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1 Introduction

In order to fully optimize a system in which magnetic mateaaésused, it is crucial

to understand the magnetic properties of the material. To obtainnthggetic
knowledge, AC susceptometry can be used and allows for probing the dynami
magnetic properties.

The dynamic magnetic properties give information on how fast tgnatization is
building up in the material. Different types of magnetizatiorcesses, for instance
internal magnetization reversal in magnetic single-domaistals (Néel relaxation),
randomly rotation of particles containing thermally blocked singleaionerystals
(Brownian relaxation) or domain wall motion as in poly-domain matercan be
detected with AC susceptometry. All of these magnetizationepsas create a
specific pattern in the dynamic magnetic properties for iostam the AC
susceptibility. Measuring the AC susceptibility is almost §ame as a spectroscopic
detection where the different relaxation processes is lidsdaas relaxation peaks at
their specific frequencies. In a magnetic nano-particleterysthe magnetic
susceptibility at low magnetic fields is sensitive to tiee ©f the magnetic single
domain crystals, the number of magnetic single-domain crygélgarticle (multi-
core particles), the positions and orientations of the singleathoanystals in the total
particle, the material in the single-domain crystals, dbecentration of the single-
domain crystals and also on the total particle size (when thiel@amncludes thermally
blocked single-domain crystals). This makes AC susceptometna &ery good
magnetic tool in order to have a good control of the manufacturingegs of
magnetic nano-particle systems.

AC susceptometry can be found in vast area of applications, fragnetic
particle manufacturing to measuring soils in geophysical apipgisatin the case of
detecting Brownian relaxation of particles including slowdyaking single-domain
(with respect to the stochastic particle rotation) crystedslynoMag system is able
from the experimental data to determine the size distributidheoparticles using an
algorithm included in the DynoMag software. With the samérungent it is also
possible to study any clustering process of the particles andloovfdie binding
reactions of different substances to the surface of theleatti

DynoMag is a portable magnetic instrument where it is postibleeasure the AC
susceptibility of liquids, powders or solid samples. The frequesege is from 5 Hz
up to 200 kHz (up to 250 kHz for samples of low dielectric constatt)amiesolution
in magnetic moment in the range of@'* Am? or in volume susceptibility'20” at 1
kHz and excitation amplitude of 0.5 mT. With the software ipdssible to set
measurement parameter, visualize the data, store thecdditaate the instrument,
perform data fittings of the result and to determine the hyadyc size of particles
containing domains with slow (compared to the Brownian relaxatior@rnal
magnetic relaxations.
5
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In the DynoMag system induction technique is usedoider to detect the AC
susceptibility. The magnetic flux change from tremsgle is detected with a well
balanced detection coil system. The detection Btem is centred in an excitation
coil system connected to an AC - source that dedittee time dependent current to the
excitation coil that gives the time dependent ediwh field. The signals from the
detection coil system are fed into a low noise L-btlmplifier. All the electronics are
integrated in the DynoMag instrument. A schematictuype of the DynoMag
instrument can be seen in Figure 1 below.

AC source
Excitation coil |
Lock-in
Detection coils l amplifier

!

Sample

Figure 1. Schematic picture of the excitation detection coil system,
the AC source and the lock-in amplifier.

The DynoMag system software governs the whole éxyat, for instance optimum

measurement time settings (automatically adjustedthie DynoMag system),

frequency range, number of data points etc. andcthikection of the data and

presentation of the result in a user friendly ifstee. For the detection of magnetic
particles including slowly relaxing single-domairystals (with respect to the particle
Brownian rotation), it is also possible to deterenthe size distribution of the particles
with a model included in the software. In DynoMduere is also a calibration

procedure that is performed in the whole frequanatyge from 20 Hz up to 250 kHz.

The detection coil system detects the differentidluced voltage which is dependent
on the change of the differential magnetic fluk%, (- F2 from upper and lower
detection coils) with time. The differential induteoltage from the well balanced
detection coil system can be expressed as:

d d d
=N— - — 1
DV =N-_(F,-F ,Jr mNAa_(H M HE mNAa_ M [1]

whereN is the number of turns in the two identical detectoils (that is forming the
detection coil systemA the cross sectional area in the detection clilye magnetic
6
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field produced by the excitation co#, a magnetic coupling factor which depends on
the geometry and dimensions of the sample with respect to dtextion colil
dimensions andV is the magnetization of the sample. The coupling faetas
determined from calibration of the induction coil systemhwat calibration sample
with a known and well defined susceptibility and has the same dionenef the
calibration sample as for the measured sample.

For a sinus excitation field the magnetization can be exptdgse
M =(ct jc IH [2]
wherect is the real part andc¢ is the imaginary part of the dynamic magnetic

volume susceptibility. The amplitude of the differential inducettage from the
detection coils then becomes:

DV =mNAL cb- jcP§uH, = NA U, 4 c+0§.0) 3]

where Hy is the amplitude of the excitation magnetic figldd w is the angular
frequency 20f wheref is the excitation frequency).
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2 System overview
This chapter describes the hardware and the s@tefahe DynoMag system.

2.1 Hardware
211 Front and rear panel of the instrument

2.1.1.1 Front panel

On the front side of the DynoMag, there is a dbet bpens up to the space where the
sample should be mounted on the sample rod. Otothef the sample rod there is a
sample vial space that holds the sample to theTbd.coils system is covered by a
white panel that protects the coil system.

Together with the DynoMag system there are glasspka vials for mounting the
sample under investigation. A lit blue LED on tbeer part of the front panel shows
that the DynoMag is powered up.

Figure 2. Pictures of the sample on top of the sgdtem (to the left) when opening the
door and the complete DynoMag system (to the right)
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2.1.1.2 Rear panel
On the rear panel there is a connector to the pswgply unit (DC IN), the PC and an

on/off switch. The PC receptacle on the DynoMag $SB contact and should thus be
connected to a USB-port on the DynoMag computer.

Figure 3. The DynoMag rear panel, showing the P@naxtor, the connector for the
power supply unit and the on/off switch.
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2.1.2 System overview of the electronics

The electronics in the DynoMag system representesl schematic block diagram can
be seen in Figure 4 below.

Frequency

Micro
controller

A

A 4

Excitation

Current

amplifier

Temperature sensor

Gain

Gain and
Frequency

Data

Ll

Coil system

Pre-amp | g

A 4

Lock-in

y
A 4

AID
converter

Signal from detection coil

A 4

Number of steps

Stepping
motor

Figure 4. Schematic block diagram of the electrenicthe DynoMag system.

The software in the PC communicates with the mmntoller in the DynoMag, and
sets all measurements parameters to be used iasumeenent such as:

Frequency to the excitation field generation.
Gain to the pre-amplifier.
Gain to the lock-in amplifier.
Receive magnetic data points from the A/D converter
Receive the temperature close to the sample.

The software also controls the number of stephdcstepping motor (that controls the
length of the sample movement); stores data tota fila, calibrates the DynoMag

system and can determine the hydrodynamic sizeildiibn of magnetic nano-

particles that undergo Brownian relaxation. The soeament parameters and
modeling of the data points are described in metaidin the software chapter.

10
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2.1.3 The excitation and detection coil system

The excitation coil is wound as an ordinary soldnwith a specific length, diameter
and number of turns of the winding. The excitatiail produces the excitation field,
H, and have the effect on the signal response awilbled in equation 1 — 3. The
number of turns per unit length of the solenoid #mel current in the excitation coil
determines the excitation field strength. A detectcoil system in a form of a first
order gradiometer coupling is placed in the ceaféhe excitation coil. The detection
coil system is formed by two well balanced coilsugled together to detect the
difference in magnetic flux of the two coils. Thetelction coil system is formed by
positioning the two coils with their length axis-lmoear to the length axis of the
excitation coil.

Without a magnetic material in the detection cails,detection coil signal should be
present. Inevitably, small variations in geometstween the detection coils are
present, giving rise to a small background sigimabrder to measure small magnetic
signals from samples with low content of magnetiatenial or low magnetic
susceptibility, these small variations of the tvailshave to be compensated for. This
is done by calculating the difference value of itiegnetic signal from a measurement
with the sample in the lower detection coil andntlenother measurement of the
sample in the upper detection coil.

The excitation field amplitude is set to 0.5 mT&auss) at lower frequencies and
decreases at higher frequencies. The field amglitigl low enough for the

magnetization of a typical magnetic nano-partigfjsteam to be in the linear field

region (ensuring right low field susceptibility)utostill high enough to yield a good

signal. The variation of the field amplitude is qmnsated for in the software when
determining the susceptibility, or performing tladiloration procedure.

11
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3 Software

This chapter describes the DynoMag software (varBibi). Below the different steps
in the measurement procedure are shown.

ghroNE

9.

Sample mounting.

Set the measurement parameters and start the resesur

The sample moves to the initial position.

DynoMag sets the first frequency.

The sample moves to the upper detection coil akdstaneasurement
points according to the measurement parametemgettiThe optimum
amplifier gain is regulated.

The sample moves to the lower detection coil ahk@gameasurements
points according to the measurement parametengetti

The signal difference between sample in upper aaupke in lower
detection coil is calculated.

The obtained signal difference is first subtradtedh the background level
and then multiplied with the calibration factor whicorrects the amplitude
and phase of the signal.

The second frequency point is set according to theasurement
parameters.

10.The measurement starts again in point 5. The meamunt procedure goes

on until the last frequency point. The data isedocontinuously in a data
file containing 9 data columns:

Frequency (Hz)

Real susceptibility (volume susceptibility, unideg Sl units, or
mass susceptibility, ftkg in Sl units, depending on the
susceptibility choice in the software)

Imaginary susceptibility (volume susceptibility,itess in Sl units,
or mass susceptibility, kg in Sl units, depending on the
susceptibility choice in the software)

H-field (A/m)

Temperature (deg C)

Real induced voltage (V/Hz) of upper coll

Imaginary induced voltage (V/Hz) of upper coil

Real induced voltage (V/Hz) of lower coill

Imaginary induced voltage (V/Hz) of lower coil

The header of the data file contains the infornmatadout instrument

settings and user comments (see chapter 3.1.6.1).

12
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11.If the ‘Curve fit' procedure is activated accorditg the instructions in
chapter 3.1.6, the data is fitted to the suscdipyibinodel in order to
determine the hydrodynamic size of the particlegxgdained in detail in
chapter 3.1.

3.1 The measurement software

The DynoMag software consists of a main frame @l#it of the program window.
Below the main frame, several tabs for instrumettirsys, calibration, and detailed
measurement results can be found.

3.1.1 Main frame
In the main frame, the following controls and iratmrs are always visible to the user:

DynolMag
Version Bli

Status
| Ready

Estimated time left {min) :Vlr?;'

Temperature (deg C}

C .')‘ Start Measurement
C) Open Measurement

) Stop&Save?

Comments

This text is saved}ogethér with the datal  + i
5

File name

example measurement {used For the manual
whih).bxk

Figure 5. Main frame contains controls and indiaatthat are always visible.

The Start button starts the measurements. WherStaet button has been
activated, a save prompt will let the user to ckoadile name and save
location before the measurement starts. The nantieeofneasurement file
will be automatically set ttmeasurement DATE TIME.txtas default. The

default file path for saving the measurement fite (working directory) is

~/measurements/

The Stop/Savebutton stops measurements and enables savin@gthdada

data file with specific name.
13
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The Temperature is the temperature of the coil system which iselto
the sample. This temperature is measured at eaalpdent and is stored in
the data file.

The Status indicator shows the current status of the DynoMag instrument
Estimated time leftis the time left before the measurement is finishe

In the Comment box the user can write comments in connectionhéo t
measurement. These comments are stored in therlefatie data file. The
comments must be written in the text box prio® mmeasurement starts.
The File name button shows the file name of the current measunemme
the last performed measurement. If a measurementeised, the file name
will also be shown in this textbox.

The Open measurementutton can be used to open an old measurement.
A dialog will then appear with two choices; “Opewt “Re-calc” a
measurement file.

ME Open measurement. .. [X]

How do you want ko open your measurement file?

file.

Re-calculates and plots the susceptibility of the file by using the
current calibration settings:

Ezxcitation file:
example excitation, bzt

Background calibration File:
example background, bxt

Gain & Phase calibration file:
example gaindphase bxt

[ Tpen ] [Re-ca\c ] [ Cancel ]

Figure 6. The "Open measurement” dialog.

1. By selecting‘Open”, a file dialog will appear. After selecting a me@sunent
file (saved by the DynoMag system) the susceptybill be plotted in the
“Susceptibility” tab.

2. By selecting’Re-calc” a file dialog will appear. After selecting a measuent
file (saved by the DynoMag system) the susceptybilill be recalculated
using the current selectédckgroundandgain&phasecalibration files. This is
possible because all measurement files also inchkae data (induced
voltages). The resulting susceptibility will be féa in the “Susceptibility”
tab.

14
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Opened data can be analyzed in the same way as mvbasured; by pressing the
button “RUN CURVE FIT” in the “Data analysis” pagehich is described in chapter
3.1.6.

Opened files can be saved as new files by clickimghe “Stop & Save” button. If the
curve fit algorithm has been run the new file head# consist of the original header
of the opened file plus information about the cufivénput parameters together with
the results of the curve fit. Also the resultingseptibility from the curve fit (both real
and imaginary part) will be added as two extra gwis in the new data file.

Recalculated files can also be saved by clickirgg“®top & Save” button. The new
file header will then consist of the original fileeader plus a new header containing
information about the new background- and gain/pleibration files used for the
calculation.

15
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In this tab, the user can set the measurement paeesrbefore the measurement starts.

Estimated time left (min) |17

#Jl2s0000
{___) StartMeasurement

Data points

DynoMag selection mode
Yersion Bli Q Manual

Distribution of dataponks 1/ (Marual)

Status -
’l!uﬂv—' C ) Logarithmic
Measurement direction
C ) Increasing - Low freq to high freq
Lowfrequency  Number of data points
Temperature (degC) |- 1 . —

Data points file
all fregs.txt
Data points file header

Number of data points at
Highfrequency  each frequency

o

Select data points File

|time constants. txt
Tirhe constant cluster

Lowfreg Hghfreq  Tme constant

Lowfreq Hohfreq  Time constant

(___> Stopasaver Suscaptibility mode
_) Yolume suscept.

sempe Vobme [meroker]  Recalculate araphs

o200
Sample Mass [g]
o

Comments

{This text is saved together withthe datal = Working Directory

i N:\Projelt_L170041documentationtanvandarmanusl

Time constants file Select time constants fie

File name

|examele measurement (Used for the manual
vb1h).ext

Figure 7. The settings tab.

Data points selection modeUsing this control, the frequency points
are either manually selectellignual), or predefined frequency points

are chosen from a data fileAutomatic).

In manual mode, the

frequency interval is entered using the Low- andjfHifrequency
controls (see below). In Automatic mode, the datatg file is selected
by pressing th&elect data points fileand selecting an appropriate file
in the following dialog. The selected file is digpéd in theData points

file indicator.

Distribution of data points sets if the frequency points will be
distributed logarithmic (recommended if the plote #ogarithmic in
frequency) or linear.
Measurement directionsets if the measurements shall start at the low
or high frequency.
Low frequency ( 1 Hz) gives the lowest frequency point in the
measurement seriebligh frequency ( 250 kHz) gives the highest
frequency point in the measurement serdember of data points

( 2) is the number data points between the low agtl fiequency.
Number of data points at each frequency 1) is the number of data
points that is measured at each frequency point.

16
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Susceptibility mode The susceptibility can be measured in either
volume or mass susceptibility. This control setse tldesired
susceptibility mode for the measurement.

Sample mass If mass susceptibility is measured, the samplasniia
grams is entered here.

Sample volume If volume susceptibility is chosen, the sample wodu

in pl is entered here. The calibration sample flodlows with the
DynoMag system is adjusted for 200 pl sampleshéf user wants to
use smaller sample volumes the height of the @dldor sample must
be adjusted to be the same as for the measuredlesgsge the
calibration chapter 5).

Recalculate graphsIf the susceptibility mode has been changed while
the susceptibility graph contains data, pressiig lilatton recalculates
the susceptibility of the graphs to the new susb#ipt mode. The
button is disabled if no change of susceptibilityda has been made.
Working directory shows the path to folder where the last
measurement was saved. When starting a new mea=uiréime “User
Save dialog” will start in this folder. The workirgjrectory path can
also be changed by pressing the “browse buttotfigaight of the text
box.

Time constants can be modified by the user to the right in the
“Settings” page. The frequency intervals are frozmut the time
constants can be changed within 100 ms to 50 ssndigpg on the
frequency interval. If an invalid time constantuais selected, an
error message will be shown to the user and the tionstant values
will be reset to the default values defined in ¢bafiguration file“time
constants.txt”

17
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3.1.3 Instrument configuration tab
In this tab, the instrument configuration parangetare set. The graph shows the
excitation field amplitude versus the excitationedquency. The determined

susceptibility is compensated in the software far field amplitude variation with
frequency.

Settings config | calibration | Susceptibility | Data Analysis
DynoMag
oM port Excitation file Select exciation file
SR iBl' % comt1 = Lexcitation_dynomagé_{ 00219t
Status
. Excitation file header
| Read:
| Y Sparch Instument |2010-02-13 &
L2 |Excitation file, Dynomagits (SPU-CHB, AMP-
e |7, col system#8. S min warm-up@1kHz
Estimated time left (min) |17 t Lol
— v
Temperature (degC) -

Magnetic excitation field

&,00
K ) Start Measurement &
K ) Open Measurement =4
= z
C', o3
) Stop & Save? 2
52
3
S
L
0,00~ P i
Comments 1 10 100 1000 10000 100000 100000
{This text is saved together with the datal Frequency (Hz) [

File name

example measurement fused For the manual
(vbh)bet

Figure 8. The instrument configuration tab.

COM port sets the number of the communication port.

By pressing the buttoSearch Instrument COM-port the software will
find which COM-port the DynoMag system is connediedl' he DynoMag
system must be powered on.

Excitation file selection. This file contains data that describbe t
excitation field (in Gauss) as a function of theasi@ement frequencyhe
excitation field has been calibrated before shipneérthe system and it is
not recommended to edit or change this file. Chamthe data in the file
will not change the actual excitation field genedaby the system; instead
the data is used in the calculation following a sueament.

18
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3.1.4 Calibration tab

The controls of this tab set up the parametersthier calibration procedure. The
calibration procedure is explained in more detaithapter 5. The two graphs show
the result of the two calibrations (background gaih/phase). The first figure is a plot
of the background subtraction data points and goersd the gain/phase calibration.
Either new calibrations can be performeat, be selected from previous calibrations
by listing the corresponding calibration files.

Settings | Instrument config  Calibration | Susceptibility | Data Analysis

IMEGO# Background calibration file Select background caibration fie
noMa |background DM4 20100819, bxt [ | s
y 9 Background correction m{yi) |-

Version Bli 1,506-9-

g S

Status

Estimated time left (min) |17

File saved: 2010-08-19 11:40:28
(Comments: Background DM#4 measured at
IMEGO Flaor 5 lab. 2010-06-19jFA.
iDynoMag version: B1i
R IData points file: calib freqs.txt

3 Exciation file: excitation dmd extended

% 20100203t Start Background

e an Calibration

Biackground VJF (¥/Hz)

Temperature (deg €} |-

' ' |
30 1000 10000 100000 100001

Fraquency (H2) e |

14 ) StartMeasurement

C = ?4 Open Measurement Gain & Phase calibration file Select gain & phase caiibr ation file
|gainGphase DM4 20100813 bxt

Calibration sample properties

Curie constant

i}m‘ K [ a]

. e (For Dy,0, 5107

-4_,..4/ Fle saved: 2010:06-19 1315552 & P i R
mments: Gainfiphase DM o

< Gain factor (A2 Ve
(_) Stopesave? (amzfve) (Mo

Gain & Phase factors Phase error (rad) -
8.00-

»

8
T

Comments

\Comments: \ase 4 measured at
IThis text s saved together with the datal 4 IMEGO floor S lab, Sample#4. 2010-08-19]
FA,

8
o

DynoMag version: B1i
Data paints fie: calio fregs bt

[Excitation file: excitation dmd extended v C 2 Test Calibration
File name ( 0o 10000 100000 1000000 Q ST HETmGy

i ee—— Phase Calibrati
|exatrple measurement (ussd for the manual Frequency (Hz) ase Calibration
Ivbh.xt

Gain & Phase factors
¢ hbop

8
v

T

Figure 9. The calibration tab.

Background calibration file sets the name of the file for the background
subtraction. The background calibration file isesédd by pressing the
Select background calibration file and by selecting a proper file in the
following dialog. The selected file is displayed the Background
calibration file indicator.

Gain&Phase calibration file sets the name of the file for the gain and
phase correction. The gain&phase calibration Slese¢lected by pressing
the Select gain&phase calibration fileand by selecting a proper file in the
following dialog. The selected file is displayed the Gain&phase
calibration file indicator

Test calibration can be performed in order to control if the insteumin
needs to be recalibrated. For more details sedahay3.

Start Background Calibration and Start Gain and Phase Calibration
start a new calibration. See chapter 5.3 for metaild on the calibration

procedures.
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The Calibration sample properties,is where the mass of the calibration
sample must be defined when a new gain&phase atibbris performed.

In the Background calibration header and Gain Phase calibration file
headerthe user can find parameters that are saved icatitwation file

3.1.5 Susceptibility tab

This tab shows the result of the real and imagipary of the volume- or mass
susceptibility (depending on unit chosen with teesteptibility mode”-switch) versus
the excitation frequency. The real- and imaginast pf the complex susceptibility is
displayed in the graph and in the data files avtih@me- or mass susceptibility.

[0 DynoMag
Settings | Instrument config | Calibration Susceptibility | Data Analysis
IMEGO# Real part X' (¥ channel) [~

Imaginary part X (X channel) . .
DynoMag A1 1 . '
‘Version ]Eli

Status

Ready
Estimated time left {min) |17
Temperature (deg C) |-

4 ; Start Measurement
(__) OpenMeasurement
& .«b Stop & Save?

Comments

This text is saved together with the datal |«

File name

example measurement (used for the manual
whih).bxt

Figure 10. The susceptibility tab.
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3.1.6 Data analysis tab

The data analysis tab handles the curve fittinghef measured susceptibility to the
models described in chapter 3.2. A picture of thegmam window under this tab is
shown in Figure 11 below. The graph to the leftvehthe measured data points (red
circles and crosses) for the real and imaginary @fathe susceptibility, together with
the fitted data for both parts (black solid andhaakline).

The graph to the right is the result of the sizstrihution of the particles versus
particle radius. The size distribution is obtairfeam fitting of both the real and
imaginary part of the susceptibility. The finalesidistribution curve is the mean value
of these two curves weighted with the goodnessoff dit.

Instrument config | Calibration | Susceptibility ~Data Analysis
Exp. data, ¥ [, © wWeighted size distrbution |
Experimental and fitted data of X' and X" Exp. cota, &' [, * Particle size distribution L
DynoMag L =7 Qe [ Ol e Size distr, based on In-Fit 5
Curve fit, &' |~
0.12- % 3
version |B1i o t)
LN 0,005 -
01-
Status 5 0,007
[ Ready Z o 5 i
i - 0.08 \ £ 0.006
— g Y 5 0.005-]
Estimated time left (min) |17 5 0.06- 2
@ u, 0.004 -
Temperature {deg C) - 0.04 - 0.003-
0.002 -
.02~
0.001
L4 » >1 Start Measurement —S —or
00004455 - 1 i I i [ i 0.000 -7 I i 1 i Il N
Q (T il s 10 100 1000 10000 250001 3.4 50 100 150 200 250 304
4 Frequency [Hz] Particle diameter [nm]
> stoptcsaver R o SR
RUN CURVE FIT
s} urve fit results}
i ity [P 3 :
::ummenls 5 - R I;E(iai ty [Pa <] Curve fit parameters: Validity of fit:
[This text is saved together with the datal & . - T 5
This text is saved together with the datal Miikicore, — Median diameter [nm] | 101,53 Realpat a
Characteristic relaxcation time (tau_0) [s] Sigmna 152 | %
1E-10 X0 L j;;szj 11 hnttlstDE 7
b = " %_high 7.A0E3 -
g [ Run curve fit automaticaly  (1200ete anisotropy (3751 %0 1391 | tmaginary part
File name » - after measurement 1E+4 T_max Kz 4.0%-1 [Rn2* = 0.9977
RMZ2=0.9972
!xmpltex ;neasurement (used for the manual [ Show report (nitext sditor)  Surface layer thickness nm] tau_B_median [ms] 3.95E-1 e o =
, B i

Figure 11. The data analysis tab.

3.1.6.1 Running the Curve fit

After a measurement is ready or after a measurefiremns opened, the susceptibility
can be fitted to a AC susceptibility model (desedbn chapter 3.1), using the built in
curve fit algorithm. The curve fit is started byepsing the “RUN CURVE FIT”
button. By activating the checkbox “Run curve fitt@matically after measurement”
the user does not have to press the “RUN CURVE MBidtton to start the curve fit
algorithm.

When the curve fit algorithm is finished the fitsudts will be shown in the “Data
Analysis” window (see Figure 11). If the curve hias been performed after a
measurement, the user will be asked if the curveeBults should be added to the
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current measurement file. By selecting “Yes” cufitedata will be added to the
current measurement file. The default name forfiteewill be “measurement DATE
TIME (curve fit data incl.).txt’ Information about the model used in the curveafid
the values of the input parameters (such as visgasill be saved together with the
results of the curve fit parameters in the file dea(see example below). The fitted
data will also be added as two extra data colurfies the measurement data.

add curve fit data to the current measurement: file?

| == i [ Mo ]

Figure 12. Save dialog shown after the curve fi baen run.

If the curve fit algorithm has been run on datarfran “Opened” file, the user can
save the results as a new file by clicking the iS& Save” button. The new file
header will then consist of the original headertlad opened file, plus information
about the curve fit input parameters, model uselitlaa results of performed the curve
fit (see example below). The fitted susceptibiliigta (both real and imaginary part)
will also in this case be added as two extra cokumfter the measurement data. The
default filename will now bé-original filename- (curve fit data incl.).txt”

Example of aneasurement fileheader where curve fit data has been added:

File saved: 2009-10-01 12:00:00

Comments: Sample #

DynoMag version: B1li

Data points file: N/A (manual)

Excitation file: excitation_example.txt

Background calbration file: background_example.txt
Gain & phase calibration file: gain&phase_example.t xt
Time constants file: time constants.txt

Sample volume [micro liter]: 200

Curve fit model: Multi-core

Input parameter value(s):

Viscosity [Pa s]

1.0000E-3

Calculated curve fit parameters:

Median diameter (nm) Sigma X_0B X_high X_0f max (kH z)

tau_B_median (s) Re [R"2] Im [R"2]

1.0153E+2 1.5200E+0 1.3180E-1 7.4050E-3  1.3920E-1 4.0300E-1

3.9493E-1m 9.9996E-1  9.9723E-1
[Names of data columns]
---Data starts below this line---

22



Godkéand - Approved Dokumentidentitet — Document identity Revision - Revision

. DynoMag Manual Rev 22
smEe-
I M E G O .. == - Uppgijord - Prepared Dokumenttyp — Document type Datum — Date
. Manual 2010-11-23

Example of a file header of apened filewhere curve fit data has been added:

File saved: 2010-10-02 13:00:00

Comments:

Curve fit results has been added to measurement fil e: example measurement.txt
--------------- Original file header -------------

File saved: 2009-10-01 12:00:00

Comments: Sample #

DynoMag version: B1li

Data points file: N/A (manual)

Excitation file: excitation_example.txt

Background calbration file: background_example.txt

Gain & phase calibration file: gain&phase_example.t xt
Time constants file: time constants.txt

Sample volume [micro liter]: 200

[Names of data columns]

--------------- End of Original file header ------
Curve fit model: Multi-core

Input parameter value(s):

Viscosity [Pa s]

1.0000E-3

Calculated curve fit parameters:

Median diameter (nm) Sigma X_0B X_high X_0f_max (kH z)

tau_B_median (s) Re [R*2] Im [R"2]

1.0153E+2  1.5200E+0 1.3180E-1 7.4050E-3  1.3920E-1 4.0300E-1

3.9493E-1m 9.9996E-1  9.9723E-1
[Names of data columns]
---Data starts below this line---

If the measured data fits poorly to the model, esults will be shown and a message
will appear informing that the curve fit has fail@te condition for curve fit failure is
set to B < 0.9). In this case the curve fit data will net &dded to the measurement
file.

DM X]

Curve it error:
Measurement data Fits bad to the curve Fit model

R~2 (Re) = 0,5931
R-~2 (Im) = 0,6029

Figure 13. Error message shown if the measured fist@poorly to the chosen curve
fit model.

A Curve fit log containing output information and errors from terve fit function
(matlab script), is stored in a text file. The fik located at‘~\config\ curve fit
log.txt”, and is written every time th€urve fit has completed. The log file is
overwritten each time.
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3.1.6.2 Curve fit settings

Settings|

Yiscosity [Pa 5]
1E-3

Curve fit model

Multi-core W
Characteristic relaxation time (tau_00 [5]

1E-10
(] Runcurve fit automatically  |12an=tie snisotropy [ m =]
after measurement 1E+4
[ ] Show repart in text editor)  Surface layer thickness [nm]
1

Figure 14. Curve fit settings in the Data analytsis.

In the settings box down to the left the user cafind some different settings
regarding the Curve fit algorithm:

There are three different models that can be usdid the susceptibility data;
“Multi-core model”, “Extended multi-core model” arf&ingle-core model”.
The desired model is chosen from the drop-dowrcé#ied “Curve fit model”.
The models will be described more in detail belmd & chapter 3.2.

Depending on selected model there are some panantlesée must be set:

(0]

Viscosity [Pa s]: Viscosity of the liquid surrounding the magnetic
particles. (default value = 1E-3, corresponding water at room
temperature)

Characteristic relaxation time [s] #§) : (default value = 1E-10)
Magnetic anisotropy [J / m"3] (K)(default value = 1E+4)

Surface layer thickness [nm]Thickness of the outer surface layer of
the particles, in this case the difference betwden hydrodynamic
radius and the magnetic core radius. (default vallig

In the “Multi-core” and the “Extended multi-core” adel only Viscosity
parameter is included and therefore the only oa¢ tieeds to be set. In the
“Single-core” model all four parameters are incldide

The checkbox called “Run curve fit automaticallyeafmeasurement” can be
used to start the curve fit algorithm directly afflemeasurement is ready.
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If the checkbox “Show report (in text editor)” ictavated the“Curve fit
log.txt” file will be opened after the curve fit is readyjhe log contains some

additional information about the curve fit algonth

3.1.6.3 Curve fit results

The “Curve fit results” box is located down to righ the "Data analysis” tab. The
final results of the curve fit parameters will lmaifid here. Depending on the chosen
model the corresponding fit parameters will beelishere. The fit parameters are

described in the tables below (For further inforioratsee chapter 3.2).

Table 1. Curve fit parameters : Multi-core model

Median diameter [nm]| Median hydrodynamic particle diameter
Sigma () Wid_th_of the log-normal particle size distributidgeometrical standard
deviation)
Cop DC susceptibility for the particles that underg@Bnian relaxation
o AC susceptibility at frequencies much higher tha Brownian relaxatio
ol frequency
c Total DC susceptibility, i.eCo = Cog + Chign, Whereciig, is the susceptibility
< contribution from high frequencies
f " Frequency where the imaginary part is at its marmand is calculated
max [KHZ] ¢ i icle di
rom the median particle diameter.
Median Brownian relaxation time for the measuredtige distribution
t8 median[MS]* (ms). The relaxation time is calculated from thegfrency maximum
(l‘B medial = l/(2 fma))-

* Not included in curve fit model, but calculateoih the other parameters.

— Curve fit resulks |
Curye fit parameters: Yalidity of Fit:
"Median diameter [nm] | 101,53 \Realpart: Al
| Sigma 1.52 (B2 =1.0000
|- e S - L DISBE7
| %_high 7 40E-3 |
| %0 1.39-1 Imaginary part:
| F_mazx [kHz] 4,03E-1 '!RAE* =0.9977
| tau_B_median [ms] 3.95E-1 (B2 =0.5572
| |55E = 5,0786E-7 w

Figure 15.

Example of curve fit results using thaltMcore model.
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Table 2. Curve fit parameters : Extended multi-comedel

Median diameter [nn

Medianhydrodynamicparticlediamete

Width of the lo-normal particle sizedistributior (geometrical standat

sl () deviation)
Cos DC susceptibility for the particles that underg@mBnian relaxation
Con DC susceptibility for the particles that undergbiEs| relaxation
In Néel relaxation time (ms)
a Distribution parameter,
fna> [KHZ]* Frequency where the imaginary part is at its marimu
Median Brownian relaxation time for the measuredtigle distribution
ts median[MS]* (ms). The relaxation time parameter is estimatefdom the curve fit in the

data analyzing partt § mediar = /(2 fma) )

* Not included in curve fit model, but calculatadih the other parameters.

Table 3. Curve fit parameters : Single-core model

Median diameter [nnr

Medianhydrodynamicparticlediamete

Width of the lo-normal particle sizedistributior (geometrical standai

sl () deviation)

C Susceptibility constant

c AC susceptibility at frequencies much higher th@ Brownian relaxatior
high

frequency

As a measure of how well the model fits to the expental data three validity
parameters are presented together with the restilie curve fit (Table 4).

Table 4. Validity of fit (Same for all three models

The coefficient of determination, which is a stides measure of thé

7

N
R"2 goodness of a fit. ( , Where a higher value indicates a better fit|.
RAD* The adjusted ~2 value. This is a modification of R*2 value with pest to
the number of fit parameters used in the model.
SSE The sum of squares of errors (residua
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3.2 Modeling of the AC susceptibility

3.2.1 Multi-core model

In order to model the AC susceptibility for a matmenano-particle system that
undergo Brownian relaxation (nano-particles thattam single-domain crystals with
slower internal Néel relaxation than the Browniaartigle relaxation) with a

distribution of Brownian relaxation times (due taliatribution of hydrodynamic sizes
of the particles), the Debye model is integratedrdiie size distribution according to
(the AC susceptibility is built from two parts, tiiBrownian relaxation part and the
Néel relaxation part):

— COB(rH) - 1
= Z0BVH/ _{(r. )d = = flr, )d ,
(1+j'/'/ls(rH)) (rH) T " Chion ™ e (1+ erB(rH)) (rH) G (4

wherecpg is the DC susceptibility for the particles thadargo Brownian relaxation,
Chigh IS the dynamic susceptibility at frequencies mingher than the Brownian
relaxation frequency (due to single-domain crystaith fast Néel relaxation with
respect to the Brownian relaxation)y the angular frequency B, ry the
hydrodynamic radius of the particlefry) is the hydrodynamic radius distribution
function, andfg is the Brownian relaxation time according to:

_3Vh _dorih
keT kT

where Vy is the hydrodynamic volume} the viscosity of the liquid the magnetic
nano-particles are placed kg, the Boltzmann constant aiids the temperature.

In the last step in equation 4, the DC magneticegpigbility of the Brownian part is
assumed to be independent of the hydrodynamic wlai the particles. This
assumption has been tested in a large numbertiob&t and the approximation gives
results which are comparable to other methods miéterg the hydrodynamic size.
The total DC susceptibility at zero frequencycts= copb + Chigh. In the DynoMag
software, this model is referred to as thelti-core modeland it can be used for
magnetic multi-core particles (meaning that the medig particles containing several
numbers of single-domains). This model should bsaised when the Néel relaxation
part is at much higher frequencies than the Browngaxation part.

lg [5]

By fitting experimental data of the dynamic susisliy to the above described
model, equation 4, it is possible to determinettydrodynamic size distribution of the
magnetic nano-particle system provided that thetighes contain single-domain
crystals with slow internal Néel relaxations withspect to the particle Brownian
relaxation.
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The log-normal distribution is used for the hydrodsnic radius distribution function,
f(ry), and is expressed as:

1 2™

1 - ns Ty
f(r)u € ? [6]

H
in which s sets the width of the distribution (geometricalnstard deviation).

The log-normal distribution is seen below for tlaene median hydrodynamic radius,
rmn (5 nm) but with different distribution widths ((sigma) values). The sigma values
starts at 1 which gives a delta distribution fumefimeaning a particle system with
only one hydrodynamic size.

0.25

0.2+ B
sigma = 1.1
0.151 s,gma =13 i
8 sigma = 1.5
5
a
2
8 g1l i

0.05r-

0 2 4 6 8 10 12 14 16 18 20
Domain radius (nm)

Figure 16. The log-normal distribution versus hydyoamic particle radius with a
median radius of 5 nm and plotted for differentthvd(the sigma value).

As can be seen in Figure 16, the width of the ithstion increases with increasing
sigma. The sigma value can also be expressed & wids (radius in this case)
according to

[7]
where the widths;, is now expressed in the same unit as the paradies.
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3.2.2 Extended multi-core model

In the DynoMag software it is also possible to dwan extended multi-core model
where the Cole-Cole expression is used to modelNthed relaxation part. In this case
the Néel relaxation part does not have to be athmhigher frequencies than the
Brownian relaxation part which is the case for iasic multi-core model described
earlier. This model can be used when the Néel aéilaxx is more or less overlapping
the Brownian relaxation in frequency. The extendadti-core model is described
according to

=c 1 r,)ar, +
“0= o0 e ) O

Co

N

1+(jur )

[8]

where the last part in equation 8 is the Cole-@alaression that describe the AC
susceptibility contributions from the Néel relaraticoy is the DC susceptibility due
to the Néel relaxatiorty is the Néel relaxation time ardescribes the degree of
distribution of the Néel relaxation times (due imedistribution of the single-domains
and/or magnetic interactions between the singleaios) and can have the values

. The result of this modelling gives the size disttion of the particles, the
DC susceptibility contributions from the BrowniamdaNéel relaxation process and
the distribution of the Néel relaxation times.

3.2.3 Single-core model

In the case of measuring on single-core partictegfetic particles containing only
one single-domain crystal), the single-core motleltd be selected. The AC
susceptibility can in this case be described by

6

— ) I'e \ _
c (W) C (1+ it (rH )) f (rH )drH * Chign | [9]

in which C is a constant,c the radius of the magnetic single-domain crystal, the
AC susceptibility contribution at higher frequerscend/s is the effective relaxation
time given by:

— - - [10]

In this expressioryg is the Brownian relaxation time defined earliethe text andy
is the Néel relaxation time described by:
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wheret, is characteristic relaxation time (in the rangd @t° s) andk the magnetic
anisotropy of the single-domain crystals. The retabetween the hydrodynamic
radius,ry, and the “magnetic single-domain radius,is:

% & [12]
All of these parameters can be set in the softwafere the fitting starts. The result

from the single-core fitting procedure is the sirribution of single-core particle
system.
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3.3 Installation guide for DynoMag Software v.B1li

The DynoMag software is already installed in thed®@ should only be reinstalled in
the event of a PC hardware failure, or if the DymgVsoftware gets corrupted for
some reason.

On the DynoMag software disc four different direede can be found,
DynoMag_v.B1i NI-DAQ 8.0.1 Labview Runtime Enginand Matlab Component
Runtime The disc should also contain the manual for tiiedMag system.

To install the DynoMag software on a computer thifving steps must be taken:

1.

Install theFTDI-drivers on the PC by connecting the DynoMag to the PC
and switch the DynoMag power on. The drivers amentbin theFTDI
driversfolder. Make sure that Windows is looking for dnig in this
folder.

Install the Labview Run-time Engine (Version 8.0.1 for Windows
2000/XP) which can be found on the software disth@lLabview Runtime
Engine folder. Click onLabVIEW_8.0.1_Runtime_Engine and follow

the instructions. This application is necessaryuo programs made in
Labview (www.ni.com).

Install VISA Runtime 4.2 which can be found on the DynoMag software
disc. Click onVISA Runtime 4.ZXlick “Run”, when the first dialog
window appears, to confirm running the file. Clitknzip” in the second
dialog to decompress the file into the default éolquse the file path
suggested in the dialog).

Install Matlab Component Runtime v7.9 (MCR) from the Software
disc’'s MCR Installer folder. Click on MCRInstaller.exe to run the
installation wizard and follow the instructions.

Copy the program foldeDynoMag vB1lifrom the Software disc to the

computer hard disc. Copy the folder into an optiofzlder, e.qg.
C:\Program Files.
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6. Finally, it is important to verify that the decimgymbol is set to." in
windows. This can be made ifRRégional and Language Optidnm the
“Control Panel. Choose the Regional Optionstab and then click on the
“Customize” button. Then check the setting for tdecimal symbollt

should be set to “.” and not to “,".

Regional and Language Options |E|E|

Fiegional Options | Languagas‘ | Advanced

Customize Regional Options
Standards and fomats

: : Mumbers | Cumercy | Time | Date
This option affects how some programs format numbers, currencies, | 2

dates, and time

Sample

Select an itemn to match its preferences, or click Customize to choose Pasitive: ‘123 456 789.00 ‘ Megative: i—1 23 456 789.00 |
Pour own formats: ]

Swedish \q | Customize... |

Samples Decimal symbol v
Mumber: |123 456 789,00 No. of digits after decimal 2 v

Curtency:  [123.456,789,00 ks

|
| Digit grouping symbal, ,—v|
Time | 11-19.02 | Digit grouping: [123458 788 |
Shart date: | 20061 2-07 | Negative sign symbal |:|
Long date: |dgn 7 december 2006 | Megative number format:
Display leading zeros: o7 w
Location List separator: I &
To help services pravide pou with local information, such as news and Measirement system:

weather, select your present location:

Sweden v

[ ok [ canmca ]| sl

7. To startDynoMag run the application fil®ynoMag B1li.exein the
DynoMagdirectory.

Clyrio
tfag

Shortcuk bo
DynoMag
vBli.exe
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4 Measurement instructions

4.1 Sample preparation and sample mounting

Together with the DynoMag system follows a few glaample vials. New sample
vials can be purchased from VWR international (@at. No 548-0042).

The DynoMag instrument is designed for sample velsinof 200 ul, but smaller
volumes can also be measured if the calibrationpais changed accordingly (see
the text in the calibration chapter).

For liquid samples, slowly fill the glass samplalwvith 200 pl of the substance to be
measured. If some of the liquid have contaminatedupper walls of the sample vial,
refill another sample vial with new liquid.

For powder samples, fill the sample vial with enowgnounts so the height of the
powder corresponds to the calibration sample (cain®). Weigh the sample vial
before and after the filling of the powder so yavé the mass of the powder. Instead
of the sample volume in the setting window, wriie mass of the powder sample in
milligrams. The determined susceptibility in thizse will be the mass susceptibility
(in Sl units” 10° m*/kg).

Open up the door of the front panel by gently presthe locking screws and turn the
screws about 90 degrees. There are two lockingvscre

Figure 17. Instructions for opening the door to tiel system and the sample rod
for sample mounting, by pressing and turning tlukilg screws.
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Mount the sample carefully into the vial holdero€# the door completely with the
locking screws after sample mounting. The door nalstiys be closed before the
measurements or calibration starts.

Figure 18. Picture of the sample on top of the sgdtem. The coil system and the
sample rod is protected by the white panel.

4.2 Starting and stopping the measurement

Set the measurement parameters according to ttveasefchapter (chapter 3.1.2) and
press the start button on top of the program windbiwe data points of the real and
imaginary part of the dynamic susceptibility wilbrdinuously be displayed on the
susceptibility graph (chapter 3.1.5).

The measurements stops automatically when the flaguency point has been

measured. When the data is fitted to the suscéftibiodel as described in chapter

3.1, the result of the fitting is shown in the drapThe data is automatically stored
after the measurement. If the user does not wastte the data, press the cancel
button when the system asks the user for the diteen
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If the measurement for some reason must be teredrthen the stop/save button can
be pressed on the top of the program window. Thgram will then terminate the
measurement and proceed to the data fit and &fiecontinue to the save routine.

The sample moves automatically to the top of thesystem and the sample can be
dismounted and a change of sample can be performed.

4.3 Interpretation of the data

The graph below shows the real and imaginary gaattgpical magnetic nano-particle
system with a single magnetic relaxation frequentyl kHz. It could be from a
magnetic nano-particle system with a very sharp digtribution and that the particle
contains single-domain crystals that have interrglhxations longer than the
Brownian relaxation of 1 kHz (particle diameters about 75 nm at room
temperature).

1.4

1.2+ 4

real part
imaginary part

Dynamic susceptibility

Frequency (Hz)

Figure 19. Real and imaginary part of the dynamisceptibility versus frequency for
a magnetic nano-particle system with a single rafe frequency at 1 kHz.

At low frequencies compared to relaxation frequetieymagnetization can follow the

excitation field. At these low frequencies the rpait of the susceptibility is more or

less constant in frequency and the imaginary gastase to zero. At frequencies close
to the relaxation frequency the magnetization thgsexcitation field and the real part
decreases and the imaginary part exhibits a maxiature relaxation frequency.
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The imaginary part corresponds to energy loss efgdrticle system, and it absorbs
maximum energy at the frequency where imaginary gflasws a maximum. At higher
frequencies compared to the relaxation frequently thiee real and the imaginary part
decreases to small values. At these frequenciesidigmetization due to the relaxation
at 1 kHz has difficulties to follow the excitatidield.

If the particles contain single-domain crystalshwast internal relaxation compared to
the relaxation at 1 kHz there is a non-zero compbr## the real part of the
susceptibility at higher frequencies which is shawirigure 19. At these frequencies
only the magnetization part due to these fastmaterelaxations of the single-domains
can follow the excitation field.

The real and imaginary values can be visualizethé complex plane (almost the
same when studying AC electric circuits).

Figure 20. The excitation field and the phase laggegnetization. The definitions of
the real and imaginary part of the dynamic susdslityy are also shown.

The phase angle between the excitation field aedrthgnetization is given by:

tana —i¢¢ 13
c¢ [13]

In a real magnetic nano-particle system therevimypd some distribution of relaxation
frequencies. This gives a wider AC susceptibilfpggstrum than shown in Figure 19.
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5 Calibration

5.1 Introduction

The DynoMag system is calibrated by a two-stepimeutn the first step, the response
is measured with an empty sample vial. The efféthis measurement is to detect the
difference in signal when the empty sample vialnigshe upper coil to when the
sample vial is in the lower coil. The differenceat$ributed to a variety phenomena,
for example dielectric and diamagnetic propertidstlte sample vial and the
mechanical arm moving the sample. The differengeadiis a complex number and it
is a background level which is subtracted fromrtieasured signal in the subsequent
measurements.

The second step is performed with a sample contiaimaterial with a known and
preferably frequency independent magnetic susabptidbn DynoMag a dysprosium
oxide, DyOs, a paramagnetic sample is used. The real paripaf@amagnetic sample
is completely constant in the whole frequency ranfehe DynoMag system. The
dimensions of the calibration sample should besttree as the measurement samples,
in order to have the same coupling factor in thiecteon coil system for calibration
sample and measurement samples.

The frequency dependency of the gain and the plmsa major concern in
construction of a high bandwidth AC susceptométbe frequency dependency of the
gain and the phase shift becomes strong at higjuérgcies, especially at frequencies
close to the resonance frequency of the deteciansgstem or the excitation coil
system. The gain and phase shift can also becosgeidncy dependent due to the
properties of the excitation electronics and/ordeeection electronics. The measured
sample data will become incorrect, especially ghHrequencies, if these effects are
not compensated for.

The frequency dependency of the gain and the péfaiiels compensated for using a
calibration routine at many different frequencieotgh the whole frequency range of
the DynoMag system. The measured complex voltage fihe calibration sample,
Vca, divided with the frequency subtracted with thekgaound levelyV,, divided with
the frequency, gives the frequency dependent compkdibration factor, C(f),
according to:

— n"'cal
C(f) VRV [14]

cal b

f f

cal cal
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wheref., is the used frequencies for the calibration prace@ndr, is the magnetic
moment from the calibration sample given by:

rT‘bal = Cmass)q‘nassxld [15]

Where cmassis the mass susceptibility in®fig of the calibration samplepassis the
mass of the calibration substance in kg Hpds the calibration field amplitude in A/m
(the field amplitude in the DynoMag system is 0.5 i Gauss)= 398 A/m). The
reason for dividing with the frequency is due tattthe induced voltage is directly
related to the frequency (see the introduction apFrom the above calibration
factor, C(f), the frequency dependent gain and phase calibréictors (see chapter
3.1.4) can be obtained.

In the DynoMag system a paramagnetic materiab@)yis used in which the real part
of the susceptibility is constant and the imagingayt is equal to zero in the entire
DynoMag frequency range.

The room temperature value of theass susceptibility of D®s is 3.020L0° m/kg
(SI units). For each frequency point that is meagurthe mass susceptibility is
compensated using the current measured tempeiattine coils. A new calibration
value (valid for DyO3; powder) is showed to the user in the program fpamiel, Cmass
=9.0010' [m®K/ g ].

3
000107 MK

mass — T[K]

g [16]

O
|

The measured sample temperature will also be loggethe Background and
Gain&phasecalibration files.

The complex calibration factor is then used tolratie the measured sample signal to
magnetic moment both in magnitude and phase. Tm®lgg system then calculates
the volume susceptibility (in SI units) by dividirthe magnetic moment with the
sample volume and the used excitation field amgdittat each measurement
frequency. If the measurement frequency does rinticke with the chosen calibration
frequencies the DynoMag program makes a linearpotation between the data
points to find the correct calibration factors.

! D.R. Lide, Handbook of Chemistry and Physic&) F8ition, CRC Press LLC, 1998
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5.2 Calibration sample

As calibration sample the paramagnetic materigQ3ys used. For this material the
value of the real susceptibility is constant ané imaginary part is zero with
frequency (at constant temperature) in the wheguency range of DynoMag.

A calibration sample is included in the DynoMagteys. The sample is sealed with
silicon in order to avoid moisture absorption ie ttalibration sample. The calibration
sample can be stored at room temperature.

If a new calibration shall be prepared it is vanportant to have the right length of
the powder sample (the length should be the sarfa #se measured sample, about 6
mm). The mass of the powder shall also be docurdefitee mass shall be set in the
calibration window before the calibration is perfmd. New DyO; substance (CAS
No 1308-87-8) can be purchased from for instangen&iAldrich (99.9 % purity, No
289 264).

Preparation of new calibration sample is recommeratee every year. Such sample
can also be purchased from Imego AB.

5.3 Calibration instructions

In the DynoMag Ble software version, a calibratiest function can be activated in
order to verify that the last calibration files awdid.

It is recommended to perform the calibration testpdure once every second month
or when the instrument is moved. If the calibratiest shows that the DynoMag needs
recalibration, this should be done.

5.3.1 Background calibration

Mount an empty sample vial onto the sample rods Itecommended to use the
optimized calibration frequency points in tbalib_freqgs.txtdata file that follows the
DynoMag system (chapter 3.1.2). Start the calibratvith the start background
calibration button in the calibration window (chapter 3.1.Bhter comments in the
Comments window. After the calibration, enter a descriptifilename in the save
dialog.

5.3.2 Gain and phase calibration

Load the last proper background calibration filg,poessing theSelect background
calibration file button (chapter 3.1.4). Mount the calibration sammhto the sample
rod. It is recommended to use the optimized cdifmafrequency points in the
calib_fregs.txtdata file that follows the DynoMag system (chapet.2). Start the
calibration with thestart calibration button in the calibration window (chapter 3.1.4).
Enter comments in thEomments window. After the calibration, enter a descriptive
filename in the save dialog.
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Typical value of the calibration factor for the as 4 Anf/Vs and for the phase is
near zero radians at frequencies below 1 kHz.

5.3.3 Test Calibration

A Calibration Testcan be performed in order to control if the instant needs to be
recalibrated. In this case a standard measuremdhtbe performed, using a
calibration sample but in the end some statistizsaf, standard deviation)( RMSE)
will be calculated for the real and imaginary pafrthe susceptibility respectively. The
RMSE(root mean square errasr root mean square deviatiprs calculated as:

RMSE=+ MSE= /% -y [17]

The calculatedRMSEvalue (for both Re and Im-part) will be comparedatcontrol
value,RMSE_limit and if the calculated values exceed the contale; the user will
be recommended to re-calibrate the DynoMag instnime

The value foRMSE_limithas been defined as 3*10which corresponds to ~1% of
mass susceptibility of the calibration sample.

The Calibration Testis started by pressing the “Test Calibration” bnttin the
“Calibration” page. The software will then autonsatly choose the frequency interval
for the test (20 data points between 20 Hz — 250, kbbarithmic separated for the
calibration test). The data will (also automatigabbe measured in mass susceptibility
because the calibration sample is a powder.

Measurement data will be saved to file as usualBfgult name:calibration_test
[date][time].txt”). An additional log file, which will include thetatistical data, can
also optionally be stored (default narfmalibration test statistics [date][time].txt).

5.3.4 Calibration history
It is recommended to monitor and compare the kgiration files to previous ones in
order to check that the system is stable (for mestdy plotting the files).

If the user observes large variations of the catibn factors or if the calibration

factors show a continuous changing trend in tineevise of the instrument needs to
be performed and therefore Imego AB should be cbeda
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6 Specifications

Table 5. System Specifications.

Property Value Comments

Frequency interval| 1 Hz — 250 kHz Measurement aaxguis lower below 5
Hz.

Amplitude of 0.5mT=5G The magnetic field strength is constan

excitation field below 1 kHz, falling off at higher
frequencies.

Volume 410" The value is the standard deviation of -

susceptibility volume susceptibility, measured at 1 kHz,

resolution with an excitation filed of 5 G and a time
constant (measurement time) of 1 s.

Operating Normal lab It is recommended to use the Dynolv

temperature temperatures system at normal lab temperatures.
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