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“Definition “
Molecular Magnetism (MM) can be

defined, according to Prof. O. Kahn,

as a discipline, which designs,

synthesizes, studies and applies

molecular magnetic materials with

new but predictable properties at

the crossroads of quantum theory,

chemistry, physics and biology.1

[1] O. Kahn, O. Molecular Magnetism, New York: VCH, 1993; b) D. Gatteschi, R. Sessoli, R. J.
VillainMolecular nanomagnets. Oxford: Oxford University Press, 2006.



Molecular (Magnetic) Materials
“Molecular magnetism is the research field devoted to the design, 

the synthesis, the study and the use  of molecular magnetic 
materials with new original and predictable properties”  

Prof M. Verdaguer, Emeritus professor
Université Pierre et Marie Curie



Multi-functional 
Materials

Switchable
Materials

Nano-Magnets
(SMMs and SCMs)

Molecular Magnets… 



What is SQUID?



SQUID magnetometers, UPMC, Paris-6

Superconducting Quantum Interference Device



MPMS 3_ Quantum Design's 



Comparison SQUID/PPMS for DC and AC magnetic measurements

*For a hysteresis loop with Hmax= 5T and ΔH = 0.25 T, it takes 30 min on
VSM and > 3 h on SQUID-XL

Slide Courtesy Dr. Yangling Li



1. Sample Rod 
2. Sample Rotator 
3. Sample Transport 
4. Probe 
5. Helium Level Sensor 
6. Superconducting Solenoid 
7. Flow impedance 
8. SQUID Capsule

A. Upper Limit of Vertical Translator Movement 
B. Center of Translator Movement 
C. Lower Limit of Translator Movement 
D. Top of Sensing Coils 
E. Center of Sensing Coils 
F. Bottom of Sensing Coils 
G. Bottom of Dewar Top Plate 
H. Top of Dewar Belly 
I. Top of Superconducting Solenoid 
J. Bottom of superconducting Solenoid 
K. Top of SQUID Housing 
L . Lowest Point of the Plate

SQUID Magnetometer



SQUID Magnetometer

Reference : Magnetic Property Measurement System (MPMS-XL) hardware Reference Manual



Reference : Magnetic Property Measurement System (MPMS-XL) hardware Reference Manual

Josephson
Junction

RF

Great sensitivity of SQUID detection

Φo = 2.068 x 10-15 Weber

1 Wb/m2 = 1 Tesla

DC measurement on SQUID



DC measurement on SQUID



DC measurement on SQUID



SQUID Magnetometer, 
KIT, Germany



SQUID Magnetometer, 
KIT, Germany



Before Sample Preparation:  Some essential tools

good quality analytical balance

Glass rod

Ceramic scissorsceramic knifepolythene bag

microscope

ceramic tweezer



Centering of Sample 



Centering of Sample 

SQUID Magnetometer, CRPP, Bordeaux



Problem due to loss of SQUID tuning

SQUID Magnetometer, CRPP, Bordeaux



Restoring SQUID tuning

SQUID Magnetometer, CRPP, Bordeaux



What are the possible sources of errors when you
measure magnetic properties?

There are five traditional source of errors which one can
finds in the scientific articles and most of the magneto-
chemists have made one of these mistakes at least once

-Ferromagnetic impurity
-Loss of solvent molecules
-Orientation of the microcrystals under magnetic field
-Saturation effect
-Diamagnetic correction

Good Magnetic Data
Obviously, you need good measurements!!!

Slide Courtesy Dr. Hab. Yves Journaux



Ferromagnetic impurity The enemy of the magneto-chemist

Your sample is polluted with a ferromagnetic impurity !!!!

The metallic spatula !!!!
good tools

Slide Courtesy Dr. Hab. Yves Journaux



Presence of a ferromagnetic impurity (magnet)

At low field, the magnetic susceptibility χ does not depend on the
magnetic field

with Ferromagnetic impurity

Mmeasured = χtrue. H +  Mimpurity

χmeasured = χtrue + Mimpurity / H

with a ferromagnetic impurity magnetic susceptibility χ depends on the magnetic
field

B = μ0 [ H + M ]     with  M = χ . H

χ = M / H without ferromagnetic impurity

Slide Courtesy Dr. Hab. Yves Journaux



The first thing to do, is to check the field-dependent magnetization at 100 K
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Loss of Solvent Molecules

Molecular compounds are fragile

Presence of the solvent molecules in the crystal  structure



When you introduce your sample in the
SQUID. You put it in the sample loading
chamber.

"The standard sample loading technique
is the presence of a vacuum atmosphere
inside the sample loading space. When
the system is purged, the sample space
goes through a series of pump/purge
cycles using the FLUSH valve to pump out
the sample space and the VENT valve to
back fill with helium gas."

For molecular compounds, there is great
risk to loose the crystallization solvent
molecules!!!

Sample Loading and Purging 



Without crystallization solvent
molecules sample shows a
ferromagnetic ordering at 14 K

Purging the sample space at low temperature

With crystallization solvent molecules this
sample exhibit an antiferromagnetic ordering at
low temperature

Loss of Solvent Molecules

Slide Courtesy Dr. Hab. Yves Journaux



To be sure about the magnetic data, it is a good practice to perform a

TGA (thermogravimetry) or DTA (Differential Thermal Analysis)

experiment before measuring the sample in the SQUID

magnetometer, in order to see the possible solvent loss around room

temperature

The crystallization solvent molecules control the intermolecular interaction

In most cases the loss of crystallization solvent molecules lead to inter-

molecular antiferromagnetic interaction and could mask the

interesting magnetic properties like slow relaxation of magnetization

in case of Single Molecule Magnets



Orientation of the microcrystals under magnetic field

Intermolecular ferromagnetic interaction ?

No ! An artefact

The micro crystals are oriented by the magnetic field. Now the sample
is no longer being randomly oriented. A majority of micro crystals have
their easy axis // to the magnetic field Slide Courtesy Dr. Hab. Yves Journaux



E = -M . H = -χ. H2 to minimize its energy, the crystal will orient itself in order to 
have the largest χ value

χ = M / H
χ// >> χ⊥

To avoid the orientation of the microcrystal

You have to block the microcrystals!!!
Slide Courtesy Dr. Hab. Yves Journaux

Orientation of the microcrystals under magnetic field



To block the crystals, several solutions are possible

easy solution but not
very safe

-Parafilm
-Araldite
-Viscous liquid

But with this kind of solution it is difficult
to correct the diamagnetic contribution of
these supplementary materials

Slide Courtesy Dr. Hab. Yves Journaux



Blocking the microcrystals using Viscous liquid

SQUID Magnetometer data, CRPP, Bordeaux



Saturation Effect

In a SQUID magnetometer (DC
measurement), the susceptibility is
obtained by χM = MM / B

χM is calculated as the slope of the
red line (secant line) which has
nothing to do with the real value of
χM .

At low temperature, measurements have to be done at low field

T = 2 K

χM  at 1 T is given by the slope of 
the green line (tangent line)

However, we are interested in the value of χM at B=0, which is the slope of the pink line
(linear part of the M=f(B) curve)

Slide Courtesy Dr. Hab. Yves Journaux



Diamagnetic corrections

-Diamagnetism of the sample holder
-diamagnetism of the sample
-TIP contribution

Crude data must be corrected for

for a weakly coupled system a bad diamagnetic correction could lead to an
apparent ferro or ferrimagnetic interaction

▲ cMT uncorrected
■ cMT overcorrected
● cMT corrected

Slide Courtesy Dr. Hab. Yves Journaux



To find the right correction for the diamagnetism

For the sample

A good approximation is given by
χM dia ≈ {Mmol/2 }*10−6

Diamagnetic corrections

You have to have a good law χdia=f(T,H) for the diamagnetism of the
sample holder
We use χnac= A(H) T + B(H)/T +C(H)/T2

The ideal solution is to have the measurements for an isomorphic
compound containing non-magnetic metal ions like Zn(II)

Calculate the diamagnetism of the sample using Pascal’s constants,

Slide Courtesy Dr. Hab. Yves Journaux



Actually you do not need to correct the data for the
diamagnetism of the sample.
In fact, it would be better to add a Constant term to the
theoretical law
χM = f(Ji, Di, gi, T) + Cdia.10−6

and check afterwards if the Cdia value is reasonable

The Cdia term contains both the diamagnetic and the TIP
contributions
TIP : temperature independent paramagnetism

Diamagnetic corrections

Slide Courtesy Dr. Hab. Yves Journaux



Diamagnetic corrections of the bag

SQUID Magnetometer data, KIT, Germany



SQUID data treatment

Magnetic moment vs Temperature
SQUID Magnetometer data, UPMC, Paris-6



SQUID data treatment

Magnetic moment vs Temperature Data from VSM

SQUID-VSM data, IISc, Bangalore



SQUID data treatment

Magnetic susceptibility vs Temperature



SQUID data treatment

Magnetic moment vs field

SQUID Magnetometer data analysis, CRPP, Bordeaux
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SQUID Magnetometer data analysis, CRPP, Bordeaux



Spin crossover and transitionSpin Crossover or Spin-transition

Atkins P. W. Physical chemistry. 1994 221.
Slichter C. P. J. Chem. Phys. 1972, 56, 2142.
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Spin Crossover or Spin Transition
Electron-Transfer-Coupled Spin Transition

SQUID Magnetometer data analysis, CRPP, Bordeaux



Spin Crossover or Spin Transition
Electron-Transfer-Coupled Spin Transition

SQUID Magnetometer data, UPMC, Paris-6



Spin Crossover or Spin Transition
Electron-Transfer-Coupled Spin Transition

SQUID Magnetometer data analysis, CRPP, Bordeaux



Magnetic Measurements: Thermal Quenching

SQUID Magnetometer data, CRPP, Bordeaux
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Magnetic measurement in solution

SQUID Magnetometer data, CRPP, Bordeaux
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Magnetic measurement: crystals kept in the mother liquor

SQUID Magnetometer data, CRPP, Bordeaux



10

As you can see this is working perfectly so I am convinced that what is
observed if definitely a simple heating process.

1st Measurement: Irradiation vs Time

SQUID Magnetometer 
data, KIT, Germany

140

160

180

200

0 20 40 60 80 100 120

Fe10Dy10_10K_
WL

405 nm

532 nm
χ

M
T

 /
 c

m
3
 m

o
l-

1
 K

Time / min

hν



10

1st measurement: kinetic of the irradiation

20 K, 10000 Oe

Switch ON

Switch OFF

Abhishake Mondal_Thesis, 2013, UPMC-Paris-6
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2nd measurement: 
Relaxation of the photoinduced metastable state 

Absence of light 

20 K, 10000 Oe

Abhishake Mondal_Thesis, 2013, UPMC-Paris-6
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size: 1.5 x 1.5 x 1 mm3, wt: 0.5 mg 

Photomagnetic measurement on a single crystal

20 K, 10000 Oe

Abhishake Mondal_Thesis, 2013, UPMC-Paris-6
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Photomagnetic measurement on a single crystal
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SQUID Magnetometer data analysis, UPMC, Paris-6



Light induced thermal hysteresis effects
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Reverse Photomagnetism: OFF Mode

20 K, 10000 Oe

Abhishake Mondal_Thesis, 2013, UPMC-Paris-6
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J. Am. Chem. Soc. 2013, 135, 1653

On/off repeatable photo(magnetic) switch
{FeIII

2-CoII
2} ó {FeII

2-CoIII
2} 

Abhishake Mondal_Thesis, 2013, UPMC-Paris-6



Using Single crystal

ON mode

15 K

Δ Co-N ≈ 0.2 Å

s 658 nm
r 808 nm

On/off photo-switch : in a single crystal
{FeIII

2-CoII
2} ó {FeIII

2-CoII
2} 

OFF mode

15 K

Δ Co-N ≈ 0.15 Å

r 808 nm
� Off
X 532 nm

Co-N= 1.91 Å (200 K)
Co-N= 2.10 Å (808 nm)
Co-N= 1.95 Å (532 nm)

22

CoIII
LS-N = 1.9 Å

CoII
LS-N  = 2.0 Å

CoII
HS-N  = 2.1 Å

Other Measurement Techniques: Single-Crystal X-ray diffraction

Abhishake Mondal_Thesis, 2013, UPMC-Paris-6



Other Measurement Techniques: Reflectivity measurements

Reflectivity data analysis, CRPP, Bordeaux



Reflects sensitivity of the 
material to H applied

Reflects dissipation, energy 
lost, absorption of energy

Superconducting Quantum Interference Device 
(SQUID)

Physical Properties Measurement System
(PPMS)

AC susceptibility measurement using SQUID and PPMS 

χ =  χ’ - iχ”

Real part Imaginary part

SQUID Magnetometer and PPMS Susceptometer, CRPP, Bordeaux



detection coil, and the
time domain response 
is again measured. 
The two sets of average
waveforms are subtract-
ed to eliminate imbal-
ance effects between 
the drive coil and the
counter-wound sense
coils. 

The calibration coil
array is used to precise-
ly determine the instru-
ment phase lag and also
the amplitude of the

applied AC magnetic field for improved
B-H measurements. The detection system
phase shift can then be removed from the
sample signal. These two capabilities
combine to give the ACMS an effective
method of separating the sample signal
from instrumentation effects.

Digital Signal Processor (DSP) Improves

Signal-to-Noise Ratio without Removing 

Part of the Wanted Signal

By using a DSP chip rather than a lock-
in amplifier, the PPMS takes advantage 
of digital filtering. This vastly improves 
signal-to-noise performance over 

have phase shifts between the drive signal
and the measured signal due to time
constants in the electronics and coil set,
depending on temperature, field, and 
frequency. Removing this instrument-
dependent phase shift from the raw data
is necessary to accurately determine the
real and imaginary components of the
sample’s AC response. The ACMS cor-
rects for this background phase shift by
measuring the instrumental phase shift
for each measurement. This direct mea-
surement nulling uses a low-inductance
calibration coil at the center of each of
the pickup coils to determine the instru-
mental phase shift. In contrast, other sys-
tems rely on interpolation matrices or 
calibrations at a single temperature; they
cannot correct for system changes such 
as aging electronics, coil relaxation, and
environmental variations.

To perform an AC measurement, a signal
is applied to the drive coil and the sample
is centered in one of the two detection
coils. The DSP then records the voltage
across the detection coils for a predeter-
mined amount of time. Multiple AC
waveforms are averaged point-by-point 
to reduce noise with a single averaged
waveform as the final output. The sample
is sequentially positioned in the second

analog filters, which have to sacrifice
accuracy in order to perform over a wide
frequency band. 

DC MEASUREMENTS

The ACMS utilizes a DC measurement
technique called Extraction
Magnetometry. Moving a magnetized
sample through the detection coils
induces a voltage in the detection coil set.
The amplitude of this signal is propor-
tional to the magnetic moment and speed
of the sample during extraction. The DC
servo motor employed in the ACMS can
extract the sample at a speed of approxi-
mately 100 cm per second, thus signifi-
cantly increasing the signal strength over
conventional extraction systems. The
greater extraction speed also reduces any
errors that may result from non-equilibri-
um time-dependent effects. 

SPECIFICATIONS

Drive Coil Frequency: 10 Hz to 10 kHz
Temperature Range: 1.9 K to 350 K 

(400 K for periods not to exceed 
2 hours)

Drive Amplitude: 2 mOe to 15 Oe

MMAAGGNNEETTOOMMEETTRRYY  AAPPPPLLIICCAATTIIOONN  NNOOTTEE

➤ ACMS coil set

➤ AC Susceptibility parameters input screen

AC Susceptibility

Gradiometer
Detection coils

!"# , !$#

Slide courtesy Dr. Hab. Rodolphe Clérac



AC measurement on SQUID – two points measurements

P2

P1

AC signal extraction

At P1, detection of driver AC,
Mac and noises at bottom;
synthesis and application of
nulling signal.

At P2, detection of driver AC, Mac
and noises at center; application
of nulling signal synthetized. Mac
enhanced 3 times

Two properties measured in AC mode Mac and phase shift, ϕ

M’ (in phase)= Mac Cos (ϕ)

M ’’(out of phase)= Mac Sin (ϕ)

Χ’= Χ Cos (ϕ) and Χ’’= Χ Sin (ϕ) Slide Courtesy Dr. Yangling Li



AC susceptibility measurement using SQUID

SQUID Magnetometer data analysis, CRPP, Bordeaux



PPMS data treatment

PPMS Susceptometer AC data, CRPP, Bordeaux



Slow dynamics 
of the 

magnetization 
below 5 K…

Paramagnetism
Magnetic anisotropy
Single-Molecule

Magnet

AC susceptibility measurement

Slide courtesy Dr. Hab. Rodolphe Clérac
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Slide courtesy Dr. Hab. Rodolphe Clérac



Fit with generalized Debye model for each temperature

AC susceptibility measurement



Hdc= 1500 Oe
Δeff/kB = 12 K

AC susceptibility measurement

Slide courtesy Dr. Hab. Rodolphe Clérac



χ′ =
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Fitting all data with generalized Debye model for each temperature

t(T,H)–1 = AH4T + CTn + t0
–1exp[–Deff/(kBT)] 

direct Raman Orbach

τ T( ) =τ 0exp
ΔA

kBT
⎛
⎝⎜

⎞
⎠⎟
=τ 0exp

D S2

kBT
⎛
⎝⎜

⎞
⎠⎟

The magnetization  dynamics 
follows an Arrhenius behavior

AC susceptibility measurement



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

2.4 3.2 4 4.8 5.6 6.4

3.5 K
4 K
4.5 K

5 K
5.5 K
6 K 

6.5 K
7 K
7.5 K

χ' / cm3mol-1

χ '
' /

 c
m

3 m
ol

-1

Cu5Tb2 (1)_0 Oe

Generalized Debye fits (solid lines) of the Cole-Cole experimental plots for a
polycrystalline sample at 0 Oe at different temperatures.

Cole-Cole fittings

T (K) a c0 cinf 
3.5 0.29047 7.2219 4.7438
4.0 0.32745 6.2401 3.918
4.5 0.29051 5.4031 3.4138
5.0 0.25752 4.7544 3.0251
5.5 0.21007 4.2307 2.7428
6.0 0.15537 3.8083 2.5375
6.5 0.094651 3.4630 2.3897
7.0 0.0705 3.1842 2.2393
7.5 0.11309 2.9616 2.0441

AC susceptibility measurement



Magnetic Anisotropy: Measurement procedure

Horizontal Sample Rotator for MPMS

The magnetic signal from the Horizontal sample 
Rotator vs Rotation angle in chosen T & H



Perspective view (left) and side view (right) of a typical single crystal of
PPh4[Fe(Tp)(CN)3].H2O together with selected crystallographic axes and directions.

Magnetic Anisotropy: Measurement procedure

Using a Single Crystal

Angew. Chem. Int. Ed. 2016, 55, 4101



Fe3+ magnetic susceptibility
ellipsoid obtained from PND
within its coordination
octahedron at 2 K. The local
easy magnetization axis (c1)
is nearly parallel to the c3
pseudo-axis (in red) of the
molecule.

Projection of the unit cell along the a-axis and
representation of the magnetic susceptibility
ellipsoids determined by PND for the four
molecules at 2 K.

EPR spectra recorded at 9.42 GHz (X-band) on a
powder sample of PPh4[Fe{Tp}(CN)3] in the
temperature range [5-50 K].

Magnetic Anisotropy: Measurement procedure
Using a Single Crystal



View of the magnetic ellipsoid in 
projection along the magnetic axis c1.
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Magnetic axes of the crystal +,-, +,. and
+,/, determined by PND at 2 K, in the
monoclinic crystallographic basis set (0 =
100,34°, 8- = 1,8° et 8/ = 91,8°).

Magnetic Anisotropy: Measurement procedure

Using a Single Crystal

Angew. Chem. Int. Ed. 2016, 55, 4101
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Magnetic Anisotropy: Measurement procedure

Using a Single Crystal
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Magnetic Anisotropy: Measurement procedure

Using a Single Crystal





In life, nothing should be feared

everything is to be understood …

Marie Curie 


