 pm2 particle
80 nm thick
Fe,sCo0 4,51 B




Fe4,6C070,4Si15B10 particle
4 x 4 um?; 80 nm thick

Hblas -SmT |

-5 mT<Hpjpe<6.7 mT HbiqS =0

Frequency: 0.4 Hz = | =1 =
Image: 256x256 - » =

6.7 mT
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Thin film disk
@ 5 um; 50 nm
FeCoSiB

Topography Optics Magneto-optics




Fe3Si particle
@ 5 um; 50 nm thick

/ \
-SmT 375mT  -2.5mT 0 mT 2.5 mT 3.75 mT SmT

H,=2.5 mT
f=170 Hz
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Resolutions
[

Topographic: depends on the tip shape

Optical: depends on the size of the nanoaperture and on the
tip-sample distance

(=20-30 nm)

Magneto-optical: depends on the optical resolution, on the
amplitude of Hyc

(= 100 nm)
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Conclusions
I

» Near-field optics is sensitive to in-plane components of magnetization
* Transverse Kerr effect is valid in the optical near-field
* The local probe is not magnetic; a bias field can be applied

e Several images can be plotted simultaneously: topographic, optical,
magneto-optical

» Local hysteresis loops can be plotted at the nanometre scale
e Slow dynamics of domains can be studied on a elementary pattern

* Resolution depends strongly on the geometrical and optical characteristics
of the probe



