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FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to promote interndtional

cd-operation on all questions concerning standardization in the electrical and electronicields. To this en|
infaddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Re
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as AEC Publication(s)”).
preparation is entrusted to technical committees; any IEC National Committee intergésted in the subject dea
may participate in this preparatory work. International, governmental and non-governmental organizations li
with the IEC also participate in this preparation. IEC collaborates closely with the International Organizati
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati

THe formal decisions or agreements of IEC on technical matters expres§,/as nearly as possible, an interng
cdnsensus of opinion on the relevant subjects since each technical committee has representation frdg
inferested IEC National Committees.

IEIC Publications have the form of recommendations for international use and are accepted by IEC N
Committees in that sense. While all reasonable efforts are~made to ensure that the technical content g
Pyblications is accurate, IEC cannot be held responsible{for the way in which they are used or fo
misinterpretation by any end user.

In] order to promote international uniformity, IEC National Committees undertake to apply IEC Public
trgnsparently to the maximum extent possible in theirhational and regional publications. Any divergence be
anly IEC Publication and the corresponding national'or regional publication shall be clearly indicated in the

IE[C itself does not provide any attestation ofconformity. Independent certification bodies provide conf
agsessment services and, in some areas,\access to |[EC marks of conformity. IEC is not responsible fq
sgrvices carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

d and
ports,
Their
t with
hising
bn for
bns.

tional
m all

tional
f IEC
r any

htions
ween
atter.

brmity
r any

members of its technical committees and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
expenses arising out of.the publication, use of, or reliance upon, this IEC Publication or any othe
Pyblications.

Attention is drawn te_the Normative references cited in this publication. Use of the referenced publicati
indispensable for_the correct application of this publication.

IEC draws attention to the possibility that the implementation of this document may involve the use
pdtent(s). IEC)takes no position concerning the evidence, validity or applicability of any claimed patent rig
reppect thereof. As of the date of publication of this document, IEC had not received notice of (a) patent(s),
may be.required to implement this document. However, implementers are cautioned that this may not rep

liability shall attach to IEC ornits directors, employees, servants or agents including individual experjs and

ge or
) and
r IEC

bns is

bf (a)
hts in

hich
esent
IEC

[atest information, which may be obtained from the patent database available at https://patents.iec.ch.

shallnot be held responsible for identifving anyv or all such natent rights
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IEC TS 62607-9-2 has been prepared by IEC technical committee 113: Nanotechnology for
electrotechnical products and systems. It is a Technical Specification.

The text of this Technical Specification is based on the following documents:

Draft Report on voting

113/817/DTS 113/830/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.
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The language used for the development of this Technical Specification is English.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

A list of all parts in the IEC 62607 series, published under the general titte Nanomanufacturing —
Key control characteristics, can be found on the IEC website.

The rttee-has-decidedthatthecontentseofthisdocument-wiremainurehangeduntl the
lity date indicated on the IEC website under webstore.iec.ch in the data related\t¢ the
specjffic document. At this date, the document will be

e reconfirmed,
e Withdrawn, or

e revised.

IMBORTANT - The "colour inside” logo on the cover page.of this document indicgtes
that it contains colours which are considered to be usefulfor the correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Measurements of magnetic fields that are homogeneous over macroscopic volumes ca

n be

made traceable to the Sl standards. Traceable calibration chains from national metrology

institutes to the end users are well-established.

However, many important industrial applications rely on precision sensing of spatially varying

magnetic fields. End-users need traceably quantitative characterization tools for mag
materials on the micrometre to centimetre scale to perform quality management of
production processes.

netic
their

IEC TS 62607-9-1 [1] ! established high-resolution magnetic field measurements basé
calibfated magnetic force microscopy. While gMFM can be regarded as the gold standar
nandscale magnetic field measurements with highest spatial resolution, its technical applic

d on
d for
ation

is offen hindered by several drawbacks: gMFM does not provide a high time resolution and it

has a limited scan range (typically up to 100 pym x 100 ym in commercial systems). Also, g
can ¢nly deal with samples that are flat on a 100 nm scale. On the other handy nuclear mag
resopance (NMR) based S| standards can only be applied to centimetre’ scale macrosg
obje¢ts. However, industrially relevant magnetic materials often combine micrometre s
maghetic features with sample dimensions in the millimetre or gentimetre range and r
rathgr than flat surfaces.

Magneto-optical sensor technology is already used in thektesting of magnetic materials
partly also for quality control of magnetic components. Prominent examples for such indu
samples with high economic relevance and high production numbers are:

- agnetic scales for the fabrication of precisexmagnetic encoders for length measure

MFM
hetic
opic
cale
bugh

and
strial

ment

slystems and rotary encoders, e.g. for automotive applications; relevant parameters fo be

etrologically assessed, like magnetic pefiod, pole location, magnetic pole length, or
idth, are, for example, defined in the DIN"SPEC 91411 [2].

- igh-quality electrical steel sheets (grain-oriented SiFe alloys), which are used in rot
achinery and generators for efficient power generation and in transformers for low
lectrical energy conversion. While the relevant metrological parameters are for exa

discussed in DIN EN 101074[3], magneto-optical testing allows the magnetic and
roperties to be related totheé underlying grain and domain structure.

This|document closes the length scale gap for magnetic field measurements by establish
quarftitative magneto-optical indicator film measurement technique (QMOIF) for magnetic
distribution. gMOIF jis\a'fast (sub second resolution) imaging technique, that allows a one
chargacterization of samples with areas of several square centimetres and with a resolution ¢
to the micromeire' range. It can be used under room temperature conditions and for d
sample testing“without the need for costly and time-consuming surface treatments. gl
allows a near-field testing of the distribution of the stray magnetic field directly at the spec

pole

ating
tloss
mple
loss

ng a
field
shot
own
irect
NOIF
men

surfgce. However, without magnetic and geometric calibration as well as proper adjustm

fact
as well as on the setup geometry and the detector.

T Numbers in square brackets refer to the Bibliography.

nt of
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MOIF imaging can be used in two basic operation modes that enable feature analysis and the
characterization of quantitative stray field distributions, respectively.

a) The first mode, the “geometrical feature detection mode”, allows the characterization of the
density and characteristic dimension of certain magnetic features on the basis of a magneto-
optical image. The contrast is adjusted to give maximum contrast of certain features
compared to the background. It is for example used for a dichotomization of the surface into
areas with two distinct characteristics, like up and down magnetized domains. This mode is,
for example, used for a quantitative characterization of domain widths and areal percentage.

b)

The second mode, the “quantitative stray field distribution analysis mode”, allows one to

perform a spatially resolved analysis of the stray field distribution above the surface

of a

sensor and the setup. Thereby quantitative values of key control characteristics (KCCs
agnetic field amplitudes are made accessible and ultimately become traceable~to)nat
cplibration standards.

:Fmple. This demands a magnetic calibration that includes the characterization o

This|document aims at providing a description of the measurement approaches-for both a
defined modes. This includes the adjustment of the setup and the traceable(calibration and
featyre analysis as well as traceably calibrated field distribution measurements.

In symmary, this document provides a traceable method for spatially-resolved and quantit
micrpmetre-resolution measurements of magnetic field patterns with centimetre image

which can be applied to technologically relevant materials with flat surfaces. Thereby, if will
furthpr advance the precise control of fabrication processestand final product qualification

val
exa

urIs of the key control characteristics for those products’are very product specific (se¢
ple, IEC TS 62622:2012 [4]).

the
like
onal

bove
thus

ative
sizes

The
b for
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1

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 9-2: Nanomagnetic products — Magnetic field distribution:
Magneto-optical indicator film technique

anpn

This| part of IEC 62607 establishes a standardized method to determine the kéy 'co
chargcteristic

magnetic field distribution

of ngnomagnetic materials, structures and devices by the

magneto-optical indicator film technique.

The magnetic field distribution is derived by utilizing a magneto gptical indicator film, whi
a thip film of magneto-optic material that is placed on the.Surface of an object exhibiti
spatially varying magnetic field distribution. The Faraday éffect is then employed to mea
the magnetic field strength by analysing the rotation of/the’polarization plane of light pas
throygh the magneto-optic film.

Tlhe method is applicable for measuring thestray field distribution of flat nanomag
aterials, structures and devices.

he method can especially be used to perform fast quantitative measurements of stray
distributions at the surface of an object.

he magneto-optic indicator film technique is a fast, non-destructive method, making
tractive option for materials analysis and testing in the industry.

0w =

rface properties of the ebject. It can be applied to the characterization of rough san
well as of samples with'non-magnetic cover layers.

=

OIF can quantitatively measure magnetic field distributions.

with a one-shot-measurement which typically takes a few seconds

o[ over areas\of several square centimetres (over diameters of up to 15 cm with sp
techniques)

o[ in afield range from 1 mT to more than 100 mT

o| <with down to 1 um spatial resolution

ntrol

ch is
ng a
sure
sing

netic

field

it an

OIF measurements can be done without any sample preparation and do not rely on spgcific

ples

ecial

nnougn Iecnniques with mano-scate resotution are suitabte for analysing mne dela

Is of

magnetic field structure, their ability to characterize larger areas is limited by their scanning
area. Therefore, the MOIF technique is an indispensable complementary method that can

offer a more comprehensive understanding of material properties.

This document focuses on the calibration procedures, calibrated measurement process, and
evaluation of measurement uncertainty to ensure the traceability of quantitative magnetic field
measurements obtained through the magneto-optic indicator film technique.

2 Normative references

There are no normative references in this document.
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3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminology databases for use in standardization at the following
addresses:

e |EC Electropedia: available at https://www.electropedia.org/

e |SO Online browsing platform: available at https://www.iso.org/obp

3.1 rGeneratterms

3.1.1
key ¢ontrol characteristic
KCC|
key performance indicator
measgurement process characteristic which can affect compliance with regulations and quplity,
reliability or subsequent application of the measurement result

Note | to entry: The measurement of a key control characteristic is describedtima standardized measurg¢ment
procefure with known accuracy and precision.

Note ? to entry: It is possible to define more than one measurement methiod, for a key control characteristic,|if the
correlption of the results is well-defined and known.

Note B to entry: In IATF 16949 the term "special characteristiC” is used for a KCC. The term key control
charafteristic is preferred since it signals directly the relevance of the parameter for the quality of the final prqduct.

3.2 | General terms related to magnetic stray field characterization

3.2.1
maghetic-force microscopy
MFM
atomlic force microscopy mode employifg a probe assembly that monitors both atomic fqrces
and magnetic interactions between the probe tip and a surface

[SOUYRCE: ISO 18115-2:2024.,:3/1.15]

3.2.2
magheto-optical indicator film technique
MOIF technique

metHod of mapping the magnetic field above a sample surface by a thin magneto-optical
Farafday-active_indicator film

Note | to entry: The magnetic fields induce a declination of the magnetization from equilibrium direction |n the
activd layer-of the sensor, which is recorded with the Faraday effect.

3.3 Terms related to the measurement method described in this document

3.31

MOIF raw data distribution

S(Nx, Ny), S(x.)

pixel position, S(Nx, Ny), for array sensors in wide field microscopes, or spatially resolved, §
(x,y), for sample scanning measurements in confocal microscopes, detector signal data array
of a MOIF measurement

Note 1 to entry: The signal data type depends on the applied analysis technique. For direct MOIF measurements,
raw data depict sensor dependent converted intensity distribution data in appropriate units. For differential, lock-in
based MOIF measurements, raw data depict lock-in amplitudes in units of volt.
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3.3.2
measurement height

h

value of the distance between the MOIF active layer surface facing the sample surface resulting
from the sum of the measurement gap height g, the MOIF reflective coating thickness d'¢ and
the MOIF protective coating thickness dP°

3.3.3
measurement plane
x-y-plane at the measurement height

Note
overt

height.

3.3.4
non-
flat {

mea

3.3.93

Note
data
ampli

3.3.4

to entry: The MOIF measurement technique detects a signal which results from an averaging of field
he sensor thickness. MOIF raw data therefore do not a priori represent the field distribution at the measur

magnetic spacer
pacer of permeability u = o placed in between the SUT and the sensor to adjus

surement height

- observation variable
fata output of the detection unit

to entry: The data type depends on the applied analysis téchinique. For direct MOIF measurementsg,

epict intensity distributions in appropriate units. For differeftial, lock-in based MOIF, raw data depict |
udes in units of volt.

intensity detection unit

systg
pola

Note
digita

3.3.7

m to detect the light intensity distribution*imaged by the imaging system after passin
izer

to entry: The signal detection unit, typically a photo diode or an array sensor, converts light intensity
signal.

Z-scanner

elem

ent for the realization of the vertical displacement of the sample during x-y-scanning

alues
bment

t the

raw
bck-in

j the

into a

Note [ to entry: See 1S0)18115-2:2021, 5.136

3.3.8

maghetic field reference sample

maghetic-Sample whose magnetic field distribution above the sample surface is well-know
3.3.

image size

Sx, Sy

length and width of the sample area that is mapped into a two-dimensional raster image
3.3.10

pixel

smallest element of the digital image to which attributes are assigned

[SOURCE: ISO 10934:2020, 3.1.116]
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3.3.11

pixel index

(Nx, Ny)

integer values indexing the position of a sensor unit in an array sensor

Note 1 to entry: These values also index the pixels of the mapped two-dimensional raster image.

3.3.12

pixel size

AA

sample area represented by each measured point in a two-dimensional raster image

AA =| Ax -Ay

Note | to entry: The values for Ax and 4y are determined by the imaging geometry.

3.3.13
latenal position

(x, y
coorflinates in units of meters depicting the position on the sample under’test

3.3.14

geometrical imaging function

function that describes in the case of a wide-field measurement’geometry how a position op the
samJ)Ie (x, y) is mapped to the sensor pixels (Nx, Ny)

Note | to entry: The geometrical imaging function establishés’ ah unambiguous and invertible relation befween
pixels|and a set of discretized sample positions. In this sense)(x; y) and (Nx, Ny) can be used equivalently.

3.3.15
sample under test
SUT
matgrial whose magnetic field distributién is to be measured

3.3.16
pseddo-Wiener deconvolution
deconvolution applying a pseudo-Wiener filter for noise suppression in a deconvolutign in
Fourjer space with regularization parameter

Note | to entry: The formula that applies is as follows, where the asterisk marks the complex conjugate:

*

B
TS P T B Sl G I
C(k.2) C(k2)f +u
3.3.17
regularization parameter
M

constant in the pseudo-Wiener deconvolution (3.3.16) that approximates the noise
characteristics of the image

3.3.18

transfer function

TF

two-dimensional arrays of complex data that represent operations on data that can be described
by a convolution
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3.3.1
field
TFH

9
transfer function

any transfer function that mediates an operation on magnetic field distributions and effective
charge density distributions

Note 1 to entry: A field transfer function is used to calculate field distributions at heights different from the
measurement plane.

3.3.20
discrimination

data

trant t nrannco whara thl

ina

Note
entrie|

3.3.2

maon o
oot oIt PTOC T oo WitTeTC T

$
binary data set with entries +1 or

to entry: The dichotomization is effected on the basis of a threshold value ¢ as discrimination- criterion

1

in-pllane magnetic field

mag

3.3.2
out-

netic field vector with field components entirely in the measurement plane

2
bf-plane magnetic field

5 less than ¢ are assigned the value —1, data entries greater than or equal to ¢ are assigned the~value +1.

maghnetic field vector with field-components entirely perpendicular to the measurement pl3
3.4 | Terms related to the magneto optical indicator{film (MOIF)

3.4.1

magheto-optical indicator film

MOIF

thin film magneto-optically active layer whichis part of the MOIF sensor layer structure
which serves to detect magnetic fields exploiting the magneto-optical Faraday effect

Note | to entry: Typical MOIFs are based-on ferrimagnetic bismuth-substituted rare-earth iron garnet, whig
depodited on single-crystalline gadolinium<gallium garnet (GGG) wafers by liquid phase epitaxy (LPE).

3.4.2

MOIF active layer

magneto-optically activetMOIF volume

3.4.3

MOIF active layer'thickness

4MOIF

thickness of.the magneto-optically active MOIF volume

3.4.4

MOIFtype

Iting

Data

ne

and

h are

anisotropy type of the MOIF, where "P" defines a planar (P-MOIF) with quality factor 0 < 1 and
"U" defines a uniaxial MOIF (U-MOIF) with 0 > 1

3.4.5
MOIF reflective coating
reflective coating on the surface of the MOIF facing the sample

Note 1 to entry: MOIF reflective coating is typically a metallic coating or a dielectric mirror.

3.4.6
MOIF reflective coating thickness

dre
thick

ness of the MOIF reflective coating
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3.4.7

MOIF protective coating

protective coating on the surface of the MOIF sensor that faces the sample, typically an oxide
coating or a hard coating

3.4.8

MOIF protective coating thickness
dP¢

thickness of the MOIF protective coating

3.4.9
MOIt magnetic anisotropy constant
consftant that describes the magneto-crystalline anisotropy and thus the dependency of the
matdrial's free energy on the orientation of the magnetization

Note | to entry: Kuoop, Kuip, K, represent the out-of-plane (oop), in-plane (ip) and cubic anjsottopy contribdtions,
respeftively.

3.4.10

MOIF magnetic anisotropy field
effeqtive field that describes the material’s magnetic anisotropy and\thus the dependency df the
matgdrial's free energy on the orientation of the magnetization

Note ] to entry: Buoop, Buip and B_ represent the out-of-plane (oop), in-plane (ip) and cubic anisotropy contribytions,
respeftively.

Note P to entry: Anisotropy constants and anisotropy fields arérelated via:
Kani = Bai 'MS,MOIF /2

3.4.11
MOIF saturation magnetization

Mg Moir
satufation magnetization of the MOIF active layer in perpendicular direction

Note | to entry: Mg o typicallynis MOIF temperature dependent, Mg o (T) and thus needs to be given fpr the

MOIF|temperature 7, during the measurement.

3.4.12
MOIF magnetization vector
magnetization«ector of the MOIF active layer either as a vector or in the form of the vegtor's
cartgsian or cylindrical coordinates

Note | t¢.entry: The MOIF magnetization vector can be described as M or by its cartesian coordinates M,, M, and

M, or its cylindrical coordinates (M, ¢ and goH ), which give the magnitude and the polar and azimuthal angle of

the magnetization vector, respectively, in a coordinate system with the polar direction perpendicular to the MOIF
surface.

3.4.13
MOIF normalized magnetization vector
normalized magnetization vector of the MOIF active layer M :|AA;1[_|’ either as a vector or in the

form of the vector's cartesian or cylindrical coordinates

Note 1 to entry: The MOIF normalized magnetization vector can be described as M or by its cartesian coordinates

M, , M, and MZ or its cylindrical coordinates (7, o™ and q)M ), which give the magnitude and the polar and

x» My
azimuthal angle of the normalize magnetization vector, respectively, in a coordinate system with the polar direction
perpendicular to the MOIF surface.


https://iecnorm.com/api/?name=733cd97be3977dcf7dfda2056fdafb0b

IEC TS 62607-9-2:2024 © |IEC 2024 -17 -

3.4.14
saturation
<of the MOIF sensor> situation where the MOIF magnetization is aligned perpendicular, i.e.

My =0, My, =0, M, =1

Note 1 to entry: It is possible that the saturation is only reached asymptotically. This requires a definition of a cut-
off criterion for 47, .

3.4.15

saturation field strength
sta
perpendicular magnetic field for which the MOIF reaches saturation

Note | to entry: Saturation field strength defines the operating range of the MOIF sensor where @) calibration can
be pefformed.

Note P to entry: It is possible that saturation is only reached asymptotically. sta‘ then™has to be chosen in a
mean|ngful way, e.g. as the H, value where the interpolated linear part of the M,(H,) cupve_ reaches M, = 1.

3.4.16
MOIF quality factor

0

parameter characterizing ferromagnetic thin films with an easyvaxis of magnetization nornjal to
the fllm plane

p 2
0 =2Ky00p T ugM§

where K is the uniaxial anisotropy constant.

uoop

Note | to entry: Q defines the ratio between thegnergy of magneto-crystalline anisotropy and maximum energy
densify due to shape anisotropy. For O > 1, the film'will be uniaxial with out-of-plane easy direction, while for P < 1,
the mpgnetic moments will tend to be oriented. inthe plane of the film due to shape anisotropy.

3.4.17
MOIF figure of merit

that describes the,merit of a MOIF by comparing Faraday effect amplitude and optical

to entry: A high value of the FOM is required for imaging a wide spectrum of object feature sizes.

to entry;The MOIF figure of merit is calculated from the optical absorption, y, and the Faraday rotafion in

nt
LAY

parameter of the MOIF material that quantifies the Faraday effect strength at a particular
wavelength of light

Note 1 to entry: v is a function of the material and of the wavelength: v = v(w).

Note 2 to entry: The Faraday rotation linearly depends on the Verdet constant, the length of the path of the light
through the optically active medium and the perpendicular magnetization component M, of the optically active
medium. For MOIF measurements, the Faraday rotation in reflection is given by:

o=2 dMo”: v(w) M

z"
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3.5 Terms related to Faraday rotation

3.5.1

Faraday rotation

a

angle of rotation of the plane of polarization of the light passing the MOIF sensor due to the
local perpendicular magnetization component M, of the sensor

Note 1 to entry: The Faraday rotation is also wavelength dependent and increases with decreasing wavelength.
The typical absorption band below 530 nm results in increased Faraday ellipticity. Thus, the typical wavelength range
in the application is between 530 nm and 630 nm, depending on the properties of the MOIF. Monochromatic light can
be used, but also white light

3.5.
Malys law
law that gives the intensity I of polarized light after passing a polarizer at an angle ¢

I =1}y cos? (0)

3.5.3
absqgrption coefficient
e
waveglength-dependent material parameter that determines how far light of a partigular
wavglength can penetrate into the material before it is absarbed

3.5.4
effegtive anisotropy field
Bp
effeqtive perpendicular anisotropy field of the MOIF active layer that results from the interagtion
of crystalline anisotropy contributions and thexdemagnetization field

3.5.1

dempgnetization field
Bdemag
effeqtive field caused by the sample magnetization due the sample shape that describe$ the
tendency to reduce the total’magnetic moment of the specimen

Note [ to entry: The demagnetization field is quantified by the demagnetization tensor.

3.5.6
MOIF transfer function
TEMOIF

trangfer function for calculating the real field distribution at the surface of the sensor that faces
the gamplefrom the measured raw field distribution by accounting for the averaging ovef the
MOIKF'sdinite active layer thickness

3.5.7
MOIF flatness parameter
parameter that describes the waviness of the MOIF

EXAMPLES mean depth of waviness motifs (W), mean spacing of waviness motifs (4/#), maximum depth of
waviness motifs (Wx) and amplitude of the upper envelope (Wte)

3.5.8

MOIF nominal surface plane

mathematically defined plane that defines the surface of the active layer that faces the sample
surface during measurements as specified by the design
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3.5.9
MOIF roughness parameter
parameter that describes the roughness of the MOIF surface

EXAMPLES mean depth of roughness motifs (R), mean spacing of roughness motifs (4r) and maximum depth of
roughness motifs (Rx)

3.6 Terms related to the magneto-optical measurement setup

3.6.1

magneto-optical measurement setup
entir ' i
magnetization unit to apply magnetic fields to the sample

with

3.6.
opti¢cal system
entirety of the optical devices forming the optical path, including light ssotrce, analyser,
polafizer, beam splitter, Faraday rotator, objective and lenses, if applicable

3.6.
light ray
lightjtraveling in any direction in a straight line

3.6.
lightt beam
bundle of light rays

3.6.
wide field imaging geometry
meagurement geometry where the entire sample is exposed to light and the sample is impaged
to an array sensor

3.6.6
spotl measurements
measurement technique where-'only one spot on the sample is exposed to light and |light
reflected from the spot is detected by a sensor

3.6.7
meagurement gap

g
distance between-the surface of the MOIF sensor facing the sample and the sample surfage

Note | to entrys, “The surface of the MOIF sensor facing the sample can be the surface of the MOIF reflective cpating
or thel MOIF protective coating or, if no coating is used, the surface of the active layer.

3.6.
angle of rotation of the plane of polarization

B

angle of rotation of the polarized light in the reflected light beam after passing the MOIF twice
relative to the plane of polarization of the incoming light

3.6.9

light source

optical device to create light with a defined optical spectrum, typically an LED or LED array, an
arc source or a laser which can be combined with bandpass filters
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0

intensity

1

general term for the strength of a radiation which is proportional to the square of the amplitude
of the electromagnetic wave

[SOURCE: ISO 10934:2020, 3.1.79]

3.6.11

filter

optical device designed to control selectively the wavelengths, colour temperature, vibr
diredtion, and/or intensity of the radiation which it transmits or reflects
[SOURCE: ISO 10934:2020, 3.1.55]

3.6.12

radiation

enerpy in the form of electromagnetic waves or particles

[SOURCE: I1ISO 10934:2020, 3.1.123]

3.6.13

light

elecfromagnetic radiation directly capable of causing a ¥isual sensation
[SOURCE: ISO 10934:2020, 3.1.88]

3.6.14

polarizing filter

filter
(3.6.

[sol

3.6.1
pola
pola
orien

Note

3.6.1
anal

(3.6.11) acting as a polar (ISO 1093%4:2020, 3.1.118) by total or partial absorption of
13) vibrating in certain directions

RCE: ISO 10934:2020, 3.1.65:12]

5
rizer
izing filter that is(Used to filter light in such a way that only linearly polarized light in a g
tation is transmitted

to entry: _‘4m"the optical path, it is placed after the light source and before the optically active medium (M

6
yser

devig

enthat has the same functionality as the polarizer (3.6.15) but is used to analysd

orientation of the polarization plane of the light by converting it to an intensity contrast

Note 1 to entry:

the intensity detection unit.

3.6.1

7

analyser operating angle

0

tion

light

iven

OIF).

the

In the optical path, it is placed after the polarizer and the optically active medium (MOIF) before

clockwise deviation of the angle of the analyser from the crossed position of polarizer and
analyser when looking in the direction of propagation of the beam
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3.6.18

beam splitter

optical device that is used to split an incoming light beam into two separate light beams which
can have different intensities

Note 1 to entry: In magneto-optical setups with normal or near normal incidence of the incident light beam, a beam
splitter can be used to separate the beam paths of incoming light and the light reflected from the sensor. The reflected
light is thereby deflected to the detection unit.

Note 2 to entry: Typically, the ratio of reflection and transmission is 50/50 at an angle of incidence of 45°.

3.6.19
Faralday rotator
optigal device that induces a certain rotation of the polarization plane of polarized light

Note | to entry: In MOIF measurements, this adds to the polarization rotation of the light beam réflected from the
MOIF|sensor which is caused by the MOIF magnetization M,.

3.6.20
Faraday modulator
adjugtable Faraday rotator that induces a small periodic deviation of th@ light polarization

Note | to entry: In MOIF measurements, this periodic deviation of the light polarization adds to the rotation pf the
polarigation plane of the light reflected from the MOIF reflective coating befere-passing the analyser. In combipation
with lpck-in detection this works as an analogue differentiator for the light intensity.

3.7 | Terms related to optical microscopy

3.7.1
objertive
component that is used is used in optical microseopy to enhance the lateral resolution in ¥ and
y

3.7.2
imaging optics
part pf the optical system that images or projects the object plane on the detection unit

Note | to entry: In MOIF measurements, the measurement plane at the measurement height is mapped jo the
detection unit.

3.7.3
microscope
instrument designed“to extend visual capability, i.e. to make visible minute detail that i$ not
seen with the unaided eye

[SOURCESNISO 10934:2020, 3.1.99, modified — Note 1 to entry has been deleted.]

3.7.
scanning optical microscope
microscope specially designed to scan the object plane in a raster pattern

Note 1 to entry: There are two techniques of scanning: one is based on movement of the illuminating beam with the
object remaining stationary, the other on the movement of the object, the beam remaining stationary. The instrument
can be operated in the confocal imaging mode.

[SOURCE: ISO 10934:2020, 3.1.99.12 modified — In the definition, "or image plane" has been
deleted. The first sentence of Note 1 to entry has been deleted.]

3.7.5

MOIF setup

entirety of the MOIF system including light source, optical system, magneto-optical sensor and
detection unit, possibly with magnetization unit to apply magnetic fields to the sample
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3.8 Terms related to the setup calibration process

3.8.1

sensor signal

S, S(Nx, Ny)

signal of a sensor in an appropriate representation

Note 1 to entry: As an example, an appropriate representation is volt for a photodiode and a 12-bit integer for a
CCD or CMOS chip.

Note 2 to entry: For array sensors, S is a distribution of signal values over the pixel indices i and j, S(i, j).

3.8.

sengor sensitivity function
s(I), b(Nx, Ny, I)

funcfion that relates the light intensity of the light at the position of the sensor tothe“measgured
signal, S = s(I)

Note | to entry: For array sensors, s is a function of the pixel indices (i,j), and thus S(if;)~= s(i, j, I). Sensofs are
linearlif the relation between signal and intensity can be described by a relation

S§=C- and thus s(I) = CI
with g constant factor C.

3.8.3
light intensity at the detection unit

[det, [det(Nx, Ny)

lightfintensity at the position of the intensity detection unit

Note 1 to entry: For array sensors, /9! is a function of the‘pixel indices (Nx, Ny), and thus I9®'(Nx, Ny).

3.8.4
intensity of the incident polarized light':beam at the sensor position
[inc’ jinc (x, y)

lightfintensity of the incident light in(the measurement plane

Note | to entry: For array sensors; %% is a function of the position on the sample (x, y), and thus 7"°(x, y).

3.8.
reflelcted light intensity
[refl, refl (x, y)

parameter that describes the intensity of the light reflected from the sensor in the measurement
plang

Note | to entry: For wide-field images, I is a function of the position on the sample (x,y), and thus 1¢f(x, y).

3.8.6
MOIF calibration array in out-of-plane magnetic fields

Feal(Nx, Ny)

experimentally determined dataset of the signal S detected by the detection system in
appropriate units as a function of the applied out-of-plane external field H, and of the pixel

indices (Nx, Ny)

Note 1 to entry: The data may be collected on only a (representative) subset of the sensor pixels. For each pixel,
Feal(Nx, Ny) is given as an array for discrete values of H,(Nx, Ny) versus S(Nx, Ny).
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3.8.7

MOIF calibration curve in out-of-plane magnetic fields

Fcal,fit(Nx’ Ny)

parametrized fit to the F°@(Nx, Ny) or rules for numerical interpolation of the Fc@l(Nx, Ny), data
that allows one to relate a measured signal S to a unique H, value (with sign) for each pixel

(Nx, Ny)

3.8.8
setup calibration range
field range for which the calibration is valid

3.9 | Terms related to the magneto-optical measurement process

3.9.1
latenal resolution in x and y
Ax, 4y
minimmum distance at which two distinct magnetic features of a specimen are distinguishahle

Note | to entry: The lateral resolution depends on the optical system, the pixel size of_the detection unit and ¢n the
propefties of the MOIF.

3.9.2
maghification
process of changing the apparent dimensions of an object by optical techniques

[SOUYRCE: ISO 10934:2020, 3.1.90, modified — ", orsthe numerical expression of the result of
this"|has been deleted from the end of the definitian.“The Notes to entry have been delete(d.]

3.9.3
image
reprgsentation of the MOIF measurementiraw data, corresponding to points in the sample

3.10| Key control characteristicsicmeasured according to this standard

3.10{1
datalacquisition time
t
time [period over which:the detection unit integrates the intensity of the incoming light

3.10J2
framle averaging
avergaging the pixel values from sequential images recorded under identical conditions.

Note | te’entry: Used to increase signal-to-noise ratio.

[SOURCE: TSO 10934:2020, 3.2.22, modified — In the definition, "digital or electronic images"
has been replaced with "images".]

3.10.3

number of averages

N

parameter that describes how many times the single imaging process was repeated for the
calculation of the final averaged image to enhance signal to-noise ratio
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3.10.4

sensor calibration temperature
Tcal,sensor

temperature of the sensor during the calibration

Note 1 to entry: The temperature must not be identical with the environmental temperature during calibration since
the sensor is heated by the illuminating light.

3.10.5
environmental calibration temperature
Tcal,env

4 £ H 4ol H [HN i
tem Clralurc UT 1T THVITUTITTITICTIC UUTting oalordatiorn

3.10}6

sengor measurement temperature

Tsens or

temperature of the sensor during the measurement

Note | to entry: The temperature must not be identical with the environmental temperature during calibration|since
the sgnsor is heated by the illuminating light.

3.10}7

envifonmental measurement temperature
Tenv
temperature of the environment during the measurement

3.10{8
maghetic field distribution

H,

spatially resolved magnetic field data array~6f the perpendicular magnetic field compdgnent
measured in the x-y-plane with the x-, y-direetion in the sample plane and the z-direction glong
the gample surface normal with a spatial;resolution dx, dy at a distance d above the surfage of
a teqt sample

EXAMPLE The magnetic field distribution of a sample under test is called HZSUT.
4 $ymbols and abbreviated terms

Abbreviated terms and symbols are given in Table 3 and Table 4, respectively.

Table 1 — Abbreviated terms

Abpreyiated term Description
DFT] discrete Fourier transform
FOM figure of merit
ip in-plane
KCC key control characteristic
MOIF magneto-optical indicator film
oop out-of-plane
qMOIF quantitative magneto-optical indicator film technique
SUT sample under test
TF transfer function
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Table 2 — Symbols

Corresponding uncertainty e
Symbol (if applicable) Description
u uu regularization parameter
SUT
S ), gSUT reference sample measurement raw data (detection
$SUT(k) u unit signal) in real, partial Fourier space
A4 = Ax x Ay udA, ulx, udx pixel size in x-direction, y-direction
BRH Environmental relative hllmidify
H_SYT(x,y, i .
2 (en2), wH.SUT z-component of the magnetic field distributiarmof the
SUT z SUT in real, partial Fourier space
H,8YT(k,2)
ko k spatial wave vector components in, x-direction, y-
Xy direction in partial Fourier space
k=(k, k) vector of the spatial wave vectors in x-direction, y-
Xy direction in partial Fourier 'space
i = kxz + ky2 modulus of the vector of the spatial wave vectors
K. K perpendiculat:MOIF magnetic anisotropy constant,
ud magneto-stdtic'energy density
mx.y) » normalized magnetization distribution in real / Foutier
m(kys k) space
Mg uMg MOIF saturation magnetization
Nx, Ny pixel number in x-direction, y-direction
(0] uQ MOIF quality factor
Sx, Sy image size in x-direction, y-direction
T8NV ul environmental measurement temperature
7 uf rotation angle of the analyser relative to a crossed
position of analyser and polarizer
s sensor sensitivity function
X,y ux, uy in-plane scan spatial coordinates
h uh measurement height
g ug measurement gap
5 General

5.1 Measurement principle
511 Overview

The MOIF microscopy as described in this document detects and measures magnetic stray field
distributions using an optical microscopy technique employing a reusable magneto-optical (MO)
indicator film that is placed on top of the sample under test. A comprehensive review on MOIF
can be found in [5].
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The optically transparent indicator film is illuminated by polarized light (visible range) from the
back side and the light is reflected from the mirrored sensor film side, thereby passing the
sensor thickness twice, while transmitted through the sensor the light undergoes a high Faraday
rotation proportional to the local stray field and the sensor thickness. Consequently, the
observed polar Faraday rotation is a measure for the normal component of the sample stray
field. In contrast to Magneto-Optical Kerr Effect (MOKE) microscopy, MOIF microscopy works
independently of the optical properties of the sample and does not require optically smooth
surfaces or samples with intrinsic high effect amplitudes. Plane surfaces of magnetic
components can be characterized two-dimensionally in direct contact to the sensor in a one-
shot measurement.

MOIFs were first used for qualitative studies of low temperature superconductors with thg aid
of phosphate glasses and films of EuS, EuF2, and EuSe which were deposited directly ‘on the
superconductor samples resulting in a resolution close to the optical diffraction limit [6], [7].
Unlile MOIFs deposited directly onto the sample, free standing, freely movable MOIF sernsors
can |be used for non-destructive characterization. For this purpose, highsquality sipgle-
lline ferrite garnet films were grown by the method of liquid phase-epitaxy (LPE) [5],
typicplly on gadolinium gallium garnet substrates (GGG). Micrometre-thick iron garnet films
depdsited with different LPE parameters show different magnetic properties and cap be
clasgified by their anisotropy in perpendicular [8], [9], [10], [11], [12],.[13], [14] or in-plane|[15],
[16],[[17], [18] MOIF. Disposable MOIF sensors were initially introduced for the characterization

superconductors. Reviews on magneto-optical investigations gn‘superconductors can be fpund
i 1, [22]. The possibility to analyse current distribution“via their related magnetic |field
bution was further exploited for the analysis of eddy(current distributions [23], [24], |[25],
bnd currents in integrated circuits [27].

Ferrimagnetic bismuth-substituted iron garnet films with enhanced Faraday rotation cah be
depdsited on a 15-cm wafer scale and thus withichip sizes of several square centimetres|[28].
That|allows large sample areas to be charactérized [29]. One shot measurement of large jarea
samples combined with short data acquisition times allows imaging of dynamic processes|[30],
[31],][32] on a kilohertz frequency range;~Since MOIF detects stray fields, they can be applied
to the characterization of hidden structures and non-flat samples [33].

The mirrored sensor side can be'protected with a low-friction hard coating that allows the sgnsor
to bg brought in direct mechanical contact with the specimen during the measurement and|thus
in th¢ near field of the sample/surface. By that, a spatial resolution down to below 1 ym cgn be
achigved. Magneto-optical systems using in-plane magnetized MOIF sensors can be calibrated
to gqyantitatively determine magnetic field strengths in the range of 0,05 kA/m to 100 kA/m jafter
a onge-in-a-lifetime(calibration process. The properties of indicator films can be tailored fto fit
the respective méasurement needs with respect to sensitivity and field amplitude and can be
optimized to yield-a high effect amplitude and thus a high signal-to-noise ratio. Nowadays, large
MOIF sensor chips combined with digital camera technology allow a simultaneous detectipn of
stray| fieldstup to several square centimetres without the need for scanning.

51.21 Chemistry

MOIFs are typically single-crystalline ferrite garnet films. Ferrite  garnets
{R3*,;}[Fe3*,](Fe3*;)0,, have a cubic structure with rare earth and iron ions occupying different

positions ({R} dodecahedral, [Fe] octahedral and (Fe) tetrahedral) between oxygen ions.

5.1.2.2 Fabrication

MOIF are grown by liquid phase epitaxy (LPE) from high temperature solutions on substrates
like gadolinium gallium garnets (GGG).
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5.1.2.3 Magnetic properties

This document focuses on in-plane MOIF films (P-MOIF). A typical magnetization curve of an
in-plane MOIF is shown in Figure 1.

3000
2000

1000

0 Effective
anisotropy

1000

The
som
anis

5.1.3
5.1.3
The

indic
layer

5.1.3

Moment (uemu)

—2 000
-3 000
—4 000

200 -100 0 100 200
Field (mT)
IEC

Figure 1 — Typical MOIF hysteresis curve and effective MOIF anisotropy field B
deviations from linearity and the process of how to geametrically determine the effe
tropy field from an interpolation of the measured curve.

Sensor
A General

layer sequence of a typical MOIF sensor is shown in Figure 2. The magneto-of

ator film is an assembly of up to three layers: a magneto-optically active layer, a refle
and a protective layer. See, for example, [5] and [37],
O
‘\\c\}:\' - — Substrate
C MO active layer
. NJ o//
N | Reflective coating

-
e o ve coating

Figure 2 — Schematic of the functional layers of a MOIF sensor

2 Substrate

magnetization curve of an ideal MOIF is hysteresis free. The example in Figure 1 shows

ctive

tical
ctive

The substrate supports the active layer and provides the crystallographic orientation and lattice
constant for epitaxial film growth. It is optically transparent, paramagnetic and has a negligible,
very low Verdet constant. Due to its film thickness in the micrometre range and very high Verdet

cons

tant, the MOIF dominates the Faraday rotation of the sensor.

5.1.3.3 Magneto-optical indicator film (active layer)

The active sensing layer is a magneto-optically active single-crystalline garnet film that is
predominantly transparent in the range of visible light (VIS), and that has a large specific
Faraday rotation and high magneto-optical sensitivity. The MOIF has a typical thickness ¢MOIF
between 0,5 ym and 5 ym. Thinner sensors show a low absolute Faraday rotation, but a better

spati

al lateral resolution in x and y.

The lower Faraday rotation can reduce the signal-to-noise ratio of the sensor.
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MOIFs have a defined specification with tight tolerances in terms of absorption, defined

film

thickness, absolute Faraday rotation, saturation field strength and defect sizes. The different

magneto-optical characteristics of each sensor type, due to magnetic compensation

and

anisotropy, are optimized for room temperature applications, High reproducibility of sensory
properties, a high level of control in the manufacturing process and quality control ensure the

use of adequate magneto-optical sensors in stray field imaging systems.

5.1.3.4 MOIF reflective coating

The light from the light source is transmitted through the active layer and passes the a
layer a second time after being mirrored at the reflective layer.

ctive

Ideally, the mirror system has a very good adhesion to the MOIF surface, high optical reflec
(typigcally greater than 99 %) for light wavelengths in the VIS, and sufficiently highecha
stabiflity.

5.1.3.5 MOIF protective coating

The protective layer is a hard coating that protects the reflective layer [from being scrat
when brought in close contact with the sample. This adequate hard~material ensures
mechanical wear resistance during use in systems. In addition“to-high hardness, the
protection material has high adhesion to the mirror surface, low friction coefficient and of
absdrption of VIS wavelengths.

5.1. Faraday effect in reflection

The [Faraday effect describes the rotation of the polarization plane of linearly polarized
when traversing the magneto-optical sensor filma\Working in reflection doubles the Far
effeqt, allowing back illumination from the GGG side and enables direct positioning o
specjmen to the front of the magneto-optical*sensor. The local Faraday rotation in the sg
plang is caused by the local magnetization.ofthe MOIF which is induced by the spatially va
maghnetic stray field of the sample.

5.1.4 Measurement scheme

The jneasurement scheme forquantitative stray field distribution analysis is depicted in Fig
The [sample is positioned, with its surface in close contact to the MOIF protective co
(mirrored MOIF side). The sample stray field magnetizes the active layer. The polarized
from|a light-source passes through the active layer, is reflected at the reflective layer and
passes the active layer a second time. The polarization plane of the light is rotated due t
Faragay effect. The amplitude of the Faraday effects depends on the local orientation o
sensjor magnetization. The angle of rotation of the plane of polarization is translated i
measgurement signal by the detection unit. Low-hysteresis in-plane MOIFs (very low reman
and ¢oergivity) exhibit pure domain rotation in the dynamic range.
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5.1.6 MOIF signal generation theory

The incident beam path and the passage through the sensor are not dependent on the MOIF
detection scheme. The following discussion is limited to planar P-MOIF sensors with pure
in-plane anisotropy, and thus Kyoop < 1. Additionally, pure out-of-plane fields, # =(0,0,H,) are
assumed. The discussion closely follows the discussion in Jooss et al. [20]. The reflected light
intensity 7fl with sensor thickness dMOIF and absorption coefficient y is given by

]refl _ [inc e—2ydMO|F (1)

where 7in¢ represents the intensity of the incident polarized light beam at the sensorlposition.

Additionally, the reflected light undergoes a Faraday rotation a directly proportional tg the
perpendicular magnetization component M, of the sensor.

a=2dMOIFv(w)MZ (2)

where v(w) is the light frequency o dependent Verdet{eonstant.

For O <0 and purely oop fields H, the relation between M, and H, is given by (see A.3.1

H

M, = MspnoiF COS(Q):MS,MOIFH_;v (3)

Whele Hy is an effective ani§otropy field Hp' = Hp + Mg molF - Hp is the anisotropy field resylting

from| the magneto-crystalline energy contribution. HA' additionally accounts for| the

demagnetization field-of the canted MOIF magnetization vector. The relation between the
Farafay rotation ¢ and H, can thus be found as

H
a=2dMOF v(o)M, = 24MOIF V(W)MS,MOIF H—;, (4)

The influence of additional in-plane magnetic field components is discussed below.

5.1.7 MOIF measurement modes

Based on the imaging process described above, two principal measurement modes can be
realized and are discussed here:

a) geometrical feature detection mode;
b) quantitative spatially resolved stray field analysis mode.
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5.1.8 Feature detection mode

In the feature detection mode, sensors with either out-of-plane, MOIF type U, or in-plane , MOIF
type P, magnetic anisotropy are used. Sensors with out-of-plane anisotropy exhibit a meander
domain structure. They allow to detect fields well below 1 mT and thus can be applied to low
stray field materials like grain-oriented steel sheets. In these sensors, perpendicular magnetic
fields lead to a growth of domains aligned with the field at the expense of domains with the
opposite orientation (domain wall displacement). This induces a change in the average MOIF
signal (averaged over several of the micrometre-scale domains) and thus to a field dependent
contrast. Due to the meander domains and their domain width up to 10 uym, the lateral resolution
in x and y of the stray field imaging within the sensor is limited.

5.1.9 Quantitative spatially resolved feature detection mode

Quantitative spatially resolved stray field analysis is done with MOIF sensors with in-glane
anis¢tropy, MOIF type P, and can be applied to quantitatively detect magnetic field in a typical
rangg of 0,05 kA/m to 100 kA/m. Quantitative determination of local field strengths requires|low-
hystéresis in-plane sensors that exhibit predominantly domain rotation depending on the stray
field] The domain rotation is cleanly reversible and thus always allowsCa uniquely dis¢rete
relatlon between the local Faraday rotation and the local magnetic field of the sample.| The
latergl resolution in x and y is determined by the detecting optical system, the MOIF thickness,
and the distance to the sample. The quantitative spatially resolved stray field analysis mode
requ|res a calibration of the MOIF raw signal. Additionally, it isrequired to quantify the influence
of in{plane magnetic field components.

5.2 | Description of measurement equipment or apparatus
5.2.1 MOIF imaging system

The jmaging system serves to create a spatially' resolved representation of the reflected|light
beam (relative to incident light beam) at th& plane of the MOIF nominal surface plane tHat is
turngd away from the sample. The spatially resolved light signal from the MOIF sensor is|then
detected by a detection unit that can eithér comprise a single sensor [34] or an array sensoi [37].
The fwo most common imaging schemes are confocal imaging in a scanning optical microsgope
and wide field imaging geometry, 'see Figure 4 a) and b). Figure 4 only shows the path of the
light] all aspects related to polarization and detection are discussed in 5.2.4. In an inverted
scheme, the geometry is rotated by 180° so that the sample can be laid onto the sensor ingtead
of pdtting the sensor onto the“sample.
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Detection unit
(sensor array)

Detection unit
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Pinhole light source Lens
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v ——— :
MOIF sensor MOIF sensor [=s\ i/ee=niiz
BN + | sample N Sample
IEC IEC
a) spot geometry b) wide field imaging geometry

NOTH In aninverted scheme, the geometry is rotated by 180° so that the sampte can be laid onto the sensor irfstead
of putting the sensor onto the sample.

Figure 4 — Imaging geometries that can be used for MOIF imaging

5.2.2 MOIF imaging systems for spot measurements, confocal microscopy

In MOIF spot measurements (Figure 4 a), the incident beam is focused into a (diffraction limited)
spot|on the measurement plane, typically by an objective in a confocal microscope geonietry.
The feflected light then passes the focusing optics a second time, passes the beam splittef and
is then detected by a single non spatially resolving detection unit. For the detection by the
detegtion unit, additional optical imaging can be required. Spatially resolved two-dimensjonal
images of the measurement plane‘are achieved by scanning either the sample or the light spot.

5.2. Imaging systems in,wide field geometry

In wide field imaging geometry (Figure 4 b), the measurement plane is mapped onto an trray
senspor. The signal distribution measured by the sensor array therefore reflects a spa

resolved discretized) representation of the magnetization stray field distribution at| the
measurement height.

The peometrical imaging function establishes an unambiguous and invertible relation between

5.2.4 MOIF signal detection

The MOIF signal generated by the detection unit is a measure of the (spatially varying) angle
of rotation of the polarization plane of the incident polarized light beam. It is converted into an
electrical signal which then is protocolled as the measurement signal. In this document three
conversion approaches are discussed: a technique employing a polarization filter as an
analyser [37], a “differential” detection approach which uses an additional Faraday
modulator [34], and a quantitative direct polarization measurement technique using a
polarization camera [35].
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5.2.5 MOIF signal detection schemes overview

Array intensity )
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‘ Beam Beam ‘ Beam
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FPolarizer N Polarizer Polarizer ‘ N\
MbIF MOIF MOIF [SStizeesvies]
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IEC IEC ;19
a) analyser based b) analyser-based differential c) polarization camera-based
Figure 5 — MOIF measurement schemes for detection of the Faraday rotation
5.2.6 MOIF signal detection by a polarizing filter as an‘analyser
The measurement scheme for MOIF measurements using an analyser is shown in Figure p a).
The Jight is generated by a light source. After passing the polarizer, the incident light paEses
the gensor substrate and the MOIF, is reflected«by the sensor reflecting layer and then palsses
the gctive layer a second time. The reflected light beam shows a Faraday rotation proportjonal
to thp local sensor magnetization M,. When the reflected light beam passes the analyser, the
Faraday rotation is converted into an _intensity contrast which is detected by an intensity
detection unit.
5.2.7 Differential MOIF signal detection by a polarizing filter plus a Faraday rotator to
modulate the signal for lock-in detection
The measurement scheme for differential MOIF measurements is shown in Figure 5 b).

Com
a pe

exanple, a phoatemultiplier and the generated signal is analysed with a lock-in dete

tech

In th

iodic modulation of the signal. The light intensity at the detection unit is detected wit

Nique.

sé@pproach, the measurements are done at a single spot, and thus scanning the sa

pared to the approach discussed in 5.2.6, here a Faraday modulator is added which a"‘lows

, for
ction

mple

in a

Qr\nnning npfir‘nl mir‘rncr‘npn is rnqnirnrl to_aobtain a two-dimensional map of the san

ple.

After passing through the first polarizer, the light reflects from the semi-transparent mirror and
then passes twice through the MOIF (getting reflected from the mirror at its bottom). Then the
light beam passes through a Faraday modulator and, after passing the analyser, the light is
detected by an intensity detection unit, such as a photomultiplier. The Faraday modulator
comprises a MOIF sensor without a mirror layer placed inside a solenoid. A small AC current is
driven through the solenoid producing a small (compared to the stray field of the studied
samples) AC magnetic field in it. Due to the MOIF placed in the solenoid, this field results in a
small periodic deviation of the light polarization in addition to the constant angle of rotation of
the plane of polarization generated by the sample stray field acting on the sensor. The Faraday
modulator acts as an analogue differentiator for the light intensity.
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5.2.8 MOIF signal generation by a polarization camera

The measurement scheme for MOIF measurements with a polarization camera is shown in
Figure 5 c).

The light is generated by a light source. After passing the polarizer, the incident light passes
the sensor substrate and the MOIF, is reflected by the sensor reflecting layer and then passes
the active layer a second time. The reflected light beam shows a Faraday rotation proportional
to the local sensor magnetization M,. The polarization is measured with an image sensor

combined with a micro-polarizer array.

5.2. MOIF signal generation theory for direct MOIF measurements

The feflected light beam with intensity /fl [Formula (4)] traverses the analyser. The‘transniitted
intensity passing through the analyser as seen by the intensity detection unit, /9¢tis desctibed
by Malus law:

det — jref sinz(a+0) (5)

wherne ¢ is the deviation of the angle of the analyser from the\cfossed position of polarizef and
analyser.

5.2.10 Selecting the analyser operating angle

In a ¢grossed geometry of analyser and polarizerfi:e. 0 =0, H, values with opposing signs would

give the same signal which prevents an unambiguous assignment of the signal to the under]ying
H,. Additionally, choosing ¢ =0 leads to low-sensitivity in low fields (zero derivative). Thergfore,

for cplibrated measurements, a value of7¢*~ 0 shall be chosen. The impact of angle ¢ between

analyser and polarizer on the relation-between intensity /9t at the detector and magnetic|field
is shiown in Figure 6.
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Figure 6 — Schematic representation of the impact of angle 9 between analyser and

polarizer on the relation between intensity 79¢t at the detector and magnetic field in the
measurement plane H,
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5.2.11 MOIF signal generation theory in differential MOIF measurements

Since the incident beam path and the passage through the sensor are identical in differential
MOIF measurements and direct measurement, the signal generation up to this point is
described by the same Formulas [Formulas (3), (4), (5)]; however, in the Malus law an additional
term has to be added that describes the effect of the Faraday modulation [34]. The Faraday
modulator leads to an additional Faraday effect contribution of

a™d = a{)md Sin((ut) (6)

wherne w is the angular frequency of the AC current driven through the solenoid of the Farpday
moduylator. For a crossed geometry of polarizer and analyser, i.e. =0, the Malus|law,
Formula (5), for the intensity at the detector is thus replaced with

19 = 1™ sin? (. + 4§ sin(wr)) (7)

For Both a and J'? Formula (5) can be linearized into the form

jaet  yref (a2 +Mo92 ZaamOd) — Jref (a2 + agnodZ Sin(a)t)2 + Zaagmd Sin(a)l)) (8)

This|signal has two harmonics at  and-2w with respect to the modulation frequency w | The
signal detected at the first harmonic sin(wr) is

Idet,w ~ 21reﬂ aa(r;nod (9)

where the product ‘ef the factors 21fef'ag"°d is a constant, and thus the measured signal is

propprtional to/the'Faraday rotation a generated by the sensor. Combining Formulas (4) and (9)
gives

]det,w ~ 4[refl abnod dMOIF v(w)MZ =K1 Mz (1 0)

Therefore, the signal measured is directly proportional to the perpendicular magnetization
component of the sensor M,.
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5.2.1

2 MOIF signal generation theory in the polarization measurement using a
polarization camera

Measurement of angle of rotation of the plane of polarization using the polarization camera can
be done with a simple optical system and a single shot without the analyser [35]. The
polarization camera is a camera with a structure that integrates an image sensor with a
micropolarizer array consisting of multiple polarizers with different angles formed according to
the pixel size. Since the micropolarizer array has polarizers in four directions with different
rotation angles 9 = 8 + 90° = (0°, 45°, 90°, 135°), four light intensity images can be acquired by
collecting only the pixels in each direction of the image captured by the snapshot. From the four
light intensities (7g., I450, Igge, I4350) Can be obtained the Stokes parameters, sg, 54, and s, for

the
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S0 ([00 +I450 +[900 +I1350)/2
S1 1= ]Oo —1900
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equently, the Faraday rotation angle a can be obtained by

he stray field can be calculated from a using Fopmula (4).

easuring the Stokes parameters, stray fields’thus can be quantitatively measured eV
btical setup or optical conditions are changed.

Ambient conditions during measurement

ent conditions key control chafacteristics are summarized in Table 3.

environmental measurement temperature 78"V shall be kept stable to £1,5 K during
surement since changesof temperature lead to thermal drift that can impact the prec
e positioning system.

live humidity,RH shall be controlled to (50 + 4) % relative humidity and relative hu
environmental ' measurement temperature shall be documented including their varia

Table 3 — Ambient conditions key control characteristics

en if
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Key control characteristic Identifier Typical value Comment

mea

Environmental eV (23+1,5)°C Shall be kept within the specified range.

surement temperature .
The impact on the measurement depends

the setup.

on

Relative humidity RH (50 £ 4) % Shall be kept within the specified range.

The impact on the measurement depends
the setup.

on
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6 Measurement procedure

6.1
6.1.1

Calibration of measurement equipment

Calibration of analyser-based MOIF measurements for purely perpendicular
magnetic fields H = H,

The measurement with the MOIF system results in a two-dimensional raw signal distribution
S(x,y). The calibration allows it to be converted into quantitative magnetic field H,(x,y) or flux

density distribution data B,(x,y) of the sample at the measurement height. Several effects impact

the

one

6.1.2
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nand and light source and imaging system related contributions on the other hand:

Calibration approach for one pixel

rating the setup means establishing a unique relation H,(S). This requires S(H,) t
nbiguously invertible. The MOIF calibration is performed by applying@aniexternal mag

surement geometry. In this case a calibration means to measures S(H,) at a suffi
ber of grid points, i.e. N, signal values S; are determined at M.field values H, ; in the
e of interest for i e {0...n}. This establishes the MOIF calibration array in perpendi

hetic fields Feal.

I example, the sensitivity of the detection unit is¢linear and @ is chosen as 9 ==n/4
5 to a generalized equation

S =A4sin?(BH,+6)+C
three parameters. S(H,) is then fitt€d to the measured S(H,).

relation H,(S) is then found ftem an inversion of the equation above for which an analy
can be given:

_ arcsin(a(7-C)/ 4)-0

z B

edl- shows the experimentally measured calibration data together with a polynomial f

neral cases, an appropriate fit function, e.g. a polynomial fit function, shall be chosen.

lation-between—S-and-Bthat can-be-categorized-in-sensorrelatedcontributions—on the
raHoR—o-etW A—=—ahRe—- a3 R—1B8-6at8goHLe a1 —<SB8hRSoHeatea RHHBHHORS—Oo+h

0 be
netic

with a purely perpendicular magnetic field component to the  sensor in the finalized

cient
field
cular

this

tical

it. In

tase, the experimentally observed S(/.) relation is rendered well
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6.1.3
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Figure 7 — Example of a calibration curve

Calibration approach for array sensors using an analyser-based detection
scheme

pot measurements, the calibration described above covers alkcalibration aspects.

ntrast, the sensitivity of a sensor array can show a depgnhdence on the pixel position.

the iflumination will typically not be homogeneous over thesgnsor area. As a consequencs

pixel
trans

dynamic of the detecting sensor can depend on/the position on the sensor. Thig
late into a pixel dependent relation I(H,) at the sensor which is translated into a sign

a pi

the

units
Alter]
pixel
Fcal(

NOTH

When
centin
traced

Whe
only
mea

to bdg

Also,
, the

will
al by

el dependent S(/) function. The calibration then“shall be done for either each pixel df the
array sensor or for a representative subset of<the pixels which allows to find the calibr
funcfion of the other pixels by interpolation. This can be done in one of two ways. A datag

ignal S detected by the detection systetn can be experimentally determined in approp
as a function of the applied out-ofzplane external field H, for all pixel indices (Nx,
hatively, the same dataset is collected for only a (representative) subset of the sg
s and an interpolation approach-is defined. As a result, for each pixel, a calibration fun
Vx, Ny) is given as an array.for-discrete values of H,(Nx, Ny) versus S(Nx, Ny).

The determination of the calibration function S(#,) requires well-known stray fields; see, for example

in large electromagnetsy the stray field will not be homogeneous over typical sensor dimensions of s
hetres. The field inhemegeneity shall be taken into account when calibrating the setup. Figure 9 shov
bly characterized stray field distribution of an electromagnet with 25 cm pole diameter.

h Feal(Nx, Njiis expected to change smoothly, the calibration array may be determing
a representative subset of the MOIF pixels. The curve can show a hysteresis and sha
sured for-a full field loop (0 A/m = +H, ., > —Hp o > *Hpay)- Here, Hy, . shall be ch

equal or larger than the maximum field for which the calibration shall hold.

ation
et of
riate
Ny).
nsor
ction

[371].
bveral
s the

d for
Il be
psen

6.1.4 Background image subtraction

Some MOIF measurement artefacts lead to an (approximately) constant parasitic background
signal /BC that is independent of the sample.

]det' :Idet 4 IBG

(11)

To reduce the impact of such unwanted signals, a background image is taken of the signal
generated by the pure sensor without a sample (blank sensor image). The background image

is su

btracted from any sample measurement.
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6.1.5 Calibration of differential MOIF for perpendicular magnetic fields H = H,

Differential measurements are usually done as spot measurements since any sensor channel
would necessitate lock-in detection. Here, the discussion of the calibration of differential MOIF
measurements is limited to sample fields well below half the saturation field of the MOIF,
BSUT < 15, BSAT For this situation, the effective field acting on the sensor magnetization with an
in-plane uniaxial MOIF magnetic anisotropy field Bo, = 1g-Hyo0p CaN be approximated as the
sum of the external fields H,, and H, and a constant anisotropy field Hy = H The sensor

magnetization aligns with the effective field as shown in Figure 8.

uoop:

IEC

NOTH H, is the anisotropy field of the MOIF.

Figure 8 — Angle of rotation of the plane of polarization of MOIF magnetization
vector under an external magnetic field

The perpendicular magnetization component can be calculated from geometrical considerations.

M = (12)

For palibrations in purely perpendicular fields with H, = 0, combining Formula (12)|with
Formula (10) gives the calibration equation for differential MOIF measurements.

H,

— 13
JHAZ + H,? (13)

‘Idet,w‘ =K1

‘]det' ‘ is the\imeasured lock-in amplitude. The parameter K, fully describes the sjgnal

gengration‘and shall be determined from a calibration.

6.1.6—Galibration-appreach

Exploiting Formula (13) results in the following calibration approach, with is valid for sample

field well below the H ;4

In the first step, as in direct MOIF measurements, a calibration array F°@ in perpendicular

magnetic fields is taken for a full field loop (0 A/m > +H, . > —Hyax > +Hhay)- For differential

MOIF measurements, the signal recorded as a function of the external magnetic field is the

lock-in amplitude ‘Idet‘“" .

In the second step, the calibration array is fitted by the functional relation from Formula (13).
The fitted parameter K, determines the calibration function.
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The calibration approach for differential MOIF measurements thus reflects the calibration
approach for direct MOIF measurement; however, the functional relation in between measured
signal and magnetic field is assumed to be fixed as given by Formula (13).

6.1.7 Providing the perpendicular calibration field

6.1.7.1 General

The external magnetic field control characteristics are discussed in 6.1.7.2 to 6.1.7.5 and are
summarized in Table 4.

6.1.7

MOI
the
maci
mag
only

6.1.7

The
field
or a

6.1.7

In h
acco
ex
HZ
ex
HZ

6.1.7

Addi

.2 Field homogeneity in z-direction

oscopic magnetic field generators like electromagnets can be expected 'to gen

the spatial sensor coordinates (x,y) are regarded in describing the fieldthomogeneity.

.3 Field adjustability

perpendicular magnetic field shall be adjustable in the calibration field range. Mag

Histance for permanent magnets, and thus HeXt = gext ¢p)

4 Homogeneity of the perpendicular fieldicomponent

bmogeneity considerations two aspects of the field inhomogeneity shall be taken
unt. On the one hand, for any control parameter P, the z-component of the external

(p,x,y) which shall be regarded during the calibration.

5 Adverse in-plane field components

F calibrations require well characterized calibration fields. Therefore, the magnetic’figld of
bxternal magnetic field unit over the sensor volume shall be well defined. Typical

rate

netic fields with a z-variation that is negligible over the sensor thickness.“Consequantly,

netic

units typically have a control parameter P which is an eléctric current for electromagnets

into
field

will show a spread as a function of the~lateral position for any control parameter Hzext =

ionally a spread in Hzext necessarily leads to the appearance of in-plane field components

HX,yEXt (p,x,y). These in-plane/fields impact the calibration to a degree that is hard to quantify,
even| if the spread of H,%X is taken into account. Therefore, a calibration magnet that proyides
a homogeneous Hzext (p,x,y) shall be used.
Table 4 — External magnetic field control characteristics
Key control Identifier Typical value Comment Categpry
characteristic
mag hetic field unit control B m|rrnnf‘ [ =1 A nstru nt
parameter parameters
calibrated spatial Hzex‘ (p,x,) instrument
distribution of the parameters
external magnetic field
z-component
calibrated spatial HZEXt (p.x,y) instrument
distribution of the parameters
external magnetic field
in-plane component
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6.2 MOIF key control parameters
6.2.1 General

The MOIF setup key control characteristics are discussed in 6.2.2 to 6.2.9 and are summarized
in Table 5.

6.2.2  Calibrated external magnetic field, H,xt

The calibration of the sensor requires the application of well-defined external magnetic fields
H,®¥(x,y) generated by an external magnetic field unit, typically an electromagnet. The external
magnetic field unit shall be well characterized and calibrated, in the sense that at any pogition
of tl:f sample a specified field value with a given uncertainty can be set. Figure 9 ,shows an
exanpple of a field distribution of a 25 cm diameter pole shoe electromagnet.

As dan be seen in the field distribution plot, even large electromagnets may show [field
inhomogeneities that shall be regarded.

y (mm)

Magnetic flux density” (MT))

0 10 20 30 %40 50
X (mnm)

IEC
Figure 9 — Field distribution of a 25-cm diameter pole shoe electromagnet at 19,8 mT

The yalue for 6 is chosen in such @\way that S(#,) is monotonously increasing and sufficigntly
smo@th over the setup calibratienrange.

6.2.3 Intensity of the light source

The [ntensity of the incident light beam is chosen in such a way that the detection range df the
detegtion unit is well_exploited.

6.2.4 Optical imaging geometry

The ppticalimaging geometry is chosen in such a way that the sample area of interest is imaged
ontolan{array sensor area as large as possible to achieve highest lateral resolution in x and y.

6.2.5 Thickness of the MOIF, ¢MOIF

The optimum thickness of the MOIF results from a trade-off between maximizing the Faraday
signal and exploiting the dynamic range of the detection unit. Thicker MOIFs improve the
Faraday of field components with large spatial wavelength and thus slow decay. However, field
components with small spatial wavelengths decay rapidly and do not benefit from the sensor
volume above their decay length. This reduces the signal amplitude ratio of small compared to
large structures. Small amplitude ratios require a high dynamic range of the detector. Therefore,
thicker sensors in general lead to a suppression of the signal of small structures.
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6.2.6

Measurement height, &

41 -

The measurement height is defined in 3.3.3. In non-ideal samples, the MOIF roughness
parameters and MOIF flatness parameters as well as the roughness and flatness of the sample
contribute to the minimum measurement height.

6.2.7

Sensor measurement temperature, 75€nsor

The temperature of the sensor 78NSOl js typically higher than the environmental temperature
due to the heating effect of the absorption of the incident beam in the sensor. The sensor

temperature shall

be stabilized before a calibrated measurement since samples have

envifonmental temperature and cool down the sensor. The wailing time depends on the sample

and the system.

6.2.8

Environmental measurement temperature, 7¢"V

The |environmental measurement temperature 7°"V impacts the optical properties of the
maghneto-optical measurement setup and its components. Calibrations are-only valid for T¢"V.

6.2.9

Scan size Sx x Sy and pixel resolution Nx, Ny and pixel size Ax x Ax

Scarn size Sx x Sy and pixel resolution Nx, Ny (number of pixels 'in)x- and y-directions) and|thus
the pixel sizes Ax and Ay are set by the user. They result from'\the elected magnification df the
imagling optics and from the sensor array used as a detection unit.

Table 5 — MOIF setup key control characteristics

nominal surface plane

Key control Identifier Typical value Comment Categoilly
characteristic
MOIF sensor quality (0] should be Q < 1 for calibrated sensof
factor stray field measurement parametpr
thickness of the MOIF JMOIF 5um shall be small compared to
typical structure sizes
MOIF reflective coating dre 3 um should provide sufficient
thickness reflectivity
MOIF magnetic B sop: 110 mT
anisptropy field
setup calibration range 125 mT approximately 20 % lower
than B,
satufation field By 160 mT
MOIF protective /coating dPc 2 um
thicness
polarizer rotation angle 2 45° instrumelnt
- I parameter
image size Sx x Sy 18 mm x 13 mm
pixel size Ax x Ay 5um x 5 um
pixel number Nx x Ny 4140 x 2 884
measurement height h 3 um average distance of sample measurement
effective surface to MOIF parameter

z-component of the
magnetic field
distribution of the
sample under test

sample data

measured raw data
distribution

S(x,)

measurement
data
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Key control Identifier Typical value Comment Category
characteristic
external perpendicular Hzext(x,y) setup data
magnetic field for
calibration
MOIF calibration array in | Feal(nx, Ny) calculated data
out-of-plane magnetic
fields
6.3 Detailed description of the measurement procedure
6.3. General
The measurement procedures for geometrical feature detection and calibrated magnetic|field
measurements are discussed in 6.3.2 to 6.3.10 and are summarized in Table 6.and Table|7.

6.3.
The
a)

b)
c)

Sample mounting
UT is mounted to the system in one of the following ways:

sitioning it in the microscope and putting the sensor loosely onto the sample surface [with
r without spacer);

ressing the sensor in a defined way onto the sample strface (with or without spacer)
sitioning the sensor above the sample surface at(a defined measurement height by any
ppropriate fixture.

inverted scheme, where the sample is placed onto the sensor, the sample is mountgd in

1) putting it loosely onto the sensor surface-(with or without spacer);

2) pressing it in a defined way onto theZsensor surface (with or without spacer);

3) sitioning it above the sensor surface at a defined measurement height by any appropriate
fixture.

6.3.3 Temperature stabilization

The | sensor sensitivity. \depends on its temperature. The calibration is only valid for

measurements that_are' performed at the sensor calibration temperature (within the given

tolergnces). After sample mounting an appropriate waiting time shall be observed to allow the

sample and thessystem to stabilize so that the sensor measurement temperature 75€N30" is

consftant during the calibration.

6.3.4 Frame averaging

Franre avclagilly (3102) illlpluvcb the bigllai-tu-lluibc ratiobut pluiungb the—data abqui-.ition

time. An appropriate number of averages N according to the specific measurement needs shall

be chosen.

6.3.5 Background image

The differential raw data image is taken before the sample is mounted at a sensor measurement
temperature 75€MSOr with the same number of averages N as selected for the sample. The

back

ground image measures residual intensities that are caused by imperfections of the setup

and accounts for impacts of the sensor domain structure. The differential image is subtracted

from

any raw data image of the SUT.
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6.3.6

Raw data distribution

After the temperature stabilization, an image of the SUT is taken with the chosen number of
averages. The resulting image is the raw data distribution SSUT(x,y).

6.3.7

Measurement procedure for geometrical feature detection

The quantification of, for example, the characteristic dimensions requires (i) an adjustment of
the MOIF setup and (ii) a measurement of the raw data distribution of the SUT.

The standardized sequence of measurement steps is as follows:

6.3.94

Adjustment of the MOIF setup
l

Sample mounting and thermal stabilization

l

Measurement of the raw data distribution of the SUT

Measurement procedure for calibrated magnetic field measurements (analyser
based)

The fluantification of stray fields by gqMOIF (quantitative MFM) requires (i) an adjustment df the

MOIF

setup (ii) a calibration of the MOIF setup in well calibrated external magnetic |field
distribution, and (iii) a measurement of the raw~“data distribution of the SUT.

To ascertain that all key control parameters are well defined, the standardized sequen¢e of

measurement steps is as follows:

Adjustment of the MOIF setup
!

Calibration of the MOIF setup
!

Sample mounting and thermal stabilization

!

Raw data measurement

!

Calculation of calibrated stray field distribution

!

Additional correction if required
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Detailed description of the MOIF calibration procedure for quantitative stray

field measurements

In the following, the procedure that shall be applied for the MOIF calibration for quantitative
stray field measurements is described. It is summarized in Table 6.

1) Adjustment of the MOIF setup:

a) A calibrated external magnetic field unit is provided that allows to apply well defined
magnetic fields purely perpendicular to the MOIF nominal surface plane at the position

2)

3)

of the sensor during the measurement.

A MOIF setup imaging geometry is chosen that fits the characterization needs o

the

o o -

QD

)

sample.
A MOIF sensor is selected.

A value for 0 is chosen in such a way that S(H,) is monotonously ingreasing
sufficiently smooth over the setup calibration range.

The intensity of the incoming light beam is chosen so that the détection unit is

and

not

overdriven for any field value in the setup calibration range. The'light source remains

continuously switched on.

hermal stabilization:

)
)

The environmental calibration temperature is set and stahilized.

The sensor is allowed to reach thermal equilibrium&The equilibrium sensor calibr
temperature is measured (including uncertainty).

alibration data recording and analysis:

)

The external magnetic field is looped in<a_specified number of steps. This can
example, be done by a stepwise variationyof the current if the external magnetic
unit is an electromagnet. If the step number is too low to adequately describe the |
relation, the step number shall be intteased. A loop of the magnetic field comprise
course H,8%t =0 — [,8xtmax _, pextmin _, pj ext.max to detect possible hysteretic ef]
of the sensor. For each step the'signal of the sensor is recorded. For an array se
the signal for a subset of the_sensor pixels is recorded.

The calibration measurement from step 3a) can be repeated and averaged to re
type A uncertaintiesc The (averaged) data of step 3a) establish the MOIF calibr
array in out-of-plane magnetic fields Fcal(Nx, Ny).

As the last step-0f'the calibration interpolation rules for the MOIF calibration array in
of-plane magnegtic fields Fcal(Nx, Ny) is are formulated, that allow to assign a uniqu
value to any-‘signal within the range of signals for which step 3a) has been perfo
and for<any pixel of the array sensor. This establishes the MOIF calibration curve in
of-plane magnetic fields Fealfit(nx, Ny).

ation

, for
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b(H ;)
5 the
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Table 6 — MOIF calibration protocol

Step Action lllustration
1a An external 35 required
magnetic field unit
with calibrated §% B (mT)
magnetic field 0 25 19,84
distribution is Ezo 12'225
provided g 19:825
£15 19,82
£ 10 19,815
19,81
5
Points in x-direction IEC
EXAMPLE: homogeneity of magnetic flux density of an
electromagnet over an area of (60 x 70) mm? in the middle of the
pole shoe at a current of 1,5 A.
1b The setup EXAMPLE: wide field imaging geometry required
imaging geometry
is defined
1c A MOIF sensor is EXAMPLE: dMOIF = 5 ym required
selected
setup calibration range: £125 mT
po Hyyy =160 mT
A4 =5 pum x 5 ym
0<1
1d An analyser EXAMPLE: 0= 45° required
rotation angle is
chosen
1e The intensity of ) inc required
the incident beam | EXAMPLE: AL
is adjusted
2a Environmental EXAMPLE: Tcalenv = 93 o required
calibration
temperature is
stabilized
2b | | The sensor EXAMPLE:  ealsens = 23 °C required
temperature is
allowed to reach
equilibrium
3a A calibrationarray | EXAMPLE:  Fe@hexP(Nx, Ny) = S(x,y) for ]—[Zext =70 mT required
for each.field
value.and pixel of 4
the-array sensor 3000
is\recorded E]
€ s
=2 2000 =
> 2
o
=
0 1000
0
X (mm) IEC
3b The calibration 4 oo s 4 — optional
measurement — i = s = :
3 & g < g s
from step 3a)can L 20008 £2 2mg E2 2002
be repeated ” g " e E
0 > " 1000 0 " 1000 QO 3 " 1000
x (mm) x (mm) X (mm)
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Step Action lllustration

3c Interpolation rules Fealfit e Ny) => =k iy H3+bH required
for the MOIF are (Nx, Ny) => S(x,y) = ki(x,y)+ky(x,y) (a H, )
formulated

12750
2500
2250
2000
1750
1500
1250
1000

y (mm)
= N w IS
o = =] =] S
)
=N W s a9 N
o © & 5 © © 9
& 6 6 6 6 6 ©
y (mm)
o

d 10 20 30 40 50 0 10 20 30 40 50
X (mm) X (mm) IEC
EXAMPLE: interpolation rules in the form of polynomial fit
parameters for a spatially dependent third order polynomial
relation between H, and detector signal S. Parameters a and b are
functions of the sensor anisotropy.

6.3.10 Detailed description of the MOIF calibrated stray field measurement procedure

In the following, measurement procedure that shall be applied~to calibrated stray |field

measgurements is described. It is summarized in Table 7

1) Adjustment of the MOIF setup as described in 6.3.8, step\1).

2) CQalibration of the MOIF setup as described in 6.3.8,,step 3).

3) Background image recording.

4) Sample mounting and thermal stabilization:

a) The sample under test is positioned on the’sensor.

b)) The sensor is allowed to reach thermal.equilibrium. The equilibrium sensor measurement
temperature is measured (includingsuncertainty).

5) Measurement of raw data distribution:

a) The SUT raw data distribution’ SSUT(Nx, Ny) is measured.

b)) The SUT measurement. from step 5a) can be repeated and averaged to reduce type A
uncertainties. The (dveraged) data of step 5a) establish the MOIF calibration array in
out-of-plane magnetic fields Fcal(Nx, Ny).

6) Calculation of a calibrated stray field distribution. As the last step, calibrated stray field|data
dre calculated fon each pixel from the SUT raw data from step 5 by applying the MOIF
dalibration curve in out-of-plane magnetic fields Fealfit(nx, Ny).

Table 7 — Calibrated stray field measurement procedure
Step Action Illustration
1 Adjustmentofthe
MOIF setup
2 Calibration of the
MOIF setup
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Step

Action

Illustration

3

A background
image is recorded

y (mm)

X (mm)

Intensity (a.u.)

4a)

A sample under test
is mounted and
allowed to reach
thermal equilibrium

4b)

Environmental
temperature is
stabilized and the
sensor temperature
is allowed to reach
equilibrium

Tcal,env =23°C
Tcal,sens =32 °C

required

A signal distribution
is recorded and the
background image
is subtracted

y (mm)

X (mm)

o =} =}
o [e2] [e2]
o o

o
(3]

ntensity (a.u.)

045 £
04
035

IEC

Calculation of the

cali raw
ic field
% ibution of a
N

gnetic sample,

raw
HZ

y (mm)

Field (mT)

IEC
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6.4 Measurement accuracy

6.4.1 Contribution of in-plane magnetic field components

The perpendicular magnetization component, which determines the sensor's Faraday rotation,
M,, is not only defined by the perpendicular component of the sample stray field but results
from the interplay between the vectorial field components (H,, Hy, H,) and the magnetic
anisotropies of the indicator film. For MOIF with uniaxial anisotropy, properties are symmetric

with respect to the z-axis, and thus, in 6.4.2, H, is used for any in-plane magnetic field.

6.4.2 In-plane magnetic fields contribution for low magnetic fields H << H, ..,

In th} frame of the approximations discussed for differential MOIF measurements, both|field
components H, and H, can be found for a calibrated measurement [34]. The approach-is bpsed

on the application of a small bias field in the in-plane x-direction, 4H,, and a measurement of

the ¢hange in the signal 4S. For hard magnetic samples, the sample magnetization ig not
affeqted by 4H,, and the change in the signal 4S5 can solely be attributed to the declinatipn of

the MOIF magnetization vector. This allows the derivative of the signal'te be measured|with
respect to H,, 01/0H,.

This|derivative can also analytically be expressed based on Formula (12), but now |also
consjdering in-plane components, as

det,w| _ HZ
oot =k; > (14)
\/(HA Ry )+ H,
det,w 2
5‘1 ‘=—K HZ(HA +Hx)
oH, ! 32 (15)

((HA +Hx)2 +H22)

Compining Formulas (42) and (13) gives a system of two equations with two unknowns which
can pe solved fog /f; and H,. The prefactor K, is known from calibrations in perpendigular

a‘]det,w‘
extefnal magnetic fields. As described above, can be approximated by applying small
X

bias ffields” This approach is not appllcable to soft magnet|c samples. It can be shown [34] that

neglected The measured 3|gnal S then can with minor error dlrectly be related to A, data as
derived from the calibration curve in perpendicular magnetic fields.
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6.4.3 In-plane magnetic field contribution for fields in the order of magnitude of
H,

uoop

For magnetic fields in the order of magnitude of Hyoop: in-plane field components increasingly

contribute to the measured signal. To estimate the impact, the signal as measured with a
calibrated system was simulated and compared to the signal that would be measured if the
MOIF would only see the respective perpendicular field component. The simulations were
performed for magnetic field vectors with varying orientation but constant field amplitude Hamp:
and thus normalized amplitude gy, = Hamp/Hyoop- Figure 10 shows plots of the simulated

measured (blue) MOIF signal compared with the signal expected for pure #,, for all values 4, =

is smaller than the chosen h,p,,, the deviation is lower. Whereas for /,,, = 0,1 the deviatipn is
, it gets significant for /5, = 0,5.

0,5 .
- Rotating &

0,4 Only 74

- Rotating
Only h,

0,3
0,2

0,1

Normalized MOIF signal

2 , hamp = 0,1 5

0 002 004 006 008 0,1 0 01 02 03 04 05

IEC IEQ

Figure 10 — Impact of high in-plane components on the measured MOIF signal

neral cases, where the(approximations from above are not valid, a unique solution for the
invefsion problem S(H,) cannot be calculated. However, the sensor signals S can be forward
ated by numerically determining the minima of the free energy function of the MOIF
matgrial for each given-H. When multiple minima are found, the solution closest to the solutions
found for neighbouring sample positions shall be selected to enforce continuity. The applied
free pnergy fupction considers the magnetic anisotropies neglecting spurious uniaxial in-glane
aniso¢tropy contribution.

The ppproach is further detailed in Annex A.

6.4.5 Influence of the finite sensor thickness

The finite sensor thickness leads to an averaging of the field over the sensor. Stray field
components of smaller structures decay faster with increasing distance from the sample.
Figure 11 shows this on the example of a magnetic scale with two different pole widths and
periodically written poles.
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FiJure 11 — Decay behaviour of H, as a function of the pole width for magneticsca

For gtructures so small that the stray fields decay significantly over the sensor)thickness
sensjor measures a reduced signal compared to the field present at the sample-side face d
sensor.

6.4.6 Transfer function-based sensor thickness correction

The

trangform of H, at the MOIF nominal surface plane, i.e. at‘the measurement height 7

H(k
Havg

Detaljils can be found in Clause A.5.

6.4.7 Spatial resolution

6.4.1.1 Sensor array limited resolution

The

6.4.8 Diffraction limited resolution

In m

wavelength of the light source due to the optical diffraction limit.

with a periodic magnetic pole pattern

{mpact of the finite MOIF sensor thickness can be calculated.as multiplication of the Fg

h=0), with a transfer function TFMOIF which returnsithe thickness averaged stray

x,)-

—kD
TRVOF _17€ 7 and thus #2Y8 (k) = H (k, h = 0) < TFMOF

ateral resolutian)in x and y is limited by the pixel size of the sensor array.

croscopy setups with very thin sensors, the lateral resolution in x and y is limited b

les

, the
f the

urier
= O’

field

(16)

the

6.4.9 Sensor thickness limited resolution

The magnetic field of structures with small spatial wavelengths decays faster with the distance
from the sample surface than the field of structures with large spatial wavelengths. As a
consequence, for structure in the size of the sensor thickness, a significant stray field decay
over the sensor can occur, which leads to a lower net Faraday effect for identical field
amplitudes due to an averaging over the sensor thickness. This can be compensated by a higher
dynamic range of the detection unit. Otherwise, it leads to a noise level induced cut-off
frequency for small structures.
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6.4.1

0 Signal generation artefacts in MOIF measurements

Artefacts in MOIF are mostly caused by imperfections of the sensor, inhomogeneities of the
detection unit array sensor and by optical components with a finite Verdet constant which show
a Faraday effect. Most artefacts are implicitly corrected by the sensor calibration.

A de

6.4.1

tailed discussion can be found in Clause A.6.

1 Uncertainty evaluation

When performing a calibrated field measurement of a sample under test, the uncertainties of

the ¢
quan

6.4.1

The

Type

Type

ifferent calibration steps enter into the uncertainty budget and shall be recorded
titative analysis.

2 Calibration uncertainty

incertainty evaluation of the F¢@l considers type A and type B components.
A uncertainty is induced by noise in the measured raw data distributions.

B uncertainty consists of contributions from:

The

Typs

agnetic field during the calibration measurement, Hzca';

easurement height, #;

sensor calibration temperature, 7°2l.sens;

nvironmental calibration temperature, 7cal.env:
nsor thickness, ¢MOIF;

ixel size, 4A4.

.13 Uncertainty of calibrated field measurement

incertainty evaluation of thelF¢@l considers type A and type B components.

A uncertainty is induced-by noise in the measured SUT raw data distribution (here: se

signal) and can be estimated by averaging data from independent calibrated measuremen

the S

Typs

UT.

B uncertainty‘consists of:

-t

Key

ncertainties of key control parameters: pixel size, measurement height, sensor thickn

e uncertainty of the calibration function.

for a

nsor
ts of

eSS,

ated

measurements cancel out in the Type B uncertainty and only affect the Type A uncertainty. The

unce

rtainty evaluation key control characteristics are summarized in Table 8.
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Key control characteristic

Identifier

Typical value

Relevance

Uncertainties contributions for the determination of the calibration function

sensor calibration temperature, 7°2)-sens yrealsens, 1° high
environmental calibration temperature, yTcal.env 1° high
cal.env

calibration field, %' uH,% 2mT low
measurement height, 7 uh 2 ym high
sendor thickness udMOIF 100 nm low.
pixe| size uAAd 0,01 pm? high

Uncertainty contributions for calibrated stray field measurement

califration function, Fea fit(nx, Ny) uFealfit 10 % high
sendor calibration temperature, 7°2!-sens yTcalsens 1° high
envifonmental calibration temperature, yTcalenv 1° high
rcal.gnv

califration field, £, uH,°? 2mT low
meapurement height, 7 uh 2.um high
sendor thickness, dMO'F udMO'F 0,1 pm low

For yncertainty evaluations and propagation, referio ISO/IEC Guide 98-3 [36].

7 Data analysis and interpretation of results

7.1

A qu

Quantitative data analysis

pntitative data analysis can bevperformed by any software implementing the required

discyssed step.

7.2

7.2.1

Secondary parameters from MOIF measurements

General

Matdrial parameters of interest typically are secondary parameters which are derived fron

mag
tech

netic field distribution of the sample under test, H,SYT(x,),z), by appropriate ang
niques.. Relating these parameters to the H. SUT(xy,z)distribution of the sample makes

tracqable to the SI system Examples for materials where secondary parameters are of int

are rme

7.2.2

and

h the
lysis
hem
brest

Secondary parameters of magnetic scales

ex C.

Magnetic scales in the form of pole rings and linear scales form an active magnetic
measurement system in combination with the sensors. Relevant parameters are, for example,
defined in DIN SPEC 91411. Geometric and magnetic parameters eventually shall be traced
back to spatially resolved field measurements as can be performed by calibrated MOIF. Such
parameters are, for example, the magnetic period, nominal flux density and its deviation, and
the magnetic pole width with deviation, as well as the scales accuracy.
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7.2.

3 Secondary parameters of grain-oriented electrical steel sheets

Grain-oriented steel sheets are an important material in the production of energy efficient
transformers and of large, high-performance generators. They are tailored to produce specific
magnetic properties like small hysteresis area resulting in low power loss per cycle, low core
loss, and high permeability. The performance of the grain-oriented electrical steel sheets
eventually depends on the grain sizes and the spread of orientations as well as on the grain
remagnetization behaviour under varying flux density. Such characteristics can be assessed by
MOIF in feature detection mode.

8.1

ults to be rnpnrfnd

Cover sheet

The results of the measurement shall be documented in a measurement report,, including the
dateland time of the measurement as well as the name and signature of the person responkible

for the accuracy of the report.

8.2

Product / sample identification

The feport shall contain all information to identify the test sample and trace back the histgry of

the

The [aboratory ambient conditions during the, test:

ample:

general procurement information;

general material description top view, indicating the inspected area and location of the
easurement positions.

Measurement conditions

environmental measurement temperature (for example, 23 °C + 1,5 °C);

relative humidity (for example, (50 + 4) %).

Measurement specific.information (examples)
number of frame averages)used (e.g. 30);

mstrument;
MOIF and sensor ‘producer, type name, sensor properties;

Q

alibration status of equipment.

Measurement results

(0)]

ampling plan used. For example,

coordinate system used in the magneto-optical measurement setup in absolute positions
with a definition of the origin so that the measurement lTocations can be related to the
technical drawing of the sample.

Results of the stray field distribution measured according to this document. For example,

e table of mean values and standard deviation of the stray field distribution measured
according to this document at the positions defined by the sampling plan,

e colour maps for the stray field distribution measured according to this document. The
colour map shall be scaled in absolute positions in respect of the origin of the coordinate
system. The colour code should be calibrated in absolute values of the measured stray
field distribution.
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Annex A
(informative)

Supporting information

A.1 Mathematical basics

A.1.1 Continuous Fourier transform versus discrete Fourier transform
The gontinrteustouriertransform \nx,ky) of-a-two-dimensienal-funetionFfxHsdefined

Flkoky)=JF £ (my)e™ " drdy

However, MOIF data typically are taken at discrete sampling points in the form of a pixel in
fPCx) wi

nage
1) with a pixel number Nx x Ny over an image size Sx x Sy. The resulting pixel size Ax|x Ay
can be calculated from Ax = Sx/Nx and Ay = Sy/Ny.

NOTH Different MOIF systems can have different definitions of Ax, Ay, Sx, Sy Nx and Ny.

The fiscrete Fourier transform F(u,v)pggt on fP(m,n) is defihed as
o [mk nl]
Nx, NP, A.1)
F(leFFT z Z R Wlthke{0,1,...Nx—1} ,16{0,1,...Ny—1}
The ¢

corresponding wave vectors k, and 'k, that are used further below for field calculationg can
be calculated from the pixel dimensions in k-space dk, and dky. mod is the modulo operatg

=

dk, = gr._2n ky (u) = (u+&JmodN LS x dky
Nedx  Sx 2 2

d, =% _ 2" ke, (u)= (u+&)m0dNy—& x dk

Y Nody Sy g 2 2 g

A.1.2 Partial (two-dimensional) Fourier space

The partial two-dimensional Fourier transform F(k,z) of a function f{r,z) is defined as
= [[ 7 ()™ deay (A2)

where k = (kx,ky) and r = (x,y).
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A.1.3 Cross correlation theorem

A cross-correlation f+ g between two functions fand g is defined as

f(t)*g(l) = If(z’)g(l+ r)dz’

The Fourier transform of a cross-correlation product is

F(f*g)=F*x@G

A.3)

Whe
trans

A.2

A.2.1

The

and

e the asterisk * denotes the complex conjugate and capital letters denote the Fo
form.

Pseudo-Wiener filter

Pseudo-Wiener filter-based deconvolution process

Pseudo-Wiener filter implements a regularized deconvoludtion in the form
G(k,z) = H(k,z)F(k,z)

hus

o Cca

A.2.

The
pse
resi

|7 F

A3

be calculated from an L-cufve criterion.

L-curve criterion

L-curve criterion _allows to find a unique regularization parameter a to be used ir
do-Wiener deconvolution approach. It mediates between the two contrary aspects

ual norm |- G|, and low norm |F|,. The L-curve is the L-shaped plot of |F|, ve

urier

the
low

rsus

A.3.1 Differentiation in partial Fourier space

In a region in which the magnetic field is rotation free, the partial Fourier space Nabla operator
V becomes

V(k)=V = (ik, ik, ,~k)

where k = ,[kf +k§ .

(A.4)
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A.3.2 Magnetic fields in partial Fourier space

2024

In two-dimensional partial Fourier space and in a region where the magnetic field is rotation

free,

all components of the field vector H can be calculated from its z-component

H (k.z) =—%vk H, (k.2),

(A.5)

and

A.4

A.4.1

Tod
exte
a su

the €
axis
y). H

Here

fros

H, (k,z)=H, (k,z')e ")

Calculating the equilibrium magnetization of uniaxial in-plane MOIF
sensors in external magnetic fields

Solving the free energy equation

bscribe the behaviour of the MOIF magnetization vector M in the MOIF as a function
nal field, we consider its energy density functionakThe energy density of the MOIF fi
m of the demagnetization energy fyemag, the Z€eMman energy 1,4, of the magnetizati

xternal field and an energy term caused by the uniaxial anisotropy f,,,;, with the aniso
n z-direction and with a negative MOIF magnetic anisotropy constant Kyoop (easy pla
igher order anisotropy terms are neglected.

1 2 2 2 2
fdemag =_§:u0 Mg (Nxmx +Nymy +N_m, )
Jree =—Hg Mg (mxHx +my,H, +m.H, ))

funi =K, Sin2 (‘9)

, mF (my, my, m,) is the MOIF normalized magnetization vector m :Mﬁ. The external
S

is H

A.6)

pf an
Im is
DN in
ropy
he X-

field

E (A _H H ) and A is the anale hetween M and the anisotropyv axis ¢
\uied'a) & 77 ) L 4

Since the problem shows rotational symmetry with respect to the z-axis, the external magnetic
field can be assumed to lie in the x-z-plane, without a loss of generality. For thin films, like the
MOIF sensor, the demagnetization-Tensor takes the values N, =0, N, =0 and N, = -1.

The total energy density is thus given by

1 2 2 .2
Jiot = Jzee "'fdemag + funi = —#o Mg (mxHx +msz)_§:“0 Mg"m.” +K,sin (9)
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The effective field Hgy; determines the equilibrium direction of the magnetization. It can be
calculated from f;,; by calculating its vectorial derivative with respect to m:

1 aftot
HoMs om

Hef =—

For fiot = fzee * funi this results in

ey, e

Expl
in th

Or,

point

For |
direg

field

0 . 2
—K, 0
1o My om uSin ( )

Heff :H—Msmzex +
, e, are unit vectors along the respective axes.

Diting m, = sin(#)coscos(p) and m,, =sin(d)sinsin(p), where ¢ is the @zimuthal angle

> x-y-plane, and thus m, 2 +my2 = sin2(9)(¢)+sin2(9)(¢) = sinz(e) , ‘ohe gets

Heg =H + 2K, sin(0)xe, = H — H, cos{0)¥ H,, sin(0)
Ho Mg

expressed by the polar angle 6,

Hgg =H + 2K, sin(0)xey = H — H, cos(0)+ H, sin(0)
Ho Mg

an easy-plane anisotropy with* negative K,, the MOIF magnetic anisotropy
2K

X

Ho Mg
s in the negative e,-direction.

pw external fields,/the sensor magnetization is only slightly declined from the equilib

approxitation for the effective field can be employed:

of M

field

“—e. points in the peositive e,-direction. The demagnetization field H,; =-Mge,

rium

tion and 6 zg and thus sin(6)~1 and cos(#)~ 0. As a consequence, for low fields, @ low

chg}/vfield —H+H.

For higher field, the equilibrium magnetization in perpendicular fields A, = 0 can be found by
determining the minimum of the free energy function f;;, with respect to the polar magnetization

angle, i.e. by solving aj;t;t =0
o 0 1 2 2 .2
at;t == lHo Msm_H == g Ms"m."+ K,sin (6))

= %(—,uo Mg cosOH, — %/10 M g?cos?6+K, sin? (9))
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=ugMg sinGH, + ug MS2 cos# sind+2K,, cosd siné

=sind (,uo MgH, +#0MS2 cosf+2K,, cosd )z 0

2
Since sing =0 does not fulfil the requirement of a a—J;t"t>0, the second factor leads to the
0

solution.

H H H
cosf= Z = Z__ = Z',
MS+2L MS+Ha Ha
o Mg

whelle Ha' is an effective anisotropy field that includes the demagnetization field. As can be
seen from this formula, for a uniaxial anisotropy and purely perpendicular fields H,, the MOIF
perpendicular magnetization component M, =m_Mg = Mgcos6® increases linearly with A, |until

H, 4 H,, where the material reaches saturation at the effective.anisotropy field.

A.4.2 Determination of the anisotropy constants of the sensor active material

The magnetic anisotropy constants of a MOIF sensor.can be characterized by ferromagnetic
resohance (FMR) measurements [37]. To this end, the sample is placed upside down onto a
coplanar waveguide (CPW) that is connected tocavector network analyser (VNA). Then, gn in-
plang¢ magnetic field with constant amplitude; high enough to essentially align the sgnsor
magnetization with the field (e.g. 100 mT) is'applied and rotated in the plane around the MOIF
to pgrform ¢-scans. The VNA detected transmission parameter S, is monitored for absorption

analysis.

Figure A.1 shows the angular dependence of the FMR spectra. The dispersion relation of the
hompgeneous mode, the perpendicular standing spin wave mode, k=0, which |s a
homogeneous, spatially indepéndent excitation, can be derived from the Landau-Lifshitz-G{lbert
equdtion without knowledge-on the materials exchange constant 4, unlike for the higher k mpdes.
For fhe analysis of the.FMR data, the spectra were modelled following the Smit-Beljers{Suhl

apprpach that relates the ferromagnetic resonance frequency f=22 of the material tg the
T

deriatives of the 'magnetization and field dependent terms of the free energy function F gf the
matdgrial:

[ 2
2 2 2 2
Q_@F\/@F 0°F L@FJ ,y:g'uB- (A7)

= X —
y 002 \eo? o> | 00dp

Where the derivatives is taken at the equilibrium magnetization angles ¢, (to the plane normal)
and ¢ (in the plane). y is the gyromagnetic ratio and g the g-factor. In the MOIF magnetic thin
film material, the dominant contributions to F are the Zeeman energy F, .., the demagnetization
energy Fyemag and the crystalline anisotropy energy terms F, (cubic anisotropy), Flip (uniaxial
in-plane anisotropy), and Foop (out-of-plane uniaxial anisotropy). All contributions are functions

of the magnetic field H and the magnetization M vectors. For convenience, both vectors are
given in spherical coordinates.
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