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WHAT ARE WE TALKING ABOUT TODAY?

▸ SQUID 

▸ which means we’ll spend a few words on VSM as well. 

▸ Spin-polarised STM 

▸ which means we’ll spend a few words on MFM as well. 

▸ BLS 

▸ which means we’ll spend very few words on FMR as well. 

▸ Mössbauer spectroscopy 

▸ Magneto-optics



SQUID



WHAT DOES IT STAND FOR?

▸ Squid.

https://www.antarctica.gov.au/about-antarctica/animals/squid/ 
http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/Squid.html

https://www.antarctica.gov.au/about-antarctica/animals/squid/
http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/Squid.html


WHAT DOES IT STAND FOR?

▸ Squid.

▸ Or maybe SQUID? 

▸ It’s a Superconducting 
Quantum Interference 
Device. 

▸ Seems boring.

https://www.antarctica.gov.au/about-antarctica/animals/squid/ 
http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/Squid.html

https://www.antarctica.gov.au/about-antarctica/animals/squid/
http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/Squid.html


ONE STEP BACK: MAGNETOMETERS

An instrument that measures the magnetisation of a magnetic sample as a function of H.
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ONE STEP BACK: MAGNETOMETERS

An instrument that measures the magnetisation of a magnetic sample as a function of H.

WRONG on so many levels!

NO! It measures the magnetic moment.
• The field is generated by a coil or a magnet: so it’s B. 
• The measurement is in open-circuit: so Hd ≠ 0. 
• And normally you don’t have the slightest idea on 

how to calculate Hd. 
• So what you actually mean is Ha, but you assume that 

H ~ Ha. 
• And then there are magnetic materials everywhere.



BUILDING BLOCKS

▸ A means of generating a magnetic field of the desired 
intensity. 

▸ A means of measuring the applied magnetic field. 

▸ A means of controlling any additional quantity of interest 
(temperature, orientation of the sample with respect to the 
applied field, etc.). 

▸ A means of measuring the magnetic moment of the sample 
(or at least one of its components).



TYPICAL WAYS TO GENERATE MAGNETIC FIELDS IN MAGNETOMETERS

Electromagnets 
up to 2 – 3 T  (20 – 30 kOe) 

non-linear (closed-loop feedback required) 
measurement of applied field easy 

typically used in VSM

Superconducting solenoids 
up to several T (< 20 T, < 200 kOe) 
almost linear (one-time calibration 

required) but with hysteresis 
measurement of applied field hard or 

impossible 
typically used in SQUID and SQUID/VSM

https://commons.wikimedia.org/wiki/File:AGEM5520.jpg
https://cryomagnetics.com/products/high-field-nb3sn-solenoids/

https://commons.wikimedia.org/wiki/File:AGEM5520.jpg
https://cryomagnetics.com/products/high-field-nb3sn-solenoids/


FIELD MEASUREMENT: ELECTROMAGNETS

A gaussmeter with 
transverse and longitudinal 

Hall probes
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https://commons.wikimedia.org/wiki/File:AGEM5520.jpg
https://www.lakeshore.com/products/categories/overview/magnetic-products/gaussmeters-teslameters/model-475-dsp-gaussmeter
https://www.lakeshore.com/products/categories/overview/magnetic-products/hall-probes/400-series-hall-probes

https://commons.wikimedia.org/wiki/File:AGEM5520.jpg
https://www.lakeshore.com/products/categories/overview/magnetic-products/gaussmeters-teslameters/model-475-dsp-gaussmeter?srsltid=AfmBOoqS6NHWxhqSCCpFsfq7qukeX5nObXtO_cYbX7DysCq_c7Q_zVDy
https://www.lakeshore.com/products/categories/overview/magnetic-products/hall-probes/400-series-hall-probes


FIELD MEASUREMENT: SUPERCONDUCTING SOLENOIDS

<

A voltmeter or an 
ammeter (the calibrated 
coil factor must be known). 

And then there’s the coil 
hysteresis…

https://cryomagnetics.com/products/high-field-nb3sn-solenoids/
https://mriquestions.com/how-to-ramp.html
https://accusrc.com/product-Agilent-HP-3468A-4727

https://cryomagnetics.com/products/high-field-nb3sn-solenoids/
https://mriquestions.com/how-to-ramp.html
https://accusrc.com/product-Agilent-HP-3468A-4727?srsltid=AfmBOooRCEZlkO79upZyW9J13_uSOTWFFFWJHharkIvNzhiGErdKewNz


MEASURING THE MAGNETIC MOMENT: VSM

▸ Vibrating Sample Magnetometer.

55 

 

The other extremity of the rod is connected to a linear engine or to a phonic system that 

makes the sample vibrate at the center of the gap. The amplitude of oscillation is usually 

around ±1-3 mm from rest position and vibration frequency is comprised between 60 and 

100 Hz. Appropriate pick-up coils are positioned in correspondence of the magnet poles, 

near the sample. The sample is magnetized by the field generated by the magnet, uniform 

in all the vibration area. The magnetic flux generated by the magnetized sample is 

concatenated with the pick-up coils. The vibration of the sample is responsible for the flux 

being variable in time, thus inducing a f.e.m in the in the pick-up coils. This f.e.m., 

recorded, filtered and amplified with a lock-in amplifier, is proportional to vibration 

frequency, vibration amplitude and magnetic moment of the sample. The former two are 

maintained constant, the latter is determined by comparison with a reference material, used 

for calibration [21, 62].  

 

       

Figure 4-3. VSM mounted for low temperature measurements. In (a) the liquid helium dewar 

feeding the cryostat can be seen. In (b) the LAKESHORE 710 VSM with the cryostat and sample 

already positioned is shown. 

In this study a VSM (figure 4-3(b)) was used for low temperature magnetic 

measurements by using a cryostat (figure 4-4). The cryostat was fed with liquid 

helium or nitrogen (figure 4-3(a)). 

(a) (b) 

8.2 OPEN SAMPLE MEASUREMENTS 507 

P C -  Vibration control, 
field control, processing. 

I DC to the 
source oven / cryostat 

Ref. magnet 
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FIGURE 8.15 Scheme of vibrating sample magnetometer using an electromagnet 
as field source. The law of variation of the magnetizing current with time is 
defined by software, implementing real-time control of the field strength by means 
of feedback, driven by continuous reading by an interfaced Hall unit. The current 
is generated by means of a bipolar power supply driven by an interfaced DC 
source. The voltage induced in the pickup coils is amplified by means of a lock-in 
amplifier, whose internal reference signal, driven via a computer-controlled 
procedure relying on the signal generated by the vibrating reference magnet, is 
used to feed the power amplifier supplying the vibrator. Tracing a complete 
hysteresis loop can take several minutes. 

[Fiorillo]



8.2 OPEN SAMPLE MEASUREMENTS 507 

P C -  Vibration control, 
field control, processing. 

I DC to the 
source oven / cryostat 

Ref. magnet 

/ 
Vibrating Bipolar power 
h e a d  supply 

_ 

Ref. coils 

Pickup coils'[ 

Sample 

1 
p I i / 

. . . . .  / 
Hall plate 

g rod 

Pickup coils 

FIGURE 8.15 Scheme of vibrating sample magnetometer using an electromagnet 
as field source. The law of variation of the magnetizing current with time is 
defined by software, implementing real-time control of the field strength by means 
of feedback, driven by continuous reading by an interfaced Hall unit. The current 
is generated by means of a bipolar power supply driven by an interfaced DC 
source. The voltage induced in the pickup coils is amplified by means of a lock-in 
amplifier, whose internal reference signal, driven via a computer-controlled 
procedure relying on the signal generated by the vibrating reference magnet, is 
used to feed the power amplifier supplying the vibrator. Tracing a complete 
hysteresis loop can take several minutes. 

MEASURING THE MAGNETIC MOMENT: VSM
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FIGURE 8.14 Examples of saddle point coil arrangements in a VSM for vibration 
perpendicular (z-axis) to the direction of the magnetic moment  (x-axis). The sample 
is attached to a non-magnetic vibrating rod. The arrows marked on the coils 
identify the way in which the signals from the coils have to be added. The four-coil 
system is the so-called Mallinson's set [8.21], while with the eight-coil configuration 
and a different set of connections, the component of the magnetic moment  along the 
y axis can also be detected [8.23]. The diagram (d) shows the behavior of the relative 
magnetometer output (i.e. the sensitivity function gx(Z)) for transverse vibration 
when the position of the vibrating sample is displaced along one of the reference 
axes x, y, z. The calculations are made assuming small coil size with respect to the 
intercoil distances (small coil approximation) and the relative output is normalized 
to the unit turn-area of the coil system. The upper and lower families of curves for 
the two-coil arrangement are obtained for flat coils (d = 1, h - - 0 )  and long coils 
(d -- 1, h -- x/~), respectively. Four-coil arrangement: the dashed lines are obtained 
with dx = 1, dz = 0.389, while the continuous lines correspond to d.,. = 1, dz = 0.678. 
Eight-coil system: d.,. = dy = dz = 1/~/2. This system exhibits, by virtue of its cubic 
symmetry, identical response along the three axes (adapted from Ref. [8.22]). 

output = f(⌫, A,m, x, y, z)
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[Fiorillo]
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The other extremity of the rod is connected to a linear engine or to a phonic system that 

makes the sample vibrate at the center of the gap. The amplitude of oscillation is usually 

around ±1-3 mm from rest position and vibration frequency is comprised between 60 and 

100 Hz. Appropriate pick-up coils are positioned in correspondence of the magnet poles, 

near the sample. The sample is magnetized by the field generated by the magnet, uniform 
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recorded, filtered and amplified with a lock-in amplifier, is proportional to vibration 

frequency, vibration amplitude and magnetic moment of the sample. The former two are 

maintained constant, the latter is determined by comparison with a reference material, used 

for calibration [21, 62].  

 

       

Figure 4-3. VSM mounted for low temperature measurements. In (a) the liquid helium dewar 

feeding the cryostat can be seen. In (b) the LAKESHORE 710 VSM with the cryostat and sample 

already positioned is shown. 

In this study a VSM (figure 4-3(b)) was used for low temperature magnetic 

measurements by using a cryostat (figure 4-4). The cryostat was fed with liquid 

helium or nitrogen (figure 4-3(a)). 
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x

y

z

[Fiorillo]



MEASURING THE MAGNETIC MOMENT: VSM
▸ n (vibration frequency): defined and 

fixed. 

▸ A (vibration amplitude): defined and 
fixed (feedback loop on vibrating head). 

▸ x, y, z: adjusted by user optimising 
output value. 

▸ Calibration: find output (V) for known m. 

▸ Measurement: use calibration constant 
for converting V into Am2 or emu for 
unknown m, one point (value of H) at a 
time.

output = f(⌫, A,m, x, y, z)
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FIGURE 8.15 Scheme of vibrating sample magnetometer using an electromagnet 
as field source. The law of variation of the magnetizing current with time is 
defined by software, implementing real-time control of the field strength by means 
of feedback, driven by continuous reading by an interfaced Hall unit. The current 
is generated by means of a bipolar power supply driven by an interfaced DC 
source. The voltage induced in the pickup coils is amplified by means of a lock-in 
amplifier, whose internal reference signal, driven via a computer-controlled 
procedure relying on the signal generated by the vibrating reference magnet, is 
used to feed the power amplifier supplying the vibrator. Tracing a complete 
hysteresis loop can take several minutes. 
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MEASURING THE MAGNETIC MOMENT: SQUID

Indeed, it’s a VSM or an extraction 
magmetometer, where the amplifier connected 
to the pick-up coils is replaced by a SQUID.

[QD MPMS III SQUID-VSM manual]



MEASURING THE MAGNETIC MOMENT: SQUID

<latexit sha1_base64="OKORo6KGBxWa+ZT5efW/ndOOWAY="></latexit>
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[QD MPMS III SQUID-VSM manual]



MEASURING THE MAGNETIC MOMENT: SQUID

▸ Extraction: direct 
measurement of V(t) or V(x) 
and subsequent integration. 

▸ VSM: direct measurement 
of Vrms through a lock-in 
amplifier. 

▸ Comparison with calibration 
standard for determining 
the magnetic moment. 

▸ Acquisition of the measured 
curve one point at a time.
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[QD MPMS III SQUID-VSM manual]



EVENTUALLY YOU HAVE THE MAGNETIC MOMENT. NOW WHAT?

▸ Maybe you would like to obtain a magnetisation…

magnetisation =
moment

volume
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This is what you measure:

Mmeasured = Msample +Msupport +Mholder
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this is what you’d like to know

this is what you measure

this is your nightmare

This is what you measure:

Mmeasured = Msample +Msupport +Mholder
<latexit sha1_base64="XdnGyxFgCJOlClVgrSsOCJLkVWk="></latexit>



GETTING RID OF ALL THE REST

▸ Mmeasured: what comes out of your magnetometer. 

▸ Mholder: the rod (SQUID, VSM), the straw (SQUID) + 
anything used to fix the sample (grease, varnish, PTFE 
tape, …). Let’s say that you can measure it. 

▸ Msupport: the substrate (thin film), the container (powders, 
liquids), … You can measure it too! Somehow.

Mmeasured = Msample +Msupport +Mholder
<latexit sha1_base64="XdnGyxFgCJOlClVgrSsOCJLkVWk="></latexit>



OBTAINING MSAMPLE

Mmeasured = Msample +Msupport +Mholder
<latexit sha1_base64="XdnGyxFgCJOlClVgrSsOCJLkVWk="></latexit>
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This is a thin film. 

We are measuring: 

• the film, 
• the substrate (SiO2), 
• the PTFE tape holding the 

sample on the quartz rod, 
• the quartz rod.



OBTAINING MSAMPLE

Mmeasured = Msample +Msupport +Mholder
<latexit sha1_base64="XdnGyxFgCJOlClVgrSsOCJLkVWk="></latexit>

Let’s begin with the holder. 

We are measuring: 

• the PTFE tape 
(approximately the same 
amount that we used to 
hold the sample on the 
quartz rod), 

• the quartz rod.
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OBTAINING MSAMPLE

Mmeasured = Msample +Msupport +Mholder
<latexit sha1_base64="XdnGyxFgCJOlClVgrSsOCJLkVWk="></latexit>

Let’s go with the support. 

We are measuring: 

• the substrate (but another 
piece, with a different 
volume!) 

• the PTFE tape 
(approximately the same 
amount that we used to 
hold the sample on the 
quartz rod), 

• the quartz rod.
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OBTAINING MSAMPLE

Mmeasured = Msample +Msupport +Mholder
<latexit sha1_base64="XdnGyxFgCJOlClVgrSsOCJLkVWk="></latexit>

Let’s go with the support. 

We are measuring: 

• the substrate (but another 
piece, with a different 
volume!) 

• the PTFE tape 
(approximately the same 
amount that we used to 
hold the sample on the 
quartz rod), 

• the quartz rod.
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<latexit sha1_base64="UXlyB17X/UzQnqmWQaywBjZ9hpU=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jaovZW9OJFqGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27aCir6YODx3gwz84KEM6Ud58MqrKyurW8UN0tb2zu7e+X9g7aKU0moR2Iey26AFeVMUE8zzWk3kRRHAaedYHKV+517KhWLxZ2eJtSP8EiwkBGsjeTdDLLqbFCuOHYjxxlakFrDEKfuOrUacm1njgos0RqU3/vDmKQRFZpwrFTPdRLtZ1hqRjidlfqpogkmEzyiPUMFjqjys/mxM3RilCEKY2lKaDRXv09kOFJqGgWmM8J6rH57ufiX10t1eOFnTCSppoIsFoUpRzpG+edoyCQlmk8NwUQycysiYywx0Safkgnh61P0P2lXbbdmV2/rleblMo4iHMExnIIL59CEa2iBBwQYPMATPFvCerRerNdFa8FazhzCD1hvnzH2jvQ=</latexit>



OBTAINING MSAMPLE

Mmeasured = Msample +Msupport +Mholder
<latexit sha1_base64="XdnGyxFgCJOlClVgrSsOCJLkVWk="></latexit>
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We are measuring: 

• the substrate (but another 
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volume!) 
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amount that we used to 
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quartz rod), 

• the quartz rod.
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<latexit sha1_base64="UXlyB17X/UzQnqmWQaywBjZ9hpU=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jaovZW9OJFqGDaQhvKZrtpl242YXcjlNDf4MWDIl79Qd78N27aCir6YODx3gwz84KEM6Ud58MqrKyurW8UN0tb2zu7e+X9g7aKU0moR2Iey26AFeVMUE8zzWk3kRRHAaedYHKV+517KhWLxZ2eJtSP8EiwkBGsjeTdDLLqbFCuOHYjxxlakFrDEKfuOrUacm1njgos0RqU3/vDmKQRFZpwrFTPdRLtZ1hqRjidlfqpogkmEzyiPUMFjqjys/mxM3RilCEKY2lKaDRXv09kOFJqGgWmM8J6rH57ufiX10t1eOFnTCSppoIsFoUpRzpG+edoyCQlmk8NwUQycysiYywx0Safkgnh61P0P2lXbbdmV2/rleblMo4iHMExnIIL59CEa2iBBwQYPMATPFvCerRerNdFa8FazhzCD1hvnzH2jvQ=</latexit>

Msubstrate,2 = M2 �Mholder
<latexit sha1_base64="WxZ0fqs9M3lhtIkrFSV9nCQmVQs=">AAACDXicdVA9SwNBEN2LXzF+RS1tFqNgoeEuETWFELSxESKYKMQj7G0mZnHvg905IRz3B2z8KzYWitja2/lv3EsiqOiDZR7vzTA7z4uk0GjbH1ZuYnJqeiY/W5ibX1hcKi6vtHQYKw5NHspQXXpMgxQBNFGghMtIAfM9CRfezXHmX9yC0iIMznEQgeuz60D0BGdopE5x47ST6NjTqBjCdiWlh9Qopu5ktR/KLqi0UyzZ5VqGPToi1Zoh9q5jV6vUKdtDlMgYjU7x/aob8tiHALlkWrcdO0I3YQoFl5AWrmINEeM37BrahgbMB+0mw2tSummULu2FyrwA6VD9PpEwX+uB75lOn2Ff//Yy8S+vHWPvwE1EEMUIAR8t6sWSYkizaGhXKOAoB4YwroT5K+V9phhHE2DBhPB1Kf2ftCplp1qunO2W6kfjOPJkjayTLeKQfVInJ6RBmoSTO/JAnsizdW89Wi/W66g1Z41nVskPWG+fk16bRg==</latexit>



OBTAINING MSAMPLE

Mmeasured = Msample +Msupport +Mholder
<latexit sha1_base64="XdnGyxFgCJOlClVgrSsOCJLkVWk="></latexit>

Let’s continue with the support. 

We must rescale the magnetic moment of the substrate just measured, 
to the one of the substrate on top of which our film has been grown. 

Provided that the two substrates are equal except for their volume, 
then: 

And since their thickness is the same, what really counts is their surface 
area:

Msupport = Msubstrate,2
Vsupport

Vsubstrate,2
<latexit sha1_base64="K5U9Kth0qGEXuyZi7JIxQw4TIDI="></latexit>

Msupport = Msubstrate,2
Ssupport

Ssubstrate,2
<latexit sha1_base64="3D+Kva6Pfu0YbsQFBULgG2uoyCE="></latexit>



OBTAINING MSAMPLE

Therefore, 3 measurements: 

1. Mmeasured: film + substrate + 
holder 

2. M2: substrate2 (without 
film) + holder 

3. Mholder

Msample = Mmeasured � (M2 �Mholder)
Ssupport

Ssubstrate,2
�Mholder

<latexit sha1_base64="QhuPxPA02x1ydKhIbTP2/cbWiX8=">AAACVHicdVFdaxQxFM1MrdZV21UffQkuQgVdZnaLtg+Foi++CBXdtrCzLHcyd3bDJpOQ3Cksw/xI+yD4S3zxweyHYEUPBM49Jze5Ocmtkp6S5HsU79zZvXtv737nwcNH+wfdx08uvKmdwJEwyrirHDwqWeGIJCm8sg5B5wov88X7lX95jc5LU32hpcWJhlklSymAgjTtLj5OGw/aKmz5KQ+FRvC1w6Llr3mmsKTDoA5CEby5UQ W6NnNyNqeXPCsdiOZzOKC21jhq202Re3JA+GrQtrf6pt1e0j9Z4Q3fkOFJIMlRmgyHPO0na/TYFufT7k1WGFFrrEgo8H6cJpYmDTiSIgzcyWqPFsQCZjgOtAKNftKsQ2n5i6AUvDQurIr4Wv2zowHt/VLnYacGmvu/vZX4L29cU3k8aWRla8JKbC4qa8XJ8FXCvJAOBallICCcDLNyMYcQFYV/6IQQfr+U/59cDPrpsD/4dNQ7e7eNY489Y8/ZIUvZW3bGPrBzNmKCfWU/IhZF0bfoZ7wT7262xtG25ym7hXj/F1qHs/w=</latexit>
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OBTAINING A MAGNETISATION

▸ Once you have Msample, you have a chance of determining 
the magnetisation from the measurement of the magnetic 
moment.

magnetisation =
moment

volume
<latexit sha1_base64="ABohZU5ItYg7mB4VXs4piEmQYOc=">AAACDnicdVDLSgMxFM34tr5GXboJloKrMmOL2oUgunGpYG2hHUomvVODyWRIMoUy9Avc+CtuXCji1rU7/8bMtIKKHgice869Se4JE8608bwPZ2Z2bn5hcWm5tLK6tr7hbm5da5kqCk0quVTtkGjgLIamYYZDO1FARMihFd6e5X5rCEozGV+ZUQKBIIOYRYwSY6WeW8lrMEwXNT7G3UgRmgkpIDbjbCh5KmDcc8tetZHjAE9IrWGJV/e9Wg37Va9AGU1x0XPfu31J0/wSyonWHd9LTJARZRjlMC51Uw0JobdkAB1LYyJAB1mxzhhXrNLHkVT2xAYX6veJjAitRyK0nYKYG/3by8W/vE5qoqMgY3GSGojp5KEo5dhInGeD+0wBNXxkCaGK2b9iekNsHsYmWLIhfG2K/yfX+1W/Vt2/rJdPTqdxLKEdtIv2kI8O0Qk6RxeoiSi6Qw/oCT07986j8+K8TlpnnOnMNvoB5+0TRc+djw==</latexit>

this is what you’d like to know

this is what you have just obtained

this is your next headache

To obtain the sample volume: directly, mass and density, 
surface area and thickness, any other relevant means, 

depending on sample type (films, powders, etc.).



OBTAINING A MAGNETISATION: CAVEATS

▸ Thin films: surface area is rather easy to measure (optical 
microscopy, photos, …), thickness should be known. But keep 
in mind that a film density might not be the same as the 
bulk’s. 

▸ Thin films: in some cases you can weight the substrate before 
and after the deposition. You don’t have the volume, but at 
least you have a mass. 

▸ Patterned media: a covering ratio must be defined, the 
surface must be homogeneously covered. 

▸ Powders: determining the mass is usually the easiest 
approach.



OBTAINING A MAGNETISATION: CAVEATS

▸ In any case: properly define the material the magnetisation 
refers to. 

▸ Example: Fe3O4 nanoparticles coated with SiO2. The mass 
(volume) refers to the Fe3O4 component, or to the whole 
Fe3O4@SiO2 core@shell system? 

▸ Example: a multilayer system Ta/CoFeB/Ta. The volume 
(mass) is that of the trilayer, or of the CoFeB layer only? 
That depends on what you have measured, and if you have 
a way for subtracting the contribution of the non-magnetic 
layers from the total measured magnetic moment.



OPEN MAGNETIC CIRCUIT MEASUREMENTS

▸ These magnetometers measure the magnetic moment in 
the open magnetic circuit configuration. 

▸ Free poles, no flux closure.

NS

M

Hd

H

M

H

Hinternal = Happlied �Hd
<latexit sha1_base64="RArW9LyCGd5X2/h7AdzarbptN20=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4scy0Re1CKLrpsoJ9QDsMmcxtG5rJDElGKKVbN/6KGxeKuPUP3Pk3ZtoKKnogcO6593Jzjh9zprRtf1iZpeWV1bXsem5jc2t7J7+711JRIik0acQj2fGJAs4ENDXTHDqxBBL6HNr+6Crtt29BKhaJGz2OwQ3JQLA+o0QbycvjujdhQoMUhE/xRVqS2ByGYIpPTBV4+YJdrKY4xXNSrhpiVxy7XMZO0Z6hgBZoePn3XhDRJAShKSdKdR071u6ESM0oh2mulyiICR2RAXQNFSQE5U5mTqb4yCgB7kfSPKHxTP2+MSGhUuPQN5Mh0UP1u5eKf/W6ie6fu8ZpnGgQdH6on3CsI5zGggMmgWo+NoRQycxfMR0SSaiJRuVMCF9O8f+kVSo65WLpulKoXS7iyKIDdIiOkYPOUA3VUQM1EUV36AE9oWfr3nq0XqzX+WjGWuzsox+w3j4B1uCZzA==</latexit>



DEMAGNETISING FIELD

▸ Hd proportional to M, through three coefficients: Nx, Ny, Nz. 

▸ Nx + Ny + Nz = 1 (in SI). 

▸ Ni larger along directions where the sample is shorter. 

▸ Spheres: Nx = Ny = Nz = 1/3. 

▸ Thin films (t << lateral dimensions): Nz =1, Nx = Ny = 0. 

▸ Nanoparticles:
<latexit sha1_base64="icO6W2Utz7arodxP3S6el96ssZg="></latexit>

Np → 1

3
+ f

(
N ↑ 1

3

)

demagnetising factor of spherical particles with packing factor f in 
a sample holder having a shape with demagnetising factor N



DEMAGNETISING FIELD CORRECTION FOR A SPHERE

▸ Let’s take a YIG calibration sphere.
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DEMAGNETISING FIELD CORRECTION FOR A SPHERE

▸ Let’s take a YIG calibration sphere.

volume magnetisation of the sample 
using nominal YIG density

SI units conversion
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DEMAGNETISING FIELD CORRECTION FOR A SPHERE

▸ Let’s take a YIG calibration sphere.

calculation of Hd = 1/3 M 
and plot against Hint
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DEMAGNETISING FIELD CORRECTION FOR A SPHERE

▸ Let’s take a YIG calibration sphere.

calculation of Hd = 1/3 M 
and plot against Hint
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WHY MEASURING THE FIELD IS SO IMPORTANT
‣ Magnetometer with an electromagnet: non linearity and 

hysteresis, but H is directly measured with a Hall probe. 

▸ Magnetometer with coils: linearity and no hysteresis, H is 
indirectly measured with a voltmeter / ammeter. 

▸ Magnetometer with superconducting solenoid: quasi-
linearity and hysteresis, H is indirectly measured with an 
ammeter!



WHY MEASURING THE FIELD IS SO IMPORTANT
‣ SQUID magnetometer, with 

superconducting solenoid. 

‣ Pd sample: it’s 
paramagnetic, the expected 
magnetisation curve is a 
straight line (should be a 
Langevin curve, but up to a 
few tesla it’s sill a straight 
line).
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WHY MEASURING THE FIELD IS SO IMPORTANT
‣ SQUID magnetometer, with 

superconducting solenoid. 

‣ Pd sample: it’s 
paramagnetic, the expected 
magnetisation curve is a 
straight line (should be a 
Langevin curve, but up to a 
few tesla it’s sill a straight 
line).
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WHY MEASURING THE FIELD IS SO IMPORTANT
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Hysteresis! With a reversed hysteresis loop!



WHY MEASURING THE FIELD IS SO IMPORTANT
‣ The superconducting coil 

traps some flux: hysteresis. 

‣ The trapped flux opposes the 
applied field. 

‣ The actual field is actually that 
due to the current circulating 
in the solenoid, minus the 
(opposing) trapped flux. 

‣ You cannot trust the reading 
of the ammeter!
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WHY MEASURING THE FIELD IS SO IMPORTANT
‣ Fe3O4 nanoparticles. 

‣ So nicely 
superparamagnetic!
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WHY MEASURING THE FIELD IS SO IMPORTANT
‣ Fe3O4 nanoparticles. 

‣ So nicely 
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WHY MEASURING THE FIELD IS SO IMPORTANT
‣ Fe3O4 nanoparticles. 

‣ So nicely 
superparamagnetic!
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SPIN-POLARISED STM



ONE BIG FAMILY

▸ Scanning Probe Microscopy (SPM). 

▸ Scanning Tunnel Microscopy (STM). 

▸ Field-Polarised STM. 

▸ Atomic Force Microscopy (AFM). 

▸ Magnetic Force Microscopy (MFM).

And many many others



BASIC PRINCIPLES OF A SCANNING PROBE MICROSCOPE

And many many others

https://www.sciencedirect.com/topics/nursing-and-health-professions/scanning-probe-microscope

https://www.sciencedirect.com/topics/nursing-and-health-professions/scanning-probe-microscope


MEASURING SAMPLE MORPHOLOGY: AFM

https://share.google/gaM2wactmv6TXbp0C

https://share.google/gaM2wactmv6TXbp0C


THE WAY AN AFM DOES NOT WORK



THE WAY AN AFM DOES NOT WORK



THE WAY AN AFM DOES WORK



THE WAY AN AFM DOES WORK



WHAT AN AFM REALLY MEASURES



WHAT AN AFM REALLY MEASURES



MEASURING SAMPLE MORPHOLOGY: STM

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Physical_Methods_in_Chemistry_and_Nano_Science_(Barron)/08:_Structure_at_the_Nano_Scale/
8.03:_Scanning_Tunneling_Microscopy

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Physical_Methods_in_Chemistry_and_Nano_Science_(Barron)/08:_Structure_at_the_Nano_Scale/8.03:_Scanning_Tunneling_Microscopy
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Physical_Methods_in_Chemistry_and_Nano_Science_(Barron)/08:_Structure_at_the_Nano_Scale/8.03:_Scanning_Tunneling_Microscopy


NOW WE HAVE THE MORPHOLOGY. AND THEN?

▸ Density of states (STM). 

▸ Mechanical properties (AFM). 

▸ Electric properties (STM, AFM). 

▸ … 

▸ Magnetic properties.



MAGNETIC PROPERTIES: MFM

<latexit sha1_base64="7QSttPBVKz8kRLP9P+tJ8As4uq0=">AAACEXicdVDLSsNAFJ3UV62vqEs3g0XoxpBoW3UhFN10I1SwD2hCmUyn7dDJJMxMCiX0F9z4K25cKOLWnTv/xklbQYseuHA4517uvcePGJXKtj+NzNLyyupadj23sbm1vWPu7jVkGAtM6jhkoWj5SBJGOakrqhhpRYKgwGek6Q+vU785IkLSkN+pcUS8APU57VGMlJY6ZsHlyGfIxd1QuSOCk+oEXsLjRfVm0jHztnWR4hTOSDkldtGxnRJ0LHuKPJij1jE/3G6I44BwhRmSsu3YkfISJBTFjExybixJhPAQ9UlbU44CIr1k+tEEHmmlC3uh0MUVnKo/JxIUSDkOfN0ZIDWQi14q/uW1Y9U79xLKo1gRjmeLejGDKoRpPLBLBcGKjTVBWFB9K8QDJBBWOsScDuH7U/g/aZxYTtkq3Rbzlat5HFlwAA5BATjgDFRAFdRAHWBwDx7BM3gxHown49V4m7VmjPnMPvgF4/0LAoed0A==</latexit>

→ · ωH = ↑→ · ωM

<latexit sha1_base64="eGLpC3YC8UWIsB39NyFikSbphMM=">AAACDnicdVDLSsNAFJ3UV62vqEs3g6XgqiT2oS6EopsuK9gHNLFMppN26OThzKRQQr7Ajb/ixoUibl2782+cpBVU9MCFwzn3cu89TsiokIbxoeWWlldW1/LrhY3Nre0dfXevI4KIY9LGAQt4z0GCMOqTtqSSkV7ICfIcRrrO5DL1u1PCBQ38azkLie2hkU9dipFU0kAvWVOC42YCz6HlcoTj24GXSTxJ4qoVUshvKslALxrlsxQVOCf1lBhV0zBr0CwbGYpggdZAf7eGAY484kvMkBB90wilHSMuKWYkKViRICHCEzQifUV95BFhx9k7CSwpZQjdgKvyJczU7xMx8oSYeY7q9JAci99eKv7l9SPpntox9cNIEh/PF7kRgzKAaTZwSDnBks0UQZhTdSvEY6RSkSrBggrh61P4P+kcl816uXZVLTYuFnHkwQE4BEfABCegAZqgBdoAgzvwAJ7As3avPWov2uu8NactZvbBD2hvn8HInJs=</latexit>

ωH =
qmωr

4εr3

<latexit sha1_base64="Vlqe2ugEkELH0+Mk/dBz6sTq0Xs=">AAACBnicdZDLSsNAFIYn9VbrLepShMEiuCqJtlUXQtFNlxXsBZoQJtNJO3QmiTOTQgldufFV3LhQxK3P4M63cdJWUNEfBj7+cw5nzu/HjEplWR9GbmFxaXklv1pYW9/Y3DK3d1oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9odXWb09IkLSKLxR45i4HPVDGlCMlLY8c98ZEZwGE4/DC+jwxLPgreapW594ZtEqnWc6gTOoZmCVbcuuQLtkTVUEczU8893pRTjhJFSYISm7thUrN0VCUczIpOAkksQID1GfdDWGiBPpptMzJvBQOz0YREK/UMGp+30iRVzKMfd1J0dqIH/XMvOvWjdRwZmb0jBOFAnxbFGQMKgimGUCe1QQrNhYA8KC6r9CPEACYaWTK+gQvi6F/0PruGRXS5XrcrF2OY8jD/bAATgCNjgFNVAHDdAEGNyBB/AEno1749F4MV5nrTljPrMLfsh4+wSljZik</latexit>

ωfm = µ0qm
ωH

<latexit sha1_base64="dKEZOgi8eq2nSH+QY1KE0iPQk00=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4KjPaVl0IRTduhAr2AZ1SMultG5rMDEmmUIZu3fgrblwo4tY/cOffmJlWUNEDgcM553JzjxdyprRtf1iZhcWl5ZXsam5tfWNzK7+901BBJCnUacAD2fKIAs58qGumObRCCUR4HJre6DLxm2OQigX+rZ6E0BFk4LM+o0QbqZvHrmIDQboCn2N3DDS+nrq0F+iUw7RrIgW7eJbgGM9IJSF2ybGdMnaKdooCmqPWzb+7vYBGAnxNOVGq7dih7sREakY5THNupCAkdEQG0DbUJwJUJ04vmeIDo/RwP5Dm+Rqn6veJmAilJsIzSUH0UP32EvEvrx3p/mknZn4YafDpbFE/4lgHOKkF95gEqvnEEEIlM3/FdEgkodqUlzMlfF2K/yeNo6JTKZZvSoXqxbyOLNpD++gQOegEVdEVqqE6ougOPaAn9GzdW4/Wi/U6i2as+cwu+gHr7RM64Jq8</latexit>

ωm = εM · εen

charges

charge density at each point of surface

force exerted on charges by field

https://link.springer.com/chapter/10.1007/978-981-15-9176-1_1 
https://www.degruyterbrill.com/document/doi/10.2478/nanofab-2014-0003/html 

https://link.springer.com/chapter/10.1007/978-981-15-9176-1_1
https://www.degruyterbrill.com/document/doi/10.2478/nanofab-2014-0003/html


MAGNETIC PROPERTIES: MFM

<latexit sha1_base64="7QSttPBVKz8kRLP9P+tJ8As4uq0=">AAACEXicdVDLSsNAFJ3UV62vqEs3g0XoxpBoW3UhFN10I1SwD2hCmUyn7dDJJMxMCiX0F9z4K25cKOLWnTv/xklbQYseuHA4517uvcePGJXKtj+NzNLyyupadj23sbm1vWPu7jVkGAtM6jhkoWj5SBJGOakrqhhpRYKgwGek6Q+vU785IkLSkN+pcUS8APU57VGMlJY6ZsHlyGfIxd1QuSOCk+oEXsLjRfVm0jHztnWR4hTOSDkldtGxnRJ0LHuKPJij1jE/3G6I44BwhRmSsu3YkfISJBTFjExybixJhPAQ9UlbU44CIr1k+tEEHmmlC3uh0MUVnKo/JxIUSDkOfN0ZIDWQi14q/uW1Y9U79xLKo1gRjmeLejGDKoRpPLBLBcGKjTVBWFB9K8QDJBBWOsScDuH7U/g/aZxYTtkq3Rbzlat5HFlwAA5BATjgDFRAFdRAHWBwDx7BM3gxHown49V4m7VmjPnMPvgF4/0LAoed0A==</latexit>

→ · ωH = ↑→ · ωM

<latexit sha1_base64="eGLpC3YC8UWIsB39NyFikSbphMM=">AAACDnicdVDLSsNAFJ3UV62vqEs3g6XgqiT2oS6EopsuK9gHNLFMppN26OThzKRQQr7Ajb/ixoUibl2782+cpBVU9MCFwzn3cu89TsiokIbxoeWWlldW1/LrhY3Nre0dfXevI4KIY9LGAQt4z0GCMOqTtqSSkV7ICfIcRrrO5DL1u1PCBQ38azkLie2hkU9dipFU0kAvWVOC42YCz6HlcoTj24GXSTxJ4qoVUshvKslALxrlsxQVOCf1lBhV0zBr0CwbGYpggdZAf7eGAY484kvMkBB90wilHSMuKWYkKViRICHCEzQifUV95BFhx9k7CSwpZQjdgKvyJczU7xMx8oSYeY7q9JAci99eKv7l9SPpntox9cNIEh/PF7kRgzKAaTZwSDnBks0UQZhTdSvEY6RSkSrBggrh61P4P+kcl816uXZVLTYuFnHkwQE4BEfABCegAZqgBdoAgzvwAJ7As3avPWov2uu8NactZvbBD2hvn8HInJs=</latexit>

ωH =
qmωr

4εr3

<latexit sha1_base64="Vlqe2ugEkELH0+Mk/dBz6sTq0Xs=">AAACBnicdZDLSsNAFIYn9VbrLepShMEiuCqJtlUXQtFNlxXsBZoQJtNJO3QmiTOTQgldufFV3LhQxK3P4M63cdJWUNEfBj7+cw5nzu/HjEplWR9GbmFxaXklv1pYW9/Y3DK3d1oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9odXWb09IkLSKLxR45i4HPVDGlCMlLY8c98ZEZwGE4/DC+jwxLPgreapW594ZtEqnWc6gTOoZmCVbcuuQLtkTVUEczU8893pRTjhJFSYISm7thUrN0VCUczIpOAkksQID1GfdDWGiBPpptMzJvBQOz0YREK/UMGp+30iRVzKMfd1J0dqIH/XMvOvWjdRwZmb0jBOFAnxbFGQMKgimGUCe1QQrNhYA8KC6r9CPEACYaWTK+gQvi6F/0PruGRXS5XrcrF2OY8jD/bAATgCNjgFNVAHDdAEGNyBB/AEno1749F4MV5nrTljPrMLfsh4+wSljZik</latexit>

ωfm = µ0qm
ωH

<latexit sha1_base64="dKEZOgi8eq2nSH+QY1KE0iPQk00=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4KjPaVl0IRTduhAr2AZ1SMultG5rMDEmmUIZu3fgrblwo4tY/cOffmJlWUNEDgcM553JzjxdyprRtf1iZhcWl5ZXsam5tfWNzK7+901BBJCnUacAD2fKIAs58qGumObRCCUR4HJre6DLxm2OQigX+rZ6E0BFk4LM+o0QbqZvHrmIDQboCn2N3DDS+nrq0F+iUw7RrIgW7eJbgGM9IJSF2ybGdMnaKdooCmqPWzb+7vYBGAnxNOVGq7dih7sREakY5THNupCAkdEQG0DbUJwJUJ04vmeIDo/RwP5Dm+Rqn6veJmAilJsIzSUH0UP32EvEvrx3p/mknZn4YafDpbFE/4lgHOKkF95gEqvnEEEIlM3/FdEgkodqUlzMlfF2K/yeNo6JTKZZvSoXqxbyOLNpD++gQOegEVdEVqqE6ougOPaAn9GzdW4/Wi/U6i2as+cwu+gHr7RM64Jq8</latexit>

ωm = εM · εen

charges

charge density at each point of surface

force exerted on charges by field

There are charges also at the tip!

https://link.springer.com/chapter/10.1007/978-981-15-9176-1_1 
https://www.degruyterbrill.com/document/doi/10.2478/nanofab-2014-0003/html 

https://link.springer.com/chapter/10.1007/978-981-15-9176-1_1
https://www.degruyterbrill.com/document/doi/10.2478/nanofab-2014-0003/html


MAGNETIC PROPERTIES: MFM

<latexit sha1_base64="7QSttPBVKz8kRLP9P+tJ8As4uq0=">AAACEXicdVDLSsNAFJ3UV62vqEs3g0XoxpBoW3UhFN10I1SwD2hCmUyn7dDJJMxMCiX0F9z4K25cKOLWnTv/xklbQYseuHA4517uvcePGJXKtj+NzNLyyupadj23sbm1vWPu7jVkGAtM6jhkoWj5SBJGOakrqhhpRYKgwGek6Q+vU785IkLSkN+pcUS8APU57VGMlJY6ZsHlyGfIxd1QuSOCk+oEXsLjRfVm0jHztnWR4hTOSDkldtGxnRJ0LHuKPJij1jE/3G6I44BwhRmSsu3YkfISJBTFjExybixJhPAQ9UlbU44CIr1k+tEEHmmlC3uh0MUVnKo/JxIUSDkOfN0ZIDWQi14q/uW1Y9U79xLKo1gRjmeLejGDKoRpPLBLBcGKjTVBWFB9K8QDJBBWOsScDuH7U/g/aZxYTtkq3Rbzlat5HFlwAA5BATjgDFRAFdRAHWBwDx7BM3gxHown49V4m7VmjPnMPvgF4/0LAoed0A==</latexit>

→ · ωH = ↑→ · ωM

<latexit sha1_base64="eGLpC3YC8UWIsB39NyFikSbphMM=">AAACDnicdVDLSsNAFJ3UV62vqEs3g6XgqiT2oS6EopsuK9gHNLFMppN26OThzKRQQr7Ajb/ixoUibl2782+cpBVU9MCFwzn3cu89TsiokIbxoeWWlldW1/LrhY3Nre0dfXevI4KIY9LGAQt4z0GCMOqTtqSSkV7ICfIcRrrO5DL1u1PCBQ38azkLie2hkU9dipFU0kAvWVOC42YCz6HlcoTj24GXSTxJ4qoVUshvKslALxrlsxQVOCf1lBhV0zBr0CwbGYpggdZAf7eGAY484kvMkBB90wilHSMuKWYkKViRICHCEzQifUV95BFhx9k7CSwpZQjdgKvyJczU7xMx8oSYeY7q9JAci99eKv7l9SPpntox9cNIEh/PF7kRgzKAaTZwSDnBks0UQZhTdSvEY6RSkSrBggrh61P4P+kcl816uXZVLTYuFnHkwQE4BEfABCegAZqgBdoAgzvwAJ7As3avPWov2uu8NactZvbBD2hvn8HInJs=</latexit>

ωH =
qmωr

4εr3

<latexit sha1_base64="Vlqe2ugEkELH0+Mk/dBz6sTq0Xs=">AAACBnicdZDLSsNAFIYn9VbrLepShMEiuCqJtlUXQtFNlxXsBZoQJtNJO3QmiTOTQgldufFV3LhQxK3P4M63cdJWUNEfBj7+cw5nzu/HjEplWR9GbmFxaXklv1pYW9/Y3DK3d1oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9odXWb09IkLSKLxR45i4HPVDGlCMlLY8c98ZEZwGE4/DC+jwxLPgreapW594ZtEqnWc6gTOoZmCVbcuuQLtkTVUEczU8893pRTjhJFSYISm7thUrN0VCUczIpOAkksQID1GfdDWGiBPpptMzJvBQOz0YREK/UMGp+30iRVzKMfd1J0dqIH/XMvOvWjdRwZmb0jBOFAnxbFGQMKgimGUCe1QQrNhYA8KC6r9CPEACYaWTK+gQvi6F/0PruGRXS5XrcrF2OY8jD/bAATgCNjgFNVAHDdAEGNyBB/AEno1749F4MV5nrTljPrMLfsh4+wSljZik</latexit>

ωfm = µ0qm
ωH

<latexit sha1_base64="dKEZOgi8eq2nSH+QY1KE0iPQk00=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4KjPaVl0IRTduhAr2AZ1SMultG5rMDEmmUIZu3fgrblwo4tY/cOffmJlWUNEDgcM553JzjxdyprRtf1iZhcWl5ZXsam5tfWNzK7+901BBJCnUacAD2fKIAs58qGumObRCCUR4HJre6DLxm2OQigX+rZ6E0BFk4LM+o0QbqZvHrmIDQboCn2N3DDS+nrq0F+iUw7RrIgW7eJbgGM9IJSF2ybGdMnaKdooCmqPWzb+7vYBGAnxNOVGq7dih7sREakY5THNupCAkdEQG0DbUJwJUJ04vmeIDo/RwP5Dm+Rqn6veJmAilJsIzSUH0UP32EvEvrx3p/mknZn4YafDpbFE/4lgHOKkF95gEqvnEEEIlM3/FdEgkodqUlzMlfF2K/yeNo6JTKZZvSoXqxbyOLNpD++gQOegEVdEVqqE6ougOPaAn9GzdW4/Wi/U6i2as+cwu+gHr7RM64Jq8</latexit>

ωm = εM · εen

charges

charge density at each point of surface

force exerted on charges by field

There are charges also at the tip!

You can measure the deflection of the cantilever, 
or the shift of its resonance frequency, or the 
dephasing of its oscillations with respect to the 
excitation: all these quantities are proportional to:

<latexit sha1_base64="Ya6XDedBGShsi0TQwftH6IrOHmw=">AAACDHicdVDLTgIxFO3gC/GFunTTSExcTWYQUHdENywxkUcCA+mUDjR0OpO2YwKT+QA3/oobFxrj1g9w59/YATRq9CRNTs+597b3uCGjUlnWu5FZWl5ZXcuu5zY2t7Z38rt7TRlEApMGDlgg2i6ShFFOGooqRtqhIMh3GWm548vUb90QIWnAr9UkJI6Phpx6FCOlpX6+0PUEwnE3REJRxHpFWOtPk687nPaKia6yzPMUJ3BOKimxSrZll6FtWjMUwAL1fv6tOwhw5BOuMENSdmwrVE6cjsSMJLluJEmI8BgNSUdTjnwinXi2TAKPtDKAXiD04QrO1O8dMfKlnPiurvSRGsnfXir+5XUi5Z05MeVhpAjH84e8iEEVwDQZOKCCYMUmmiAsqP4rxCOk01E6v5wO4XNT+D9pFk27YpavSoXqxSKOLDgAh+AY2OAUVEEN1EEDYHAL7sEjeDLujAfj2XiZl2aMRc8++AHj9QN/Zpvw</latexit>

ω
2
Hz

ωz2

https://link.springer.com/chapter/10.1007/978-981-15-9176-1_1 
https://www.degruyterbrill.com/document/doi/10.2478/nanofab-2014-0003/html 

https://link.springer.com/chapter/10.1007/978-981-15-9176-1_1
https://www.degruyterbrill.com/document/doi/10.2478/nanofab-2014-0003/html


MAGNETIC PROPERTIES: MFM

<latexit sha1_base64="7QSttPBVKz8kRLP9P+tJ8As4uq0=">AAACEXicdVDLSsNAFJ3UV62vqEs3g0XoxpBoW3UhFN10I1SwD2hCmUyn7dDJJMxMCiX0F9z4K25cKOLWnTv/xklbQYseuHA4517uvcePGJXKtj+NzNLyyupadj23sbm1vWPu7jVkGAtM6jhkoWj5SBJGOakrqhhpRYKgwGek6Q+vU785IkLSkN+pcUS8APU57VGMlJY6ZsHlyGfIxd1QuSOCk+oEXsLjRfVm0jHztnWR4hTOSDkldtGxnRJ0LHuKPJij1jE/3G6I44BwhRmSsu3YkfISJBTFjExybixJhPAQ9UlbU44CIr1k+tEEHmmlC3uh0MUVnKo/JxIUSDkOfN0ZIDWQi14q/uW1Y9U79xLKo1gRjmeLejGDKoRpPLBLBcGKjTVBWFB9K8QDJBBWOsScDuH7U/g/aZxYTtkq3Rbzlat5HFlwAA5BATjgDFRAFdRAHWBwDx7BM3gxHown49V4m7VmjPnMPvgF4/0LAoed0A==</latexit>

→ · ωH = ↑→ · ωM

<latexit sha1_base64="eGLpC3YC8UWIsB39NyFikSbphMM=">AAACDnicdVDLSsNAFJ3UV62vqEs3g6XgqiT2oS6EopsuK9gHNLFMppN26OThzKRQQr7Ajb/ixoUibl2782+cpBVU9MCFwzn3cu89TsiokIbxoeWWlldW1/LrhY3Nre0dfXevI4KIY9LGAQt4z0GCMOqTtqSSkV7ICfIcRrrO5DL1u1PCBQ38azkLie2hkU9dipFU0kAvWVOC42YCz6HlcoTj24GXSTxJ4qoVUshvKslALxrlsxQVOCf1lBhV0zBr0CwbGYpggdZAf7eGAY484kvMkBB90wilHSMuKWYkKViRICHCEzQifUV95BFhx9k7CSwpZQjdgKvyJczU7xMx8oSYeY7q9JAci99eKv7l9SPpntox9cNIEh/PF7kRgzKAaTZwSDnBks0UQZhTdSvEY6RSkSrBggrh61P4P+kcl816uXZVLTYuFnHkwQE4BEfABCegAZqgBdoAgzvwAJ7As3avPWov2uu8NactZvbBD2hvn8HInJs=</latexit>

ωH =
qmωr

4εr3

<latexit sha1_base64="Vlqe2ugEkELH0+Mk/dBz6sTq0Xs=">AAACBnicdZDLSsNAFIYn9VbrLepShMEiuCqJtlUXQtFNlxXsBZoQJtNJO3QmiTOTQgldufFV3LhQxK3P4M63cdJWUNEfBj7+cw5nzu/HjEplWR9GbmFxaXklv1pYW9/Y3DK3d1oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9odXWb09IkLSKLxR45i4HPVDGlCMlLY8c98ZEZwGE4/DC+jwxLPgreapW594ZtEqnWc6gTOoZmCVbcuuQLtkTVUEczU8893pRTjhJFSYISm7thUrN0VCUczIpOAkksQID1GfdDWGiBPpptMzJvBQOz0YREK/UMGp+30iRVzKMfd1J0dqIH/XMvOvWjdRwZmb0jBOFAnxbFGQMKgimGUCe1QQrNhYA8KC6r9CPEACYaWTK+gQvi6F/0PruGRXS5XrcrF2OY8jD/bAATgCNjgFNVAHDdAEGNyBB/AEno1749F4MV5nrTljPrMLfsh4+wSljZik</latexit>

ωfm = µ0qm
ωH

<latexit sha1_base64="dKEZOgi8eq2nSH+QY1KE0iPQk00=">AAACCXicdVDLSgMxFM3UV62vqks3wSK4KjPaVl0IRTduhAr2AZ1SMultG5rMDEmmUIZu3fgrblwo4tY/cOffmJlWUNEDgcM553JzjxdyprRtf1iZhcWl5ZXsam5tfWNzK7+901BBJCnUacAD2fKIAs58qGumObRCCUR4HJre6DLxm2OQigX+rZ6E0BFk4LM+o0QbqZvHrmIDQboCn2N3DDS+nrq0F+iUw7RrIgW7eJbgGM9IJSF2ybGdMnaKdooCmqPWzb+7vYBGAnxNOVGq7dih7sREakY5THNupCAkdEQG0DbUJwJUJ04vmeIDo/RwP5Dm+Rqn6veJmAilJsIzSUH0UP32EvEvrx3p/mknZn4YafDpbFE/4lgHOKkF95gEqvnEEEIlM3/FdEgkodqUlzMlfF2K/yeNo6JTKZZvSoXqxbyOLNpD++gQOegEVdEVqqE6ougOPaAn9GzdW4/Wi/U6i2as+cwu+gHr7RM64Jq8</latexit>

ωm = εM · εen

charges

charge density at each point of surface

force exerted on charges by field

There are charges also at the tip!

You can measure the deflection of the cantilever, 
or the shift of its resonance frequency, or the 
dephasing of its oscillations with respect to the 
excitation: all these quantities are proportional to:

<latexit sha1_base64="Ya6XDedBGShsi0TQwftH6IrOHmw=">AAACDHicdVDLTgIxFO3gC/GFunTTSExcTWYQUHdENywxkUcCA+mUDjR0OpO2YwKT+QA3/oobFxrj1g9w59/YATRq9CRNTs+597b3uCGjUlnWu5FZWl5ZXcuu5zY2t7Z38rt7TRlEApMGDlgg2i6ShFFOGooqRtqhIMh3GWm548vUb90QIWnAr9UkJI6Phpx6FCOlpX6+0PUEwnE3REJRxHpFWOtPk687nPaKia6yzPMUJ3BOKimxSrZll6FtWjMUwAL1fv6tOwhw5BOuMENSdmwrVE6cjsSMJLluJEmI8BgNSUdTjnwinXi2TAKPtDKAXiD04QrO1O8dMfKlnPiurvSRGsnfXir+5XUi5Z05MeVhpAjH84e8iEEVwDQZOKCCYMUmmiAsqP4rxCOk01E6v5wO4XNT+D9pFk27YpavSoXqxSKOLDgAh+AY2OAUVEEN1EEDYHAL7sEjeDLujAfj2XiZl2aMRc8++AHj9QN/Zpvw</latexit>

ω
2
Hz

ωz2

Generated by the charges on sample surface.

https://link.springer.com/chapter/10.1007/978-981-15-9176-1_1 
https://www.degruyterbrill.com/document/doi/10.2478/nanofab-2014-0003/html 

https://link.springer.com/chapter/10.1007/978-981-15-9176-1_1
https://www.degruyterbrill.com/document/doi/10.2478/nanofab-2014-0003/html


IS IT QUANTITATIVE?

▸ No. Unless complex calibration protocols are used, which 
require reference samples. 

▸ In principle NV centres can give quantitative measurements 
of the magnetic field. 

▸ Still, from the fringing field you must calculate the 
magnetic charge density on the sample surface and from 
that you can try to infer the magnetisation of the sample.



AND SPIN-POLARISED STM?

▸ An interesting principle: asymmetry of the spin up and 
down density of states in a magnetic material.

https://www.researchgate.net/figure/llustration-of-Density-of-States-is-shown-for-majority-up-arrow-and-minority-down_fig1_253271775

https://www.researchgate.net/figure/llustration-of-Density-of-States-is-shown-for-majority-up-arrow-and-minority-down_fig1_253271775


AND SPIN-POLARISED STM?

▸ An interesting principle: asymmetry of the spin up and 
down density of states in a magnetic material.

Ol’ boring metals.

https://www.researchgate.net/figure/llustration-of-Density-of-States-is-shown-for-majority-up-arrow-and-minority-down_fig1_253271775

https://www.researchgate.net/figure/llustration-of-Density-of-States-is-shown-for-majority-up-arrow-and-minority-down_fig1_253271775


AND SPIN-POLARISED STM?

▸ An interesting principle: asymmetry of the spin up and 
down density of states in a magnetic material.

Ol’ boring metals.

Spin up and 
down have 
different density 
of states.

https://www.researchgate.net/figure/llustration-of-Density-of-States-is-shown-for-majority-up-arrow-and-minority-down_fig1_253271775

https://www.researchgate.net/figure/llustration-of-Density-of-States-is-shown-for-majority-up-arrow-and-minority-down_fig1_253271775


AND SPIN-POLARISED STM?

▸ An interesting principle: asymmetry of the spin up and 
down density of states in a magnetic material.

Ol’ boring metals.

Spin up and 
down have 
different density 
of states.

Interesting 
things happen at 
the Fermi level.

https://www.researchgate.net/figure/llustration-of-Density-of-States-is-shown-for-majority-up-arrow-and-minority-down_fig1_253271775

https://www.researchgate.net/figure/llustration-of-Density-of-States-is-shown-for-majority-up-arrow-and-minority-down_fig1_253271775


AND SPIN-POLARISED STM?

▸ An interesting principle: asymmetry of the spin up and 
down density of states in a magnetic material.

Ol’ boring metals.

Spin up and 
down have 
different density 
of states.

Interesting 
things happen at 
the Fermi level.

Fully polarised 
magnetic 
materials.
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AND SPINS-POLARISED STM?

▸ Spin polarisation at the tip and at the sample Fermi level. 

▸ Exclusion principle: only electrons with spins compatible 
with empty levels at the Fermi energy of the material 
receiving them can tunnel, the others are blocked.

https://www.europhysicsnews.org/articles/epn/pdf/2007/02/epn07201.pdf

https://www.europhysicsnews.org/articles/epn/pdf/2007/02/epn07201.pdf


FOR ATOMS, NOT FOR DOMAINS

http://www.nanoscience.de/group_r/stm-spstm/ 
https://www.ipcms.fr/en/jean-pierre-bucher-2/research-jp-bucher/spin-polarized-stm-spectroscopy-on-single-objects/ 
https://www.nature.com/articles/s41598-022-18678-8

http://www.nanoscience.de/group_r/stm-spstm/
https://www.ipcms.fr/en/jean-pierre-bucher-2/research-jp-bucher/spin-polarized-stm-spectroscopy-on-single-objects/
https://www.nature.com/articles/s41598-022-18678-8


BLS



BRILLOUIN LIGHT SCATTERING

▸ Named after Léon Nicolas Brillouin. 

▸ A spectroscopy technique. 

▸ Traditionally, interaction between optical and acoustic 
fields in optical waveguides. 

▸ More generally, interaction between photons and 
quasiparticles of the solid state (phonons, polarons, 
magnons). 

▸ Gives information on spin-transfer phenomena and spin-
wave propagation.

https://commons.wikimedia.org/wiki/File:Léon_Brillouin_Solvay_conference_1927.jpg

https://commons.wikimedia.org/wiki/File:L%C3%A9on_Brillouin_Solvay_conference_1927.jpg


BRILLOUIN VS. RAMAN VS. RAYLEIGH

▸ Brillouin: scattering of photons with large-
scale, low-frequency phonons, fluctuations are 
periodic and correlated. 

▸ Raman: inelastic process where photons are 
scattered by vibrational and rotational 
transitions of neighbouring atoms. 

▸ Rayleigh: elastic, involves only random, 
incoherent fluctuations.

https://commons.wikimedia.org/wiki/File:Léon_Brillouin_Solvay_conference_1927.jpg 
https://commons.wikimedia.org/wiki/File:Sir_CV_Raman.JPG 
https://commons.wikimedia.org/wiki/File:John_William_Strutt.jpg

https://commons.wikimedia.org/wiki/File:L%C3%A9on_Brillouin_Solvay_conference_1927.jpg
https://commons.wikimedia.org/wiki/File:Sir_CV_Raman.JPG
https://commons.wikimedia.org/wiki/File:John_William_Strutt.jpg


BRILLOUIN VS. RAMAN VS. RAYLEIGH
Light and small particles or inhomogeneities, elastic 

Particle size and shape analysis, LiDAR

Light with phonons or vibrations, inelastic (THz) 

Label-free mapping, chemical bonds, 
molecular composition

Light and quasiparticles, inelastic (GHz) 

Acoustic and spin-dependent properties

https://www.swabianinstruments.com/applications/brillouin-light-scattering-bls/

https://www.swabianinstruments.com/applications/brillouin-light-scattering-bls/


BLS IN A NUTSHELL

typically at 532 nm

optical filter to analyse the frequency shifts resulting 
from photon-magnon and photon-phonon interactions

Time stamps are assigned to laser pulses, detected photons and internal state of the interferometer. 
The temporal evolution of the spectra is then reconstructed.

https://anufrievroman.com/method/bls/

https://anufrievroman.com/method/bls/


BLS IN A NUTSHELL

typically at 532 nm

optical filter to analyse the frequency shifts resulting 
from photon-magnon and photon-phonon interactions

Time stamps are assigned to laser pulses, detected photons and internal state of the interferometer. 
The temporal evolution of the spectra is then reconstructed.

Narrow focussing + sample scanning = µBLS

https://anufrievroman.com/method/bls/

https://anufrievroman.com/method/bls/


STOKES AND ANTI-STOKES
https://commons.wikimedia.org/wiki/File:Ggstokes.jpg 

https://www.researchgate.net/publication/
336747033_Development_of_methods_based_on_NIR_and_Raman_spectroscopies_toget

her_with_chemometric_tools_for_the_qualitative_and_quantitative_analysis_of_gasoline

https://commons.wikimedia.org/wiki/File:Ggstokes.jpg
https://www.researchgate.net/publication/336747033_Development_of_methods_based_on_NIR_and_Raman_spectroscopies_together_with_chemometric_tools_for_the_qualitative_and_quantitative_analysis_of_gasoline
https://www.researchgate.net/publication/336747033_Development_of_methods_based_on_NIR_and_Raman_spectroscopies_together_with_chemometric_tools_for_the_qualitative_and_quantitative_analysis_of_gasoline
https://www.researchgate.net/publication/336747033_Development_of_methods_based_on_NIR_and_Raman_spectroscopies_together_with_chemometric_tools_for_the_qualitative_and_quantitative_analysis_of_gasoline


STOKES AND ANTI-STOKES

high freq. photon => low freq. Stokes photon + magnon

https://commons.wikimedia.org/wiki/File:Ggstokes.jpg 
https://www.researchgate.net/publication/

336747033_Development_of_methods_based_on_NIR_and_Raman_spectroscopies_toget
her_with_chemometric_tools_for_the_qualitative_and_quantitative_analysis_of_gasoline

https://commons.wikimedia.org/wiki/File:Ggstokes.jpg
https://www.researchgate.net/publication/336747033_Development_of_methods_based_on_NIR_and_Raman_spectroscopies_together_with_chemometric_tools_for_the_qualitative_and_quantitative_analysis_of_gasoline
https://www.researchgate.net/publication/336747033_Development_of_methods_based_on_NIR_and_Raman_spectroscopies_together_with_chemometric_tools_for_the_qualitative_and_quantitative_analysis_of_gasoline
https://www.researchgate.net/publication/336747033_Development_of_methods_based_on_NIR_and_Raman_spectroscopies_together_with_chemometric_tools_for_the_qualitative_and_quantitative_analysis_of_gasoline


STOKES AND ANTI-STOKES

high freq. photon => low freq. Stokes photon + magnon
low freq. photon + magnon => high freq. anti-Stokes photon
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CONSERVATION
<latexit sha1_base64="JsJfmfPKIwH8kA6m3F+UHVbzCjo=">AAAB9HicdVBNSwMxEJ2tX7V+VT16CRbBi8tubasehKIXjxVsLbRLyabZNjSb3SbZQin9HV48KOLVH+PNf2O2raCiD2Z4vDdDJs+POVPacT6szNLyyupadj23sbm1vZPf3WuoKJGE1knEI9n0saKcCVrXTHPajCXFoc/pvT+4Tv37EZWKReJOj2PqhbgnWMAI1kbyhugSDTpFdGK628kXHPsixSmak0pKnJLruGXk2s4MBVig1sm/t7sRSUIqNOFYqZbrxNqbYKkZ4XSaayeKxpgMcI+2DBU4pMqbzI6eoiOjdFEQSVNCo5n6fWOCQ6XGoW8mQ6z76reXin95rUQH596EiTjRVJD5Q0HCkY5QmgDqMkmJ5mNDMJHM3IpIH0tMtMkpZ0L4+in6nzSKtluxy7elQvVqEUcWDuAQjsGFM6jCDdSgDgSG8ABP8GyNrEfrxXqdj2asxc4+/ID19gmjnpDA</latexit>

q = k2 → k1
<latexit sha1_base64="bXYaoeiYMPVqBIcuhv5Oxjl9yFs=">AAACBXicdZDLSsNAFIYnXmu9RV3qYrAIbgxJbasuhKIbd1awF2hCmEyn7dDJJMxMhBK6ceOruHGhiFvfwZ1v46QXUNEfBj7+cw5nzh/EjEpl25/G3PzC4tJybiW/ura+sWlubTdklAhM6jhikWgFSBJGOakrqhhpxYKgMGCkGQwus3rzjghJI36rhjHxQtTjtEsxUtryzT33OiQ9BM+hG2XgF+HRDB3fLNjWWaZjOIFKBnbJsZ0ydCx7rAKYquabH24nwklIuMIMSdl27Fh5KRKKYkZGeTeRJEZ4gHqkrZGjkEgvHV8xggfa6cBuJPTjCo7d7xMpCqUchoHuDJHqy9+1zPyr1k5U99RLKY8TRTieLOomDKoIZpHADhUEKzbUgLCg+q8Q95FAWOng8jqE2aXwf2gULadilW9KherFNI4c2AX74BA44ARUwRWogTrA4B48gmfwYjwYT8ar8TZpnTOmMzvgh4z3L3QHl08=</latexit>

! = ω2 → ω1

You need a medium (sample) where magnons can propagate (spin-waves). 

Useful for investigating exchange interaction, anisotropy fields, DMI interactions. 

You can achieve resolutions < µm and < ns.

https://equipes.lps.u-psud.fr/idmag/brillouin-light-scattering/

https://equipes.lps.u-psud.fr/idmag/brillouin-light-scattering/


SPIN-WAVES

Generate spin-waves through a coplanar waveguide and a microwave.

Probe spin-waves properties through BLS as a function of applied field.

https://www.nature.com/articles/s41467-023-38992-7

https://www.nature.com/articles/s41467-023-38992-7


BLS VS. FERROMAGNETIC RESONANCE (FMR)

▸ Same kind of samples. 

▸ Same preparation (cpw + sample on top, or cpw patterned 
on sample). 

▸ BLS: dynamic conditions, propagating spin-waves. 

▸ FMR: standing waves.



MÖSSBAUER 
SPECTROSCOPY



A NUCLEAR TECHNIQUE

▸ Two (in principle identical) nuclei. 

▸ One emits a g photon. 

▸ Another (in the sample) absorbs it. 

▸ Both nuclei are in embedded in solids, and the photons 
have relatively low energy, so both emission and 
absorption are without recoil. Why is this important? 

▸ Source and target are in relative motion, to exploit Doppler 
effect. Why would you care?

https://commons.wikimedia.org/wiki/File:Mossbauer.jpg

https://commons.wikimedia.org/wiki/File:Mossbauer.jpg


WHICH NUCLEI?

▸ Magnetic materials usually contain significant amounts of 
Fe. 

▸ So if you want to detect Fe (and study some of its 
properties), the source must be of Fe as well. 

▸ Fe isotopes: 

▸ 54Fe (5.8%), 56Fe (91.8%), 57Fe(2.1%), 58Fe (0.3%). 

▸ All stable, but: 57Co is a relatively stable Co isotope with a 
half-life of ~272 d which decays into 57Fe.



AN INTERESTING PATH

▸ Start with 57Co (obtained by proton irradiation of Ni or Fe or 
by other kinds of ion irradiation). 

▸ 57Co decays by electron capture: an inner electron (K or L 
shells) is captured and a proton is converted into a neutron, 
with emission of a neutrino. 

▸ 57Fe is in an excited nuclear state. 

▸ 57Fe decays into its fundamental state by emitting g photons 
(14.4 keV).

<latexit sha1_base64="RQ2quTj1JughDTkPrM1Ihe6PoUk="></latexit>

57Co → 57Fe→ + ωe
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57Fe→ → 57Fe+ ω



ENERGY CONSERVATION

▸ In free nuclei, resonant emission and absorption of photons is 
never observed, because both effects involve recoil. 

▸ In solids, recoil is quantised in phonons, and at low emission 
energies recoil-free processes are permitted. 

▸ Resonant emission and absorption are then possible! 

▸ g photons have very narrow line width. Small changes in the 
energies of nuclear transitions may prevent resonant absorption. 

▸ Doppler effect provides the small energy variations necessary to 
match the energy conservation requirements taking into account 
the interactions of the absorbing nucleus with its electrons and 
those of the nearby nuclei.



MÖSSBAUER SPECTROSCOPY

▸ Mössbauer spectroscopy is therefore a technique that 
explores the electron environment of a set of absorbing 
nuclei. 

▸ If the target is 57Fe, the electron environment of 57Fe is 
explored. 

▸ And the electron environment of 57Fe contains energy 
contributions due to ferromagnetic interactions!



ISOMER SHIFT AND QUADRUPOLE SPLITTING

Isomer shift: interaction 
with S electrons. 

Quadrupole splitting: 
interaction with electric 
field gradients.

https://en.wikipedia.org/wiki/Mössbauer_spectroscopy

https://en.wikipedia.org/wiki/M%C3%B6ssbauer_spectroscopy


MAGNETIC HYPERFINE SPLITTING

Hyperfine splitting: 
interaction with 
surrounding magnetic 
field (e.g. due to the 
natural internal 
magnetic fields in 
ferromagnetic 
materials). 

The intensity of the 
magnetic field can be 
inferred from the 
spacing of the peaks, 
provided that the g-
factors of the nuclear 
states are known.

https://en.wikipedia.org/wiki/Mössbauer_spectroscopy

https://en.wikipedia.org/wiki/M%C3%B6ssbauer_spectroscopy


ANALYSIS

The Mössbauer spectra 
are fitted, with isomer 
shift, quadrupole 
splitting and hyperfine 
splitting as free 
parameters / 
distributions. 

Comparison with 
reference standards 
allows identification of 
compounds in sample, 
or identification of sites 
of Fe atoms in a crystal 
(e.g. ferrites). 

Peaks relative intensity 
provide a semi-
quantitative analysis of 
composition.



TO GIVE AN IDEA

broadening occurs when the local atomic probe environment is disturbed by static
effects, i.e. chemical or topological disorder or in presence of electron or magnetic
dynamics. In the case of magnetic nanostructures, the magnetization is not sys-
tematically static and both its orientation and magnitude may fluctuate. When the Fe
moment is submitted to relaxation effects, the hyperfine structure of the Mössbauer
spectrum is dramatically modified, particularly its line shape which has widely
discussed in the literature. Several theoretical descriptions have been proposed,
assuming that the values of +Bhf and -Bhf and that the relaxation is a stochastic
process with an average relaxation time. The calculations become quite complex and
some approximation can be done when the superparamagnetic particle exhibits
uniaxial symmetry when KV ! kBT. Figure 4.4 illustrates theoretical 57Fe
Mössbauer relaxation spectra using longitudinal relaxation with different relaxation
times assuming Bhf = ±55 T and an axial electric-field gradient parallel to Bhf.
Three regimes can be distinguished by comparing to the characteristic time of the
Mössbauer measurement (5.10-8 s) which results from the nuclear Larmor preces-
sion time in the magnetic hyperfine field. Large (s C 5.10–8 s) and short
(s B 10–10 s) relaxation times give rise to broadened lines sextet and quadrupolar
doublet (or singlet), respectively, while spectra with very broad lines with a gradual
transition from a sextet to a doublet are expected for intermediate range of relaxation
times. But it is clear that the physical modelling of the hyperfine structure becomes
dramatically complex when the sample consists of an assembly of polydisperse non
interacting magnetic nanoparticles because the distribution of time relaxation has to
be considered!

Consequently, the interest of Mössbauer spectrometry applied to nanomaterials
can be large and relevant in terms of both structural and magnetic characterization.
Nevertheless, great attention has to be paid to the modelling of hyperfine structure
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different exotic 
non-collinear states

https://link.springer.com/chapter/10.1007/978-3-642-32220-4_4

https://link.springer.com/chapter/10.1007/978-3-642-32220-4_4


MAGNETO-OPTICS



KERR AND FARADAY EFFECTS

▸ Two similar effects: small rotation of the 
plane of polarisation of light reflected by 
(Kerr) or transmitted through (Faraday) a 
magnetic material. 

▸ Weak intensity: in practice, digital 
subtraction of background (saturated 
state) is the only viable solution to obtain 
good results. 

▸ An addotional Voigt effect adds second-
order corrections and is even weaker.

https://commons.wikimedia.org/wiki/File:John_Kerr_(physicist).jpg 
https://commons.wikimedia.org/wiki/File:Michael_Faraday_sitting_crop.jpg 
https://commons.wikimedia.org/wiki/File:Woldemar_Voigt,_c._1908.jpg

https://commons.wikimedia.org/wiki/File:John_Kerr_(physicist).jpg
https://commons.wikimedia.org/wiki/File:Michael_Faraday_sitting_crop.jpg
https://commons.wikimedia.org/wiki/File:Woldemar_Voigt,_c._1908.jpg


MOSTLY A MATTER OF ELECTRICAL PERMITTIVITY
<latexit sha1_base64="LcCFzVuzOw+59McIg4wdmwiZN44="></latexit>
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▸ QV: Voigt material constant describing the magneto-optical rotation of 
the plane of polarisation of the light (Faraday in transmission, Kerr in 
reflection). 

▸ B1 and B2: Voigt constants. 

▸ mi: components of the unit vector of magnetisation along the cubic axes. 

▸ All constants are frequency dependent and complex, even though their 
real parts dominate over the imaginary parts. 

▸ A similar principle applies to the tensor of magnetic permeability, but it 
is much weaker (~10-2) than electrical permittivity.



YOU SPIN ME RIGHT ROUND…26 2 Domain Observation Techniques

Fig. 2.10. The polar (a) and the longitudinal (b) magneto-optical Kerr and Fara-
day effects. RN is the regularly reflected electric field amplitude. The magneto-
optical amplitudes RK and RF can be conceived as generated by the Lorentz
motion vLor. The polar effects would also occur for a vanishing angle of incidence ϑ0,
and they are largely independent of the direction of polarization E (chosen parallel
to the plane of incidence). The longitudinal effects, shown here also for the parallel
polarization case, increase proportional to sin ϑ0

Fig. 2.11. The longitudinal effects for perpendicular polarization (a), and the trans-
verse effect (b). The magnitude of the longitudinal effects is the same here as in the
case of Fig. 2.10b, but of opposite sign. In the transverse case, only parallel polar-
ization yields an effect, and only in reflection. In transmission there is no transverse
effect for either polarization. Both effects require a non-vanishing angle of incidence

transmitted beam direction. The sense of rotation is opposite in the two cases.
For ϑ0 = 0◦ the Lorentz force either vanishes (Fig. 2.10b), or points along the
beam, thus not generating a detectable radiation (Fig. 2.11a).

For transverse orientation (Fig. 2.11b) in which the magnetization is per-
pendicular to the plane of incidence, no magneto-optical effect occurs in trans-

26 2 Domain Observation Techniques

Fig. 2.10. The polar (a) and the longitudinal (b) magneto-optical Kerr and Fara-
day effects. RN is the regularly reflected electric field amplitude. The magneto-
optical amplitudes RK and RF can be conceived as generated by the Lorentz
motion vLor. The polar effects would also occur for a vanishing angle of incidence ϑ0,
and they are largely independent of the direction of polarization E (chosen parallel
to the plane of incidence). The longitudinal effects, shown here also for the parallel
polarization case, increase proportional to sin ϑ0

Fig. 2.11. The longitudinal effects for perpendicular polarization (a), and the trans-
verse effect (b). The magnitude of the longitudinal effects is the same here as in the
case of Fig. 2.10b, but of opposite sign. In the transverse case, only parallel polar-
ization yields an effect, and only in reflection. In transmission there is no transverse
effect for either polarization. Both effects require a non-vanishing angle of incidence

transmitted beam direction. The sense of rotation is opposite in the two cases.
For ϑ0 = 0◦ the Lorentz force either vanishes (Fig. 2.10b), or points along the
beam, thus not generating a detectable radiation (Fig. 2.11a).

For transverse orientation (Fig. 2.11b) in which the magnetization is per-
pendicular to the plane of incidence, no magneto-optical effect occurs in trans-

Kerr 
(reflection)

Faraday 
(transmission)

polar: m oop

The incident light induces oscillations of electrons parallel to the plane of polarisation (direction of E). 

A Lorentz force, driven by the magnetisation of the material, acts on the oscillating electrons inducing 
a small rotation of the plane of polarisation of the light. [Hubert & Schäfer]
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Fig. 2.12. Polarizer and analyser in a Kerr
setup with definition of the respective angles

mission [because the cross-product (2.5a) is either zero, or points along the
propagation direction]. In reflection, however, light of parallel polarization will
generate a Kerr amplitude, since the reflected beam has a different direction.
It is proportional to sinϑ0 again, but the polarization direction is the same
as that of the regularly reflected beam. The transverse effect therefore causes
an amplitude variation of the light, which can be used for measuring pur-
poses [140], but it will produce little contrast in a visible image. To generate
a detectable rotation in the transverse case, the polarization of the incident
beam is chosen between the parallel and the perpendicular orientation. Then
the perpendicular component is not affected, while the parallel component is
modulated in its amplitude, leading to a detectable polarization rotation [141].

Combining these effects in a quantitative way, a general formula [142] for
the Kerr effect is obtained. The light passes first through a polarizer of setting
Ψp, measured from the plane of incidence (Fig. 2.12). Then it is reflected
from the sample, experiencing regular amplitude reflection coefficients Rp and
Rs for the components parallel and perpendicular to the plane of incidence.
The Kerr amplitudes Rpol

K , Rlon
K and Rtra

K for the polar, the longitudinal and
the transverse cases are excited, depending on the magnetization components
mpol, mlon and mtra. Finally the light passes through an analyser (with the
setting αs measured from the axis perpendicular to the plane of incidence),
leading to the total signal amplitude relative to the incident amplitude:

Atot = −Rp cosΨp sin αs + Rs sin Ψp cos αs + Rpol
K cos (αs − Ψp)mpol

+ Rlon
K cos (αs + Ψp)mlon − Rtra

K cosΨp sin αsmtra. (2.6)

The regular reflection coefficients Rp and Rs can be derived from the
optical constants and the angle of incidence, using Fresnel’s formulae. Similar
expressions also exist for the Kerr coefficients; we will present them below in
(2.11–2.13), including the effects of additional dielectric interference layers.

Only small values of αs and Ψp are needed to adjust the polar and longi-
tudinal effects for optimum contrast. The transverse effect yields the largest
modulation in the amplitude Atot after the analyser if αs ≈ Ψp ≈ 45◦, pro-
vided that the two regularly reflected amplitudes Rp and Rs are about equal.

<latexit sha1_base64="D7gezGOkwB/GtOhGf6LCaZwrTOE="></latexit>

Atot = →Rp cos!p sinωs

+Rs sin!p cosωs

+Rpol
K cos(ωs →!p)mpol

+Rlon
K cos(ωs +!p)mlon

→Rtra
K cos!p sinωsmtra

[Hubert & Schäfer]
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Fig. 2.12. Polarizer and analyser in a Kerr
setup with definition of the respective angles

mission [because the cross-product (2.5a) is either zero, or points along the
propagation direction]. In reflection, however, light of parallel polarization will
generate a Kerr amplitude, since the reflected beam has a different direction.
It is proportional to sinϑ0 again, but the polarization direction is the same
as that of the regularly reflected beam. The transverse effect therefore causes
an amplitude variation of the light, which can be used for measuring pur-
poses [140], but it will produce little contrast in a visible image. To generate
a detectable rotation in the transverse case, the polarization of the incident
beam is chosen between the parallel and the perpendicular orientation. Then
the perpendicular component is not affected, while the parallel component is
modulated in its amplitude, leading to a detectable polarization rotation [141].

Combining these effects in a quantitative way, a general formula [142] for
the Kerr effect is obtained. The light passes first through a polarizer of setting
Ψp, measured from the plane of incidence (Fig. 2.12). Then it is reflected
from the sample, experiencing regular amplitude reflection coefficients Rp and
Rs for the components parallel and perpendicular to the plane of incidence.
The Kerr amplitudes Rpol

K , Rlon
K and Rtra

K for the polar, the longitudinal and
the transverse cases are excited, depending on the magnetization components
mpol, mlon and mtra. Finally the light passes through an analyser (with the
setting αs measured from the axis perpendicular to the plane of incidence),
leading to the total signal amplitude relative to the incident amplitude:

Atot = −Rp cosΨp sin αs + Rs sin Ψp cos αs + Rpol
K cos (αs − Ψp)mpol

+ Rlon
K cos (αs + Ψp)mlon − Rtra

K cosΨp sin αsmtra. (2.6)

The regular reflection coefficients Rp and Rs can be derived from the
optical constants and the angle of incidence, using Fresnel’s formulae. Similar
expressions also exist for the Kerr coefficients; we will present them below in
(2.11–2.13), including the effects of additional dielectric interference layers.

Only small values of αs and Ψp are needed to adjust the polar and longi-
tudinal effects for optimum contrast. The transverse effect yields the largest
modulation in the amplitude Atot after the analyser if αs ≈ Ψp ≈ 45◦, pro-
vided that the two regularly reflected amplitudes Rp and Rs are about equal.
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Atot = →Rp cos!p sinωs

+Rs sin!p cosωs

+Rpol
K cos(ωs →!p)mpol

+Rlon
K cos(ωs +!p)mlon

→Rtra
K cos!p sinωsmtra

amplitude relative to incident amplitude
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Fig. 2.12. Polarizer and analyser in a Kerr
setup with definition of the respective angles

mission [because the cross-product (2.5a) is either zero, or points along the
propagation direction]. In reflection, however, light of parallel polarization will
generate a Kerr amplitude, since the reflected beam has a different direction.
It is proportional to sinϑ0 again, but the polarization direction is the same
as that of the regularly reflected beam. The transverse effect therefore causes
an amplitude variation of the light, which can be used for measuring pur-
poses [140], but it will produce little contrast in a visible image. To generate
a detectable rotation in the transverse case, the polarization of the incident
beam is chosen between the parallel and the perpendicular orientation. Then
the perpendicular component is not affected, while the parallel component is
modulated in its amplitude, leading to a detectable polarization rotation [141].

Combining these effects in a quantitative way, a general formula [142] for
the Kerr effect is obtained. The light passes first through a polarizer of setting
Ψp, measured from the plane of incidence (Fig. 2.12). Then it is reflected
from the sample, experiencing regular amplitude reflection coefficients Rp and
Rs for the components parallel and perpendicular to the plane of incidence.
The Kerr amplitudes Rpol

K , Rlon
K and Rtra

K for the polar, the longitudinal and
the transverse cases are excited, depending on the magnetization components
mpol, mlon and mtra. Finally the light passes through an analyser (with the
setting αs measured from the axis perpendicular to the plane of incidence),
leading to the total signal amplitude relative to the incident amplitude:

Atot = −Rp cosΨp sin αs + Rs sin Ψp cos αs + Rpol
K cos (αs − Ψp)mpol

+ Rlon
K cos (αs + Ψp)mlon − Rtra

K cosΨp sin αsmtra. (2.6)

The regular reflection coefficients Rp and Rs can be derived from the
optical constants and the angle of incidence, using Fresnel’s formulae. Similar
expressions also exist for the Kerr coefficients; we will present them below in
(2.11–2.13), including the effects of additional dielectric interference layers.

Only small values of αs and Ψp are needed to adjust the polar and longi-
tudinal effects for optimum contrast. The transverse effect yields the largest
modulation in the amplitude Atot after the analyser if αs ≈ Ψp ≈ 45◦, pro-
vided that the two regularly reflected amplitudes Rp and Rs are about equal.

<latexit sha1_base64="D7gezGOkwB/GtOhGf6LCaZwrTOE="></latexit>

Atot = →Rp cos!p sinωs

+Rs sin!p cosωs

+Rpol
K cos(ωs →!p)mpol

+Rlon
K cos(ωs +!p)mlon

→Rtra
K cos!p sinωsmtra

amplitude relative to incident amplitude

reflection coefficients
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Fig. 2.12. Polarizer and analyser in a Kerr
setup with definition of the respective angles

mission [because the cross-product (2.5a) is either zero, or points along the
propagation direction]. In reflection, however, light of parallel polarization will
generate a Kerr amplitude, since the reflected beam has a different direction.
It is proportional to sinϑ0 again, but the polarization direction is the same
as that of the regularly reflected beam. The transverse effect therefore causes
an amplitude variation of the light, which can be used for measuring pur-
poses [140], but it will produce little contrast in a visible image. To generate
a detectable rotation in the transverse case, the polarization of the incident
beam is chosen between the parallel and the perpendicular orientation. Then
the perpendicular component is not affected, while the parallel component is
modulated in its amplitude, leading to a detectable polarization rotation [141].

Combining these effects in a quantitative way, a general formula [142] for
the Kerr effect is obtained. The light passes first through a polarizer of setting
Ψp, measured from the plane of incidence (Fig. 2.12). Then it is reflected
from the sample, experiencing regular amplitude reflection coefficients Rp and
Rs for the components parallel and perpendicular to the plane of incidence.
The Kerr amplitudes Rpol

K , Rlon
K and Rtra

K for the polar, the longitudinal and
the transverse cases are excited, depending on the magnetization components
mpol, mlon and mtra. Finally the light passes through an analyser (with the
setting αs measured from the axis perpendicular to the plane of incidence),
leading to the total signal amplitude relative to the incident amplitude:

Atot = −Rp cosΨp sin αs + Rs sin Ψp cos αs + Rpol
K cos (αs − Ψp)mpol

+ Rlon
K cos (αs + Ψp)mlon − Rtra

K cosΨp sin αsmtra. (2.6)

The regular reflection coefficients Rp and Rs can be derived from the
optical constants and the angle of incidence, using Fresnel’s formulae. Similar
expressions also exist for the Kerr coefficients; we will present them below in
(2.11–2.13), including the effects of additional dielectric interference layers.

Only small values of αs and Ψp are needed to adjust the polar and longi-
tudinal effects for optimum contrast. The transverse effect yields the largest
modulation in the amplitude Atot after the analyser if αs ≈ Ψp ≈ 45◦, pro-
vided that the two regularly reflected amplitudes Rp and Rs are about equal.
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Atot = →Rp cos!p sinωs

+Rs sin!p cosωs

+Rpol
K cos(ωs →!p)mpol
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K cos(ωs +!p)mlon

→Rtra
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Fig. 2.12. Polarizer and analyser in a Kerr
setup with definition of the respective angles

mission [because the cross-product (2.5a) is either zero, or points along the
propagation direction]. In reflection, however, light of parallel polarization will
generate a Kerr amplitude, since the reflected beam has a different direction.
It is proportional to sinϑ0 again, but the polarization direction is the same
as that of the regularly reflected beam. The transverse effect therefore causes
an amplitude variation of the light, which can be used for measuring pur-
poses [140], but it will produce little contrast in a visible image. To generate
a detectable rotation in the transverse case, the polarization of the incident
beam is chosen between the parallel and the perpendicular orientation. Then
the perpendicular component is not affected, while the parallel component is
modulated in its amplitude, leading to a detectable polarization rotation [141].

Combining these effects in a quantitative way, a general formula [142] for
the Kerr effect is obtained. The light passes first through a polarizer of setting
Ψp, measured from the plane of incidence (Fig. 2.12). Then it is reflected
from the sample, experiencing regular amplitude reflection coefficients Rp and
Rs for the components parallel and perpendicular to the plane of incidence.
The Kerr amplitudes Rpol

K , Rlon
K and Rtra

K for the polar, the longitudinal and
the transverse cases are excited, depending on the magnetization components
mpol, mlon and mtra. Finally the light passes through an analyser (with the
setting αs measured from the axis perpendicular to the plane of incidence),
leading to the total signal amplitude relative to the incident amplitude:

Atot = −Rp cosΨp sin αs + Rs sin Ψp cos αs + Rpol
K cos (αs − Ψp)mpol

+ Rlon
K cos (αs + Ψp)mlon − Rtra

K cosΨp sin αsmtra. (2.6)

The regular reflection coefficients Rp and Rs can be derived from the
optical constants and the angle of incidence, using Fresnel’s formulae. Similar
expressions also exist for the Kerr coefficients; we will present them below in
(2.11–2.13), including the effects of additional dielectric interference layers.

Only small values of αs and Ψp are needed to adjust the polar and longi-
tudinal effects for optimum contrast. The transverse effect yields the largest
modulation in the amplitude Atot after the analyser if αs ≈ Ψp ≈ 45◦, pro-
vided that the two regularly reflected amplitudes Rp and Rs are about equal.
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Atot = →Rp cos!p sinωs

+Rs sin!p cosωs

+Rpol
K cos(ωs →!p)mpol

+Rlon
K cos(ωs +!p)mlon

→Rtra
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OPERATION

▸ Polariser is oriented along the desired saturation direction. 

▸ Analyser is adjusted so that domains along the saturation 
are completely dark. 

▸ Analyser angle is fine-tuned to optimise contrast or 
sensitivity or in general to achieve better results.



EXPERIMENTAL SETUP
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efficiency. For an optimized ultrathin film system, however, all of the magneto-
optic amplitude is generated with the same phase. This advantage becomes
the more effective the smaller the absorption in the magnetic medium, be-
cause then the contributions from different depths in bulk material may even
differ in sign, leading to very weak overall signals. For the highly transparent
garnets, for example, no domain observation truly based on the Kerr effect
has been reported (domains in garnets are observed in transmission by the
Faraday effect, perhaps using a mirror for reflection observations).

The different phases of contributions from different depths can be exploited
in Kerr microscopy. Using a rotatable compensator, the phase of the Kerr
amplitude can be adjusted relative to the regularly reflected light amplitude.
In this way light from selected depth zones can be made invisible if their Kerr
amplitude is adjusted out of phase with respect to the regular light. This
kind of depth-selective Kerr microscopy was demonstrated in [154, 155] for
Fe/Cr/Fe sandwich samples in which the domains in the two iron layers could
be imaged separately. The possibilities of such observations can be extended
by using different light wavelengths [156, 157].

2.3.5 Kerr Microscopes

The most common Kerr microscopes are sketched in Fig. 2.14. The first setup
is recommended for low resolution applications in the longitudinal or trans-
verse effects to obtain an overview of the domain pattern of larger samples.
The advantage of this setup is that no optical elements other than the sample
exist between polarizer and analyser, so that contrast conditions are optimal.
The objective lens is tilted to increase the range of focus and to reduce the
image distortion [158]. Resolution in this arrangement is practically limited by
the achievable numerical aperture and by aberrations in the tilted objective
to about 2 µm. Microscopes of this type have to be custom-made. They can
be based on a suitable stereo microscope [159].

Fig. 2.14. Two Kerr microscopes. (a) A low resolution and high sensitivity version.
In this case a wide angle objective lens, which can be tilted to reduce distortion,
works best. (b) A high resolution, distortion-free Kerr microscope. To avoid depo-
larization, the objective lens and the mirror element must be strain-free

low resolution, high sensitivity high resolution

38 2 Domain Observation Techniques

dicular incidence the polar component, the Voigt effect or the magneto-optic
gradient effect (see Sect. 2.3.12) can be observed and correlated with a conven-
tional longitudinal image. (iii) The sample can be shifted and different parts
of the same pattern can be explored. (iv) By rotating the compensator, the
depth sensitivity can be modified as explained in Sect. 2.3.4. (v) By changing
the objective lens, a portion of a picture can be investigated in different mag-
nifications. (vi) Even the rear side of a sample can be inspected and compared
with the front image, if it is accessible. Complex three-dimensional domain
patterns can be analysed much more reliably, if images from different sides of
a sample are available (see [172] and Fig. 1.1a).

The standard digital difference procedure sometimes still contains struc-
tural or non-magnetic contrast contributions. Coarse-grained polycrystalline
and non-flat samples often make such problems. An enhanced method that
normalizes the standard difference image by a “saturation difference image”,
thus removing these artefacts, was developed and demonstrated in [173].

Electronic contrast enhancement opened a wide area of new possibilities.
For the first time even domain walls in metallic soft magnetic materials could
be visualized in all detail [171], as demonstrated in Fig. 2.18a. Here, the sur-
face structure of Bloch walls in silicon-iron is depicted with the longitudinal
Kerr effect, while the domains show almost no contrast except for a few do-
mains magnetized along the plane of incidence. When the plane of incidence is
rotated in the sense of a combination picture as explained above, the visibility
conditions for domains and walls are exchanged (Fig. 2.18b).

Another way of digital image improvement was demonstrated in [174].
Here the digitally recorded image was Fourier transformed, and those parts of
the spectrum not related to the magnetic image were removed. The resulting
magnetic image of maze domains in a garnet film showed an improved quality.
This possibility is interesting but probably not generally applicable. Further
possibilities are discussed in [175].

Fig. 2.18. Domain and wall images from a (100)-oriented silicon-iron crystal. With a
vertical plane of incidence (a) the structure of the horizontal walls becomes visible.
In (b) the sensitivity axis at oblique incidence is chosen horizontally, displaying
mostly domain contrast and only indications of the wall substructure pattern

[Hubert & Schäfer]



INFORMATION ACQUIRED

▸ Magnetic domains configuration. 

▸ Evolution of magnetisation with applied magnetic field. 

▸ Evolution of magnetisation over time. 

▸ Ultrafast magnetisation dynamics (periodic processes).
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FIG. 3. (a) Schematic of measurement procedure using MOKE. Demagnetized states recorded at →0 kV/cm and +0 kV/cm
states are shown in (b) and (c). Magnetic domain images on the left are longitudinal contrasts (in-plane magnetization along
→↑
H ) and on right are transverse contrasts (in-plane magnetization perpendicular to

→↑
H ).

deformations of the piezoelectric substrate[54]. When the
0→ state is achieved, the hysteresis loops shifts again with
90↑ having the highest remanence and lowest coercivity.
The hysteresis loops of 0→ state and 0+ state are very dif-
ferent but are reversible. The detailed evolution of hys-
teresis loops is shown in supplementary figure S3. The
polar plot of normalized magnetic remanence (Mr/MS)
of hysteresis measured in di!erent directions and states
is shown 4(d). The pristine state shown in light green
curve has an easy axis along the [011̄] direction. The
anisotropy is modified in the 0+ state represented by the
green curve. The remanence magnetization is observed
to be the highest along 30↑ that is defined as the easy
axis (in-plane loops with similar coercivity). This is in-
deed observed in figure 3(b), where some domains are
oriented along 30↑ (dark domains). The remanence of
hysteresis along 90↑ and -90↑ are not the same as the

sample generates cracks and local surface deformations
that hinders the symmetry of the domain flow[55]. In the
0→ state, the shape of the polar plot completely shifts,
making the [011̄] direction as the new easy axis. Overall,
a modification of magnetic anisotropy in the system with
a rotation of easy axis by 60↑ is observed.

2. Influence on magnetic domains

The magnetic domain textures forming during the
magnetization reversal along [011̄] and [100] directions
are further studied to understand the influence of electric-
field induced local strains. Figure 5(a) represent the
domains for the pristine state of the sample, with the
red and green curve showing the local hysteresis (con-
structed from the region shown in domains) along [100]
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FIG. 5. Magnetic domain structures recorded during magnetization reversal in pristine, +0 kV/cm and →0 kV/cm states are
shown by (a)1–6, (b)1-6 and (c)1–6, respectively. The green dotted lines mark the surface cracks generated by electric-field
induced strain. The red and green curves represent the hysteresis loop along [100] and [011̄] directions. The images correspond
to the points marked in the hysteresis loops.

D. Controlling magnetic anisotropy rotation

It is understood that the magnetic anisotropy of the
system can be modified by achieving distinctive rema-

nent strained states. However, a greater control on the
anisotropy rotation can be developed by stabilizing dif-
ferent strain levels based on the strain curve (ω - E)
shown in figure 1(b). Figure 6(a) shows such a case
where four distinct strain levels were achieved by main-

Each image corresponds to a different applied field. 

For each applied field, an average value (level of grey) is calculated. 

That is the normalised MOKE magnetisation.
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https://www.nature.com/articles/s41467-020-19724-7 
https://www.ohno.riec.tohoku.ac.jp/english/Research_toptst-file/spinpheno-file/e_CIDWM/e_CIDWM.htm

https://www.nature.com/articles/s41467-020-19724-7
https://www.ohno.riec.tohoku.ac.jp/english/Research_toptst-file/spinpheno-file/e_CIDWM/e_CIDWM.htm


ULTRAFAST MAGNETISATION DYNAMICS

▸ A stroboscopic variant. 

▸ Repetitive phenomena necessary. 

▸ The phenomenon is excited, and the response acquired 
(several times to increase signal) at different delays from 
the excitation. 

▸ Subsequent analysis and reconstruction gives the time-
resolved evolution of the periodic phenomenon, with a 
very high time resolution.
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