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Objective and Contents

Objective
How to
Characterize Magnetic Materials with VSM in high magnetic fields (up to 7 Tesla) 
from room temperature (300K) to low temperatures (4K).

Contents
Part1. Introduction to Vibrating Sample Magnetometer (VSM)
Part2.How to Characterize Magnetic Materials underApplied Magnetic Field 

and Temperature
Part3. Magnetic Material Characterization using VSM data
 (VSM Reference papers)



Introduction to

Vibrating Sample Magnetometer (VSM)

http://www.cryogenic.co.uk/

Part 1

http://www.cryogenic.co.uk/


Vibrating Sample Magnetometer (VSM)

It is the Cryogen-Free High Field Measurement System combines the latest 
cryogen-free technology with sophisticated measurement techniques; providing a 
versatile, powerful investigative device achieving low temperatures (4K) and high 
magnetic fields (up to 7 Tesla). A number of probes may be used with the basic 
cryogen-free High Field Measurement System and to extend its capabilities.

Capabilities
VMeasurement of magnetic moment by vibrating sample
VAC Susceptibility
VResistivity and magneto-transport
VHall effect measurement
ÅSeebeck effect and thermal transport
ÅHeat-capacity measurement by ac calorimetry



Magnetic measurement Types with VSM

ÅRoom temperature hysteresis (0 to ±7T)

ÅLow temperature hysteresis (0 to ±7T)

ÅZFC Temperature Scan (4k ς 300K)

ÅFC Temperature Scan (300 - 5k)



Magnetic Field Range:0 to ±7 Tesla, 
Temperature range (ZFC/FC/MH-Low 
Temperature): +300 to+ 5 Kelvin.

*Specific range for magnetic field and temperature 
ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǎŀƳǇƭŜΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ

Schematic diagram (Measurement system manual)

VSM Sample Requirements & 
Measurement Ranges

Sample Requirements (Dried):
ÅNanoparticles orPowder,mass = ~25mg
ÅSingle{ƻƭƛŘ ǎǇƘŜǊŜΣ 5ƛƳŜƴǎƛƻƴǎ Җ р×5×5mm.
Å¢Ƙƛƴ CƛƭƳΣ 5ƛƳŜƴǎƛƻƴǎ Җ р×5mm, (in-plane and 

out of plane)

Contact Person:
Dr. Ghulam Sarwar Butt |Principal Research Scientist,
Department of Physics, Central Lab,
School of Science & Engineering, LUMS
DHA, 54792, Lahore, Pakistan
UAN: 111-115-867 Ext: 3429

https://sbasse.lums.edu.pk/department-of-physics
https://centrallab.lums.edu.pk/physical-properties-measurement-system-0
https://sbasse.lums.edu.pk/
https://lums.edu.pk/


First Vibrating Sample 
Magnetometer

The invention of VSM is credited to Simon 
Forner of MIT, published in 1956.

It is the most popular mag. characterization 
technique.

Foner, S., Vibrating Sample Magnetometer. Review of Scientific 
Instruments, 1956. 27(7): p. 548-548.



First Vibrating Sample 
Magnetometer

Foner, S., Vibrating Sample Magnetometer. Review of Scientific 
Instruments, 1956. 27(7): p. 548-548.

Principle of operation.

Dipole field is detected from an oscillating magnetic 
sample placed in a uniform magnetic field.

Interestingly sample is vibrated by a speaker

These days the system is advanced with 
superconducting magnets, sensitive electronics 
using smart engineering solutions.



VSM Functional Diagram

https://www.youtube.com/watch?v=yjW0zDhxN1o&t=318s Dr. Yury Bugoslavsky Cryogenic UK

https://www.youtube.com/watch?v=yjW0zDhxN1o&t=318s


Cryogen Free VSM Measurement 
System Overview 



How to Characterize Magnetic Materials under 

Applied Magnetic Field and Temperature

Part 2



Response as a function of Magnetic Field 
and Temperature

https://www.youtube.com/watch?v=yjW0zDhxN1o&t=318s    Dr. Yury Bugoslavsky Cryogenic UK

Response as function of Magnetic Field (0 to 7 Tesla)
a) Diamagnetic
b) Antiferromagnetic T<TN
c) Paramagnetic
d) Ferrimagnetic
e) Ferromagnetic T<TC
Response as function of  Temperature (300 to 4K)
(In paramagnetic region Curie Law  ̝  ʰ 1/T)
ÅMagnetic Phase Transition
ÅSuperconducting Phase Transition
ÅMagnetic Losses
ÅSpin Glass

Key Magnetic Parameters in the Hysteresis Loop.docx

https://www.youtube.com/watch?v=yjW0zDhxN1o&t=318s
https://en.wikipedia.org/wiki/Curie%27s_law
https://en.wikipedia.org/wiki/Spin_glass
https://en.wikipedia.org/wiki/Spin_glass
https://pern-my.sharepoint.com/:w:/g/personal/ghulam_sarwar_lums_edu_pk/EZX7Yq60ZgJIpWFG-Rkl9cgBUiyktqZR2blsLs4lJ2cPIg?e=teoxB9


ÅDiamagnetic (a). Inert gases; many metalsegAu, Cu, Hg; non-metallic elements e.g. 
B, Si, P, S; many ions e.g. Na+, Cl- & their salts; diatomic molecules e.g. H2, N2; 
H2O; most organic compounds.
ÅAntiferromagnetic (b) T<TN. Transition metals Mn, Cr & many of their compound, 

e.g.MnO, CoO, NiO, Cr2O3,MnS, MnSe, CuCl2.
ÅParamagnetic (c). Some metals, e.g. Al; some diatomic gases, e.g. O2, NO; ions of 

transition metals and rare earth metals, and their salts; rare earth oxides.
ÅCŜǊǊƛƳŀƎƴŜǘƛŎ όŘύΦ CŜоhп όƳŀƎƴŜǘƛǘŜύΤ ʴ-Fe2O3 (maghemite); mixed oxides of iron 

and other elements such as Sr ferrite.
ÅFerromagnetic ( e) T<TC ¢Ǌŀƴǎƛǘƛƻƴ ƳŜǘŀƭǎ CŜΣ IΣ /ƻΣ bƛΤ ǊŀǊŜ ŜŀǊǘƘǎ ǿƛǘƘ спҖ½ҖсфΤ 

alloys of ferromagnetic elements; some alloys of Mn, e.g.MnBi, Cu2MnAl.

Response as a function of Magnetic Field



Magnetic behavior of materials in response to external magnetic fields at different temperatures.

http://electrons.wikidot.com/magnetism-iron-oxide-magnetite

Response as a function of Magnetic Field 
and Temperature

http://electrons.wikidot.com/magnetism-iron-oxide-magnetite
http://electrons.wikidot.com/magnetism-iron-oxide-magnetite
http://electrons.wikidot.com/magnetism-iron-oxide-magnetite
http://electrons.wikidot.com/magnetism-iron-oxide-magnetite
http://electrons.wikidot.com/magnetism-iron-oxide-magnetite
http://electrons.wikidot.com/magnetism-iron-oxide-magnetite
http://electrons.wikidot.com/magnetism-iron-oxide-magnetite


Atoms have randomly oriented 
magnetic moments as a result of 
thermal agitation because the 
interaction between them is 
ignorable. The application of a 
magnetic field creates a slight 
alignment of these moments in 
the direction of applied field, so 
Susceptibility is small & positive, 
+10-5 to +10-3.

Paramagnetism

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements

No AppliedMagnetic Field AppliedMagnetic Field



M as function of H for LaCuO3 at 100K, shows reversible behavior

Paramagnetism

Key Features
ÅM(H) curve is linear.
ÅIt intersect through 0.
ÅThe magnetization is reversible.

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements



  (̝T) h  1/T and ̝ (T)=C/T

These Materials obey Curie law and the magnetic 
moments are localized at the atomic or ionic sites 
according to the Langevin model and where there is 
no interaction between neighboring magnetic 
moments.

 ̝as function of T

Curie Paramagnetism

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements

As the temperature increases, the thermal agitation increases and it will 
become harder to align the atomic magnetic moments and hence the 
susceptibility will decrease. This behavior is known as the Curie law, where C is 
a material constant / the Curie constant.



In case of Paramagnetic materials 1/ ̝vs T plot gives 
slope (1/C) of the curve which intersects through 0, 
it is useful to characterize Paramagnetism,  

 1/  ̝= (1/C)T 

Where Molar Curie constant Cm = NPeff
2/3k

Book: fundamentals of magnetism and magnetic measurements  ̝as function of T for LaCuO3 

Curie Paramagnetism



Effective magnetic moment (Peff )
The value of Molar Curie Cm is obtained from the plot 0.376 
(K.emu/mole)

 Peff = (3kCm / N)1/2 

 N !ǾƻƎŀŘǊƻΩǎ ƴǳƳōŜǊ сΦлн×1023

 K .ƻƭǘȊƳŀƴƴΩǎ Ŏƻƴǎǘŀƴǘ мΦоу×10-16 erg/K,
 
Peff  in units of Bohr magnetons ( B˃) is obtained by  dividing it 
with 0.927×10-20 (erg/Oe)
 Peff = 2.82Cm

1/2

 Peff = = 1.73˃ B

Book: fundamentals of magnetism and magnetic measurements

Curie Paramagnetism

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


If there is interaction between the magnetic moments the 
Curie Wiess susceptibility

 c̝w=C/(T- )̒,  ̒is called Curie Wiess Temp. 

Å Such materials are paramagnetic above a certain 
transition temperature, if ʻ ґ лΣ ǘƘŜƴ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ 
between neighboring magnetic moments of different 
atoms helps to align adjacent moments in parallel or 
adjacent/ neighboring moments in antiparallel 
direction.

Å TC is an intrinsic property and is a diagnostic parameter 
that can be used for mineral identification.

Book: fundamentals of magnetism and magnetic measurements

Curie-Weiss Paramagnetism



Book: fundamentals of magnetism and magnetic measurements

Case-1 (̒ =0)
For PM interaction the neighboring moments are 
completely independent of each other and in this case 
Case-2 (̒ >0)
For FM interaction the exchange interaction helps to 
align adjacent moments in parallel direction, at =̒T, the 

c̝w diverges, it is FM transition temperature (TC), Above  
this temperature FM material become PM.
Case-3 (̒ <0)
For AFM interaction the exchange interaction helps to 
align adjacent moments antiparallel, at =̒T, the ̝cw does 
not diverge, the system may have AFM transition known 
as Neel Transition TN, Above  this temperature AFM 
material become PM.

Curie-Weiss Paramagnetism



On the other hand, for a PM the 
orientation of any moment is random 
and even though there is a higher 
probability for a moment to align with 
the magnetic field, each moment act 
nearly independently of the others. 

Book: fundamentals of magnetism and magnetic measurements

Ferromagnetism (FM)

In a FM below Tc, the individual magnetic moments of the atoms are all 
lined up in the same direction and essentially locked together to build a 
long range order, Susceptibility is large below TC. 



Ferromagnets (T<TC) have very distinctive M(H) 
and M(T) curves. They can retain a memory of 
an applied field once it is removed. The M(H) 
curve is not linear, the magnetization is not 
reversible and It does not intersect through 0, 
called magnetic hysteresis.

Ms  Saturation Magnetization
Mrem Ramanent magnetization at H=0
Hc  Coercive field or a field required to 
  return the magnetization to 0

Ferromagnetism

Book: fundamentals of magnetism and magnetic measurements

Magnetization as function of applied field at T<TC



Magnetization Process of FM below TC

Below TC the lower energy configuration allows the 
magnetic moments to be divided up into several or 
many magnetic domains instead of lining up in a single 
domain, so magnetization value is low.

A. H=0, M=0, Domains form closed loops with 
moments in preferred crystallographic directions.

B. H>0, M>0, Domain walls move to be aligned along 
H.

C. H>>0, M>>0,  Small amounts of domains exist, 
mostly are aligned along H

D. H>>>0, M=MS, MS obtained due to rotation of 
moments parallel with H but away from preferred 
crystallographic directions.

Book: fundamentals of magnetism and magnetic measurements

Ferromagnetism



ÅBelow Tc the material is in FM 
state and above Tc it is PM state 
exhibiting Curi-Wiess behavior i.e 
>̒0.

ÅBelow Tc the ̝ is both field and 
history dependent.

ÅIt is the saturation magnetization 
Ms which is an important intrinsic 
property as shown in graph MS 
(T<TC). 

MS (T<TC) and 1/  ̝ as function of T
Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements

FM ordered

Curie Wiess
Paramagnetism

Ferromagnetism



Antiferromagnets (AFM) and Ferrimagnets (FiM)

AFM and FiM, are widely used in technology. The 

major families of crystal structuresτrock-salt, spinel, 

garnet, perovskite and hexagonalτare involved.

AFM and FiM show ordered arrangements of 

magnetic moments in a crystal structure involving 

two (or more) sublattices with antiparallel 

alignments and stabilized by indirect exchange 

mechanisms often involving intervening oxygen ions.

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. INTRODUCTION TO MAGNETIC MATERIALS, B. D. CULLITY, University of Notre Dame, C. D. GRAHAM, University of Pennsylvania



(T<TN)

Theexchange interaction is strong between neighboring atoms but leads to the anti-parallel 
alignment of the atomic magnetic moments.

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. INTRODUCTION TO MAGNETIC MATERIALS, B. D. CULLITY, University of Notre Dame, C. D. GRAHAM, University of Pennsylvania

Antiferromagnetism

Å If the A and B sublattice moments 
are exactly equal but opposite, 
the net moment is zero.This type 
of magnetic ordering is 
calledantiferromagnetism (AFM).

ÅThe cancellation of the moments 
on neighboring atoms result in 
relatively small values of M, 
soSusceptibility is small & 
positive, +10-5 to + 10-3



ÅFigure shows temperature dependent 
antiferromagnetic behavior, the phase 
transition to the antiferromagnetic state is 
known as Neel transition occurs at a TN.

ÅAbove TN an antiferromagnet is often
paramagnetic exhibiting Curie-Weiss 
behavior (̝  = C/(T- ̒ ) with ̒ <0.

ÅAbove TN the, in the paramagnetic state the 
moments behave nearly independent of 
one another 

ÅSince M(H) curves are linear below TN, ̝  
remains a useful property.

Book: fundamentals of magnetism and magnetic measurements

Antiferromagnetism



ÅHematite crystallizes in the corundum 
structure with oxygen ions in an hexagonal 
close packed framework. The magnetic 
moments of the Fe3+ ions are 
ferromagnetically coupled within specific 
c-planes, but antiferromagnetically 
coupled between the planes.

ÅThe M(H) behavior is same as a 
paramagnetic material; however, the 
antiferromagnetic state is a long range 
ordered state, but moments are locked 
together in the alternating configuration.

Book: fundamentals of magnetism and magnetic measurements
https://cse.umn.edu/irm/2-classes-magnetic-materials

Hematite [alpha-Fe2O3] consists of Fe3+ ions in 
octahedral coordination with oxygen atoms in 
hexagonal closest-packing

Antiferromagnetism

https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials


ÅMagnetization of a ferrimagnet as a function of temperature. Notice that the net moments in the two 
antiparallel spin lattices are different in magnitude giving rise to a spontaneous magnetic momentbelow 
TC. For T > TC, 1κ˔ ƛǎ ŀǎȅƳǇǘƻǘƛŎ ǘƻ ǘƘŜ ǎǘǊŀƛƎƘǘ ƭƛƴŜΣ ˔ = C/(T + ̒ ).

ÅBelow TC their M(H) and M(T) behavior is nearly identical to that of ferromagnets. However, at atomic level 
ferrimagnts are more similar to antiferromagnetics but the adjacent magnetic moments are locked in 
opposite directions with different magnitudes.

ÅThe larger moments tends to align with the applied magnetic field while the smaller ones opposite to the 
field direction. Above Tc, in the paramagnetis state, the moments behave nearly indepentely of each other.

Book: fundamentals of magnetism and magnetic measurements
https://cse.umn.edu/irm/2-classes-magnetic-materials

Ferrimagnetism



ÅSome of the most useful materials for making permanent magnets are 
ferrimagnets.

ÅMany of these materials are non conducting ceramics.

ÅThe magnetic structure is composed of two magnetic sublattices (A & B) 
separated by oxygens. The exchange interactions are mediated by the oxygen 
anions. When this happens, the interactions are called indirect or 
superexchange interactions. The strongest superexchange interactions result 
in an antiparallel alignment of spins between the A and B sublattice.

ÅIn ferrimagnets, the magnetic moments of the A and B sublattices are not 
equal and result in a net magnetic moment. Ferrimagnetism is therefore 
similar to ferromagnetism. It exhibits all the hallmarks of ferromagnetic 
behavior- spontaneous magnetization, Curie temperatures, hysteresis, and 
remanence. However, ferro- and ferrimagnets have very different magnetic 
ordering.

ÅMagnetite is a well known ferrimagnetic material. Indeed, magnetite was 
considered a ferromagnet until Néel in the 1940's, provided the theoretical 
framework for understanding ferrimagnetism.

https://cse.umn.edu/irm/2-classes-magnetic-materials

Ferrimagnetism

https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials
https://cse.umn.edu/irm/2-classes-magnetic-materials


Superexchange mechanism leads to ferromagnetism or 
antiferromagnetism between two magnetic ions in same 
oxidation states.

Examples of Indirect Exchange Interactions

Book: FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, 
University of Washington, Seattle

Double-exchange mechanism leads to a 
ferromagnetism between different valence transition 
metal magnetic ions: (a) Mn3+/Mn4+ in perovskites 
and (b) Fe2+/Fe3+ in magnetite.

The exchange interaction between the transition metal ions is not direct but mediated by the oxygen ions, two different 
models, super-exchange and double-exchange are used to describe such indirect exchange interactions. (page-130)

https://en.wikipedia.org/wiki/Superexchange
https://en.wikipedia.org/wiki/Oxidation_states
https://en.wikipedia.org/wiki/Double-exchange_mechanism
https://en.wikipedia.org/wiki/Double-exchange_mechanism
https://en.wikipedia.org/wiki/Double-exchange_mechanism
https://en.wikipedia.org/wiki/Double-exchange_mechanism


ÅDiamagnetic materials are repelled by a 
magnetic field.

ÅDiamagnetic push field lines out while 
paramagnetic pull them in.

ÅAtoms have no magnetic moment. Diamagnetic 
contribution arises from paired electrons. 

ÅThe M(H) plot is linear and reversible with a 
negativeslope. Susceptibility (̝ ) is extremely 
small & negative, -10-6 to -10-5

ÅThe important type of diamagnetism is 
superconductivity, which can have the largest 
possible value of diamagnetism.

Book:
1. Fundamentals of magnetism and magnetic measurements.
2. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan

Diamagnetism
Ferromagnetic

Ferrimagnetic

Paramagnetic

Diamagnetic

No Applied

Magnetic Field

Applied

Magnetic Field



There are two main classifications of superconductors 
based on the nature of their transition to the normal 
state when a magnetic field is applied.

Meissner Effect

Superconductor

Book:
1. Introduction to magnetism and magnetic materials, David Jiles.
2. Introduction to magnetic materials, B. D. Cullity, c. D. Graham.
3. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan

ÅResistivity becomes 0 below TC discovered by Onnes in 1911, 
Nobel Prize in Physics.
ÅMagnetic flux inside becomes 0 below TC discovered by Meissner 

and Ochsenfeld in 1933.
ÅBCS theory proposed in 1957 describes superconductivity as a 

microscopic effect caused by acondensationof Cooper pairs.; 
Nobel Prize in Physics.

https://en.wikipedia.org/wiki/Meissner_effect
https://www.youtube.com/watch?v=vruYFOlM1-Q&t=1s
https://en.wikipedia.org/wiki/List_of_Nobel_laureates_in_Physics
https://en.wikipedia.org/wiki/Bose%E2%80%93Einstein_condensate
https://en.wikipedia.org/wiki/Cooper_pair
https://en.wikipedia.org/wiki/List_of_Nobel_laureates_in_Physics
https://en.wikipedia.org/wiki/List_of_Nobel_laureates_in_Physics


1. the curve is linear and reversible, having largest negative 

slope.

2. B = 0 =˃ o(M+H), so M=-H or ̝  = -1, which is an enormous 

value compared to most other diamagnets.

3. Type 1 superconductors have generally rather low critical fields 

and are not found very useful for applications

4. Most elemental superconductors and a few alloy 

superconductors show type I behavior.

Below a fixed superconducting temperature, the type-I superconductors 
follow the Meissner Ochsenfeld  M(H) behaviour, exclude the magnetic 
field (B=0) until the superconductivity is spontaneously destroyed at the 
critical field HC.

Superconductor (Type-I)

Book:
1. Introduction to magnetism and magnetic materials, David Jiles.
2. Introduction to magnetic materials, B. D. Cullity, c. D. Graham.
3. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan

Behavior as function of T & H

https://eng.libretexts.org/Bookshelves/Materials_Science/Supplemental_Modules_(Materials_Science)/Magnetic_Properties/Meissner_Effect


ÅAbove HC1 (negative) magnetization drops sharply at first, then 

more slowly as the flux lines are packed more and more tightly 

together, if the flux lines can move freely.

ÅA mixed (vortex) state exist between HC1 and HC2, above HC2 the 

superconductivity is suppressed and system becomes normal.

ÅThe M(H) curves are reversible up to HC2 for ideal 

superconductor.

Superconductor (Type-II)
A type-II superconductor behaves like a type-I superconductor up to 

the lower critical field HC1, however, above HC1 the magnetization 

begins to decrease non linearly due to partial penetration of flux lines 

into material in form of flux vortices up to HC2 the upper critical field, 

each carrying a single flux quantum of magnitude hc/2e.

Book:
1. Introduction to magnetism and magnetic materials, David Jiles.
2. Introduction to magnetic materials, B. D. Cullity, c. D. Graham.
3. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan

Behavior as function of T & H

https://en.wikipedia.org/wiki/Type-II_superconductor


Type II superconductors are used for practical applications such as superconducting solenoids, however, 

In type II superconductors the vortices in the normal material through which the magnetic flux penetrates 

are pinned by microstructural defects and grain boundaries. So long as the vortices remain pinned the 

material exhibits superconductivity. However, as the magnetic field is increased the vortices pile up and 

eventually overcome the pinning forces. They then swirl through the material and provide resistance to 

the passage of electrons causing loss of the superconducting state. A moving vortex causes a time-varying 

magnetic field which by Faraday's law generates a voltage and consequently power loss. These defects 
pin the magnetic field lines and restrict their motion. These field lines are responsible for limiting the 
current density above HC1.

Flux pinning in type-II Superconductors

Effects of Flux Pinning (video 1, video 2)

Å M(H) curve becomes irreversible (path dependent).

Å Now supercurrent can flow above HC1, and its value depends on M.

Book:
1. Introduction to magnetism and magnetic materials, David Jiles.
2. Introduction to magnetic materials, B. D. Cullity, c. D. Graham.
3. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan

https://www.youtube.com/watch?v=Z52_2WGCJak
https://www.youtube.com/watch?v=Z52_2WGCJak
https://www.youtube.com/watch?v=Ws6AAhTw7RA
https://www.youtube.com/watch?v=Ws6AAhTw7RA


ZFC Phenomenon

Å At low enough temperature far below TB, magnetization of all particles is frozen or 
blocked in random orientations, but as the temperature is increased there is 
sufficient thermal energy to align some of the particle moments along the applied 
field, and MZFC(T) increases. Initially only the smallest particles with TB <T are aligned 
with the field, but with increasing T the energy barriers of the larger particles are 
also overcome.

Å However, MZFC(T) start decreasing again at higher temperatures T>TB, when the 
thermal energy is sufficiently large to start randomly orienting the particle 
moments.

Å Thus, magnetization first goes through a maximum at some temperature, which is 
related to the blocking temperature, TB. After that it decreases until it reaches a 
temperature, at which point it shows thermodynamically equilibrium properties.

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements

Zero Field Cooled (ZFC)
The sample of fine particles is cooled from its superparamagnetic state without applying an external field, to the lowest 

temperature, Then, a small magnetic field, is applied and the magnetization, MZFC(T), is measured as the temperature is 

slowly increased at a constant heating rate.

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


FC Phenomenon

ÅAs the sample is cooled from room temperature, the magnetization increases 

because thermal fluctuations become lower and the particles, as they get blocked, align 

along the direction of applied field.

ÅMFC(T) will continue to overlap with MZFC(T), MFC will continue to increase until it 

reaches a temperature, the blocking temperature, TB, defined as the point at which the 

MZFC deviates from MFC.

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements

Field-Cooled (FC)

A small field is applied at room temperature and the sample is cooled under the same 

applied field as in MZFC(T) and MFC(T) is measured as the temperature is slowly decreased at 

a constant cooling rate. In this measurement the initial state of all the particles should be 

superparamagnetic and care should be taken to avoid a significant number of large 

particles being blocked at the initial temperature. 

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


Å ZFC/FC method is very useful for determining the temperature 

range over which systems are irreversible.

Å Another important result of irreversibility in ferromagnet is that 

the shape of an M(H) curve will change unless saturation is 

attained on every half cycle of a hysteresis loop. If a magnetic 

field below saturation is used, a different M(H) curve will be 

traced. These other curves are usually called minor loops.

Å Running a magnetic material through a series of minor loops of 

ŘŜŎǊŜŀǎƛƴƎ ǎƛȊŜ ƛǎ ŀ ƳŜǘƘƻŘ ŦƻǊ ϦŘŜƳŀƎƴŜǘƛȊƛƴƎά ŀ ŦŜǊǊƻƳŀƎƴŜǘΦ

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan, University of Washington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements

ZFC/FC of Ferromagnetic Materials

Ferromagnets usually exhibit some amount of irreversibility in M(H) and MZFC(T), 

MFC(T) set. i.e M is dependent on the sequence of H and T changes.



Magnetic Material Characterization using VSM data 
VSM Reference papers discussion [1-5] (Download Papers)
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Bulk Superconductivity in Bismuth oxy-sulfide Bi4O4S3 [1] 

Abstract:

Magnetization measurements confirmed that Bi4O4S3 is a 
bulk superconductor with superconducting transition 
temperature (Tc) of 4.4K. Isothermal magnetization M(H) 
measurements indicated closed loops with clear signatures 
of flux pinning and irreversible behavior. The lower critical 
field (HC1) at 2K, of the new superconductor is found to be 
~15 Oe. 

1. Singh, S.K., et al., Bulk Superconductivity in Bismuth Oxysulfide Bi4O4S3. Journal of the American Chemical Society, 2012. 134(40): p. 16504-16507.



ÅWide open MH loop of the studied 
Bi4O4S3 compound demonstrates 
bulk superconductivity.

ÅUpper inset of the figure shows the 
M(H) curve up to 1kOe.

ÅLower inset shows that the initial flux 
penetration and the deviation from 
linearity marks lower critical field 
(Hc1) of this compound ~15 Oe (at 
2K).

Isothermal M(H) curve of the sample Bi4O4S3 
at 2K, in an applied field of 4kOe at 2K. [1]

1. Singh, S.K., et al., Bulk Superconductivity in Bismuth Oxysulfide Bi4O4S3. Journal of the American Chemical Society, 2012. 134(40): p. 16504-16507.



Magnetization in ZFC and FC mode for Bi4O4S3 
compound at applied field 20 Oe. [1]

ÅTemperature variation of DC 

Magnetization in ZFC and FC mode 

for Bi4O4S3 compound at 20Oe 

shows sharp superconducting onset 

from 4.4K (TC), Tc is identified at 

4.4K. 

ÅThere is evidence for substantial 

flux trapping too. The bifurcation of 

FC and ZFC below Tc marks the 

irreversible region.
1. Singh, S.K., et al., Bulk Superconductivity in Bismuth Oxysulfide Bi4O4S3. Journal of the American Chemical Society, 2012. 134(40): p. 16504-16507.



Structural, magnetic and high-temperature 
thermoelectric properties of La0.4Bi0.4Ca0.2Mn1-

xCoxO3 (0.0 ¢ x ² 0.3) perovskites.[2]

2. Hira, U. and F. Sher, Structural, magnetic and high-ǘŜƳǇŜǊŀǘǳǊŜ ǘƘŜǊƳƻŜƭŜŎǘǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ [ŀлΦп.ƛлΦп/ŀлΦнaƴмҍȄ/ƻȄhо όлҖxҖ0.3) 
perovskites. Journal of Magnetism and Magnetic Materials, 2018. 452: p. 64-72.

Abstract:
The zero field cooled (ZFC) and field cooled (FC) magnetization data were 
collected in the temperature range 5 to 300 K under an applied magnetic field 
of 0.1 Tesla. The analysis of temperature dependent magnetization data 
reveals all samples to be ferromagnetic with Curie temperatures around 77 K, 
which is also confirmed by the Curie-Weiss linear fits in the paramagnetic 
region. The magnetic hysteresis loops, collected at 5 K, show that the 
saturation magnetization (MS) values decrease from 43 emu/g to 14 emu/g 
with increase in Co doping.



Å The magnetization first increases sharply with applied 

fields of up to 1 T, and thereafter changes slowly with 

a tendency to saturate at higher magnetic fields.

Å M(H) loops of Co doped samples do not saturate 

completely even at applied magnetic fields of 5 T, 

which suggests the existence of spin glass behavior in 

these materials.

Å MS values decrease with increase in Co doping, which 

is consistent with previously reported results.

Å On the other hand, HC and MR values increase with 

increase in Co contents.

2. Hira, U. and F. Sher, Structural, magnetic and high-ǘŜƳǇŜǊŀǘǳǊŜ ǘƘŜǊƳƻŜƭŜŎǘǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ [ŀлΦп.ƛлΦп/ŀлΦнaƴмҍȄ/ƻȄhо όлҖxҖ0.3) 
perovskites. Journal of Magnetism and Magnetic Materials, 2018. 452: p. 64-72.

M(H) analysis of La0.4Bi0.4Ca0.2Mn1-xCoxO3 (0.0 ¢ x ² 
0.3) samples at 5K up to ±5 Tesla. [2]

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


As reported in literature Ferromagnetism in La1-x AxMnO3 (A = Ba, Ca and Sr) manganites is associated 
with the Mn3+ςOςMn4+ double exchange interactions. The doping of Co in these manganites favors the 
superexchange interaction via oxygen 2p orbitals. Since Mn4+/Mn3+ ratio decreases with increase in 
Co doping, the number of hopping electrons and hopping sites also decrease resulting in weakening of 
the ferromagnetic double exchange interaction.

M(H) analysis of La0.4Bi0.4Ca0.2Mn1-xCoxO3 (0.0 ¢ x ² 
0.3) samples at 5K up to ±5 Tesla. [2]

2. Hira, U. and F. Sher, Structural, magnetic and high-ǘŜƳǇŜǊŀǘǳǊŜ ǘƘŜǊƳƻŜƭŜŎǘǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ [ŀлΦп.ƛлΦп/ŀлΦнaƴмҍȄ/ƻȄhо όлҖxҖ0.3) 
perovskites. Journal of Magnetism and Magnetic Materials, 2018. 452: p. 64-72.

The decrease in MS with increase in Co doping is in good agreement 
with the gradual development of Co3+ςOςCo3+ AFM interactions. 
The magnetic inhomogeneity and spin glassy behavior induced by 
AFM interactions result in increase of HC and MR of these materials.



ZFC and FC analysis of La0.4Bi0.4Ca0.2Mn1-xCoxO3 (0.0 ¢ x ² 
0.3) samples at 0.1 Tesla and Temp range 5-300K. [2]

Å The ZFC and FC magnetization curves overlap with each 

other in the entire PM region and up to certain 

temperature in the FM region before diverging at very low 

temperatures. 

Å The separation in the ZFC and FC curves can be attributed 

to the existence of magnetic inhomogeneity in the long 

range ferromagnetic ordering as reported in many other 

manganites systems 

Å The Curie temperatures TC values and low temperature 

magnetizations of samples decrease with increase in Co 

doping level, where the Curie temperatures of the 

samples were estimated by extrapolating the minimum 

slopes (dM/dT) vs. This is consistent with the reported 

magnetic properties of other perovskite manganite oxides.

2. Hira, U. and F. Sher, Structural, magnetic and high-ǘŜƳǇŜǊŀǘǳǊŜ ǘƘŜǊƳƻŜƭŜŎǘǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ [ŀлΦп.ƛлΦп/ŀлΦнaƴмҍȄ/ƻȄhо όлҖxҖ0.3) 
perovskites. Journal of Magnetism and Magnetic Materials, 2018. 452: p. 64-72.



The ̝ -1 vs T of samples La0.4Bi0.4Ca0.2Mn1-xCoxO3 (0.0 ¢ x 
² 0.3) at 0.1 Tesla and Temp range 5-300K. [2]

2. Hira, U. and F. Sher, Structural, magnetic and high-temperature thermoelectric properties of La0.4Bi0.4Ca0.2Mn1ҍxCoxO3 (0ҖxҖ0.3) 
perovskites. Journal of Magnetism and Magnetic Materials, 2018. 452: p. 64-72.

For quantitative analysis of magnetic interactions, we have 
ǇƭƻǘǘŜŘ ˔-1 vs T, the values of effective magnetic moment µeff 
were calculated from C , the Curie constant obtained from the 
slopes of linear fit. It is evident from the straight line fits in the 
paramagnetic region that samples obey the Curie-Weiss law.

   where

  

where ̝  is the molar magnetic susceptibility, qP is the Weiss 
temperature, NA is the AvogadroΩs constant, kB is the 
Boltzmann constant, ˃B is the Bohr magneton.

qP>0 suggesting that predominant magnetic 
interactions are of ferromagnetic type.



Å The estimated effective magnetic moment ( e˃ff) 

values decrease with increase in Co doping, 

which suggests that strength of ferromagnetic 

double exchange interaction between Mn3+ and 

Mn4+ ions is decreasing with increase in Co 

content

Å In addition, we can see that qP values are higher 

than the corresponding TC values, which 

indicates the presence of magnetic 

inhomogeneity.

The ̝ -1 vs T of samples La0.4Bi0.4Ca0.2Mn1-xCoxO3 (0.0 ¢ x 
² 0.3) at 0.1 Tesla and Temp range 5-300K. [2]

2. Hira, U. and F. Sher, Structural, magnetic and high-ǘŜƳǇŜǊŀǘǳǊŜ ǘƘŜǊƳƻŜƭŜŎǘǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ [ŀлΦп.ƛлΦп/ŀлΦнaƴмҍȄ/ƻȄhо όлҖxҖ0.3) 
perovskites. Journal of Magnetism and Magnetic Materials, 2018. 452: p. 64-72.



Electrical, magnetic and magnetotransport properties 
of Na and Mo doped Ca3Co4O9 materials. [3]

3. Hira, U., et al., Electrical, magnetic and magnetotransport properties of Na and Mo doped Ca3Co4O9 materials. RSC advances, 2019. 9(54): p. 31274-31283.

Abstract:
We have investigated the effect of Na and Mo dual doping on magnetization of 
Ca3-2XNa2XCo4-XMoXO9 (0.0 ¢ x ² 0.15) samples. The ZFC and FC  curves reveal that 
the paramagnetic to ferrimagnetic transition temperature decreases with 
increase in doping content (x), indicating weakening of ferromagnetic 
interactions with increasing x. The observed increase in magnetization at low 
doping level can be attributed to change from low spin to partial high spin 
electron configuration with the substitution of nonmagnetic Mo6+ ions (4d0) in 
CoO2 layers.



M(H) analysis of Ca3-2XNa2XCo4-XMoXO9 (0.0 ¢ x ² 
0.15) samples at 5K up to ±5 Tesla. [3]

ÅMagnetization does not saturate even at 
applied fields of up to 5 T, which suggests the 
presence of canted ferrimagnetism in our 
samples.

ÅThe MςH curve of undoped sample exhibits a 
clear hysteresis loop, but it becomes smaller 
with increase in doping.

ÅThe observed decrease in both coercivity and 
remanent magnetization suggests that our 
samples are becoming soft ferromagnetic 
with Na and Mo dual doping.

3. Hira, U., et al., Electrical, magnetic and magnetotransport properties of Na and Mo doped Ca3Co4O9 materials. RSC advances, 2019. 9(54): p. 31274-31283.



M(H) analysis of Ca3-2XNa2XCo4-XMoXO9 (0.0 ¢ x ² 
0.15) samples at 5K up to ±5 Tesla. [3]

ÅThe values of M for all doped samples are higher than 
undoped Ca3Co4O9 system, with a maximum value of 6.30 
emu g-1 for x =0.025 sample.

ÅWe believe that compositional inhomogeneities and 
presence of oxygen vacancies, which may be induced
by the substitution of higher valent Mo6+ ions at Co-sites in
Ca3Co4O9 system, are responsible for the observed increase 
in M values in our doped samples.

3. Hira, U., et al., Electrical, magnetic and magnetotransport properties of Na and Mo doped Ca3Co4O9 materials. RSC advances, 2019. 9(54): p. 31274-31283.



ZFC and FC analysis of Ca3-2XNa2XCo4-XMoXO9 (0.0 ¢ x ² 
0.15) samples at 0.1 Tesla and Temp range 5-300K. [3]

ÅAll samples exhibit CurieςWeiss 
paramagnetic behavior in the high 
temperature range 30ς300 K.

ÅThe ZFC & FC curves for x=0.0 
sample start to rise up sharply 
below 19 K, suggesting a 
paramagnetic (PM) to 
ferrimagnetic (FIM) transition.

ÅThe sharp rise in magnetization 
curves for doped samples is 
observed at a lower temperature 
range 5ς7 K.

ÅThe PMςFIM transition 
temperatures (TFIM) of samples 
were estimated from the points of 
inlection of dM/dT slopes.

3. Hira, U., et al., Electrical, magnetic and magnetotransport properties of Na and Mo doped Ca3Co4O9 materials. RSC advances, 2019. 9(54): p. 31274-31283.



ÅThe ZFC and FC curves for the 
undoped sample separate from 
each other below 19 K which 
indicates the existence of 
magnetic inhomogeneity in the 
long range ferromagnetic 
ordering.

ÅThe values of TFIM decrease with 
increase in doping content (x). We 
can attribute this trend to the 
non-magnetic nature of Mo6+ (d0) 
ions, and the structural 
distortions with increase in 
doping as both these factors are 
expected to weaken the 
ferromagnetic interactions.

3. Hira, U., et al., Electrical, magnetic and magnetotransport properties of Na and Mo doped Ca3Co4O9 materials. RSC advances, 2019. 9(54): p. 31274-31283.

ZFC and FC analysis of Ca3-2XNa2XCo4-XMoXO9 (0.0 ¢ x ² 
0.15) samples at 0.1 Tesla and Temp range 5-300K. [3]



The ̝ -1 vs T of samples Ca3-2XNa2XCo4-XMoXO9 (0.0 ¢ 
x ² 0.15) at 0.1 Tesla and Temp range 5-300K. [3]

For quantitative analysis of magnetic interactions, we have 
ǇƭƻǘǘŜŘ ˔-1 vs T, the values of effective magnetic moment µeff 
were calculated from C , the Curie constant obtained from the 
slopes of linear fit. It is evident from the straight line fits in the 
paramagnetic region that samples obey the Curie-Weiss law.

   where

  

where ̝  is the molar magnetic susceptibility, qP is the Weiss 
temperature, NA ƛǎ ǘƘŜ !ǾƻƎŀŘǊƻΩǎ ŎƻƴǎǘŀƴǘΣ ƪB is the 
Boltzmann constant, ˃B is the Bohr magneton.

qP<0 suggesting that predominant magnetic 
interactions are of antiferromagnetic type.

3. Hira, U., et al., Electrical, magnetic and magnetotransport properties of Na and Mo doped Ca3Co4O9 materials. RSC advances, 2019. 9(54): p. 31274-31283.



ÅIn an octahedral crystal field splitting between t2g and eg states, the Co 
ions can have either the high spin (HS) or low spin (LS) electron 
configuration.

ÅIn previous studies, it has been reported that the average 
valence state of Co ions in Ca3Co4O9 system is between +3 and 
+4, and both Co3+ and Co4+ ions are predicted to be in Low Spin 
state. Using this information, the measured values of µeff for x = 
0.025 doped sample could be explained by considering an 
intermediate spin or partial high spin electron configuration for 
Co3+ and Co4+ ions. This is also consistent with the low 
temperature (5 K) magnetization values of doped samples under 
an applied field of 5 T.

The ̝ -1 vs T of samples Ca3-2XNa2XCo4-XMoXO9 (0.0 ¢ 
x ² 0.15) at 0.1 Tesla and Temp range 5-300K. [3]

3. Hira, U., et al., Electrical, magnetic and magnetotransport properties of Na and Mo doped Ca3Co4O9 materials. RSC advances, 2019. 9(54): p. 31274-31283.



Structural, magnetic and magnetocaloric properties 
ƻŦ /ƻCŜнҍȄaƻȄhп όлΦлҖȄҖлΦоύ ŦŜǊǊƛǘŜǎΦ [4]

Abstract:
Magnetic measurements, performed by using a cryogen free vibrating sample 

magnetometer, show that these samples are soft ferromagnets in the measured 

temperature range with very small remanent magnetizations and coercivities. 

Saturation magnetization values increase with increasing concentration of Mo and a 

maximum value of 106 emu/g is observed for x=0.2 sample. The  magnetic entropy 

change (-ɲ{ύ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎŜ ƛƴ ŀǇǇƭƛŜŘ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŀƴŘ ǎƘƻǿǎ ŀ ǇŜŀƪ ƛƴ 

the vicinity of blocking temperature. A maximum value of 0.56 J kg-1 K-1 at 5 T field 

has been observed for x=0.2 sample.

4. Khan, A.A., et al., {ǘǊǳŎǘǳǊŀƭΣ ƳŀƎƴŜǘƛŎ ŀƴŘ ƳŀƎƴŜǘƻŎŀƭƻǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ /ƻCŜнҍȄaƻȄhп όлΦлҖȄҖлΦоύ ŦŜǊǊƛǘŜǎΦ Ceramics International, 2017. 43(9): p. 7088-7093.



M(H) analysis of CoFe2-XMoxO4 (0.0 ¢ x ² 0.3) 
ferrites at 300K up to ±5 Tesla. [4]

ÅThese hysteresis loops are in good agreement 
with a typical ferrimagnetic behavior of 
cobalt ferrites.

ÅThe remanent magnetization and coercivity 
values of our samples are in the range of 12ς
18 emu/g and 26ς56 Oe respectively which 
suggest that these are all soft ferromagnetic 
materials.

ÅThe saturation magnetization, Ms, values of 
Mo-doped samples are larger than the parent 
compound with a maximum of about 106 
emu/g for x=0.2 sample.

4. Khan, A.A., et al., {ǘǊǳŎǘǳǊŀƭΣ ƳŀƎƴŜǘƛŎ ŀƴŘ ƳŀƎƴŜǘƻŎŀƭƻǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ /ƻCŜнҍȄaƻȄhп όлΦлҖȄҖлΦоύ ŦŜǊǊƛǘŜǎΦ Ceramics International, 2017. 43(9): p. 7088-7093.



M(H) analysis of CoFe2-XMoxO4 (0.0 ¢ x ² 0.3) 
ferrites at 300K up to ±5 Tesla. [4]
ÅIn cobalt spinel ferrites, the magnetization is 

a result of net magnetic moment of 
octahedral (B) site cations and tetrahedral (A) 
site cations (MS=MB ς MA) of a general AB2O4. 
The ordering of spins between two sites is 
AFM.

ÅNon-magnetic Mo6+ ions are probably 
entering into tetrahedral sites and thus 
increasing the net magnetic moment.

ÅThis factor favors the increase in saturation 
magnetization values in Mo doped cobalt 
ferrite.

4. Khan, A.A., et al., {ǘǊǳŎǘǳǊŀƭΣ ƳŀƎƴŜǘƛŎ ŀƴŘ ƳŀƎƴŜǘƻŎŀƭƻǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ /ƻCŜнҍȄaƻȄhп όлΦлҖȄҖлΦоύ ŦŜǊǊƛǘŜǎΦ Ceramics International, 2017. 43(9): p. 7088-7093.



ZFC and FC analysis of CoFe2-XMoxO4 (0.0 ¢ x ² 0.3) 
ferrites at 0.1 Tesla and Temp range 5-300K. [4]
ÅThe ZFC and FC magnetization curves of 

all samples do not overlap with each 
other until temperature reaches to 
about 300 K.

ÅThe ZFC magnetization increases as the 
temperature increases from 5 K and 
reaches a maximum at about 300 K, 
which is the blocking temperature (TB).

ÅThe FC magnetization have a maximum 
at 5 K and steadily decreases with 
increasing temperature, and starts to 
overlap with the ZFC curve after TB.

ÅThe temperature at which the ZFC and 
FC curves overlap with each other is 
about 300 K, which corresponds to the 
blocking temperature TB.

4. Khan, A.A., et al., {ǘǊǳŎǘǳǊŀƭΣ ƳŀƎƴŜǘƛŎ ŀƴŘ ƳŀƎƴŜǘƻŎŀƭƻǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ /ƻCŜнҍȄaƻȄhп όлΦлҖȄҖлΦоύ ŦŜǊǊƛǘŜǎΦ Ceramics International, 2017. 43(9): p. 7088-7093.



ÅThe magnetization value is, in 
general, higher in Mo-doped 
samples than the parent CoFe2O4 
ferrite.

ÅWe can expect this trend of 
increasing magnetization with 
increase in Mo content due to 
decrease in Co2+ ions as reported 
elsewhere.

ZFC and FC analysis of CoFe2-XMoxO4 (0.0 ¢ x ² 0.3) 
ferrites at 0.1 Tesla and Temp range 5-300K. [4]

4. Khan, A.A., et al., Structural, magnetic and magnetocaloric properties of CoFe2ҍxMoxO4 (0.0ҖxҖ0.3) ferrites. Ceramics International, 2017. 43(9): p. 7088-7093.



Integrating over field

Approximating numerically

MςH curves isotherms of CoFe2-XMoxO4 (0.0 ¢ x ² 0.3) samples over a field 
range of 0ς5 T in the temperature range of 200ς320 K intervals of 5 K

The magnetocaloric properties of magnetic materials are usually investigated by evaluating the 
ƳŀƎƴŜǘƛŎ ŜƴǘǊƻǇȅ ŎƘŀƴƎŜ όɲ{ύ ŦǊƻƳ ŀ ǎŜǘ ƻŦ ƛǎƻǘƘŜǊƳŀƭ ƳŀƎƴŜǘƛȊŀǘƛƻƴ Ǿǎ ŦƛŜƭŘ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿƛǘƘ 
thermodynamic Maxwell relation:

4. Khan, A.A., et al., {ǘǊǳŎǘǳǊŀƭΣ ƳŀƎƴŜǘƛŎ ŀƴŘ ƳŀƎƴŜǘƻŎŀƭƻǊƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ /ƻCŜнҍȄaƻȄhп όлΦлҖȄҖлΦоύ ŦŜǊǊƛǘŜǎΦ Ceramics International, 2017. 43(9): p. 7088-7093.

Magnetocaloric properties 200 K to 320 K intervals of 5 K and Magnetic 
Field up to 5.0 Tesla CoFe2-XMoxO4 (0.0 ¢ x ² 0.3) ferrites. [4]

where magnetic entropy S is 
dependent on both H & T

where Mi and Mi+1 are the experimental values of 
magnetization at Ti+1 and Ti temperatures, respectively, 
ǳƴŘŜǊ ŀƴ ŀǇǇƭƛŜŘ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ƻŦ IƛΣ ǿƘŜǊŜ ɲIҐ Ii 
because minimum field is set to 0.



ÅThe magnetic entropy changes around the 
blocking temperature (TB) are evaluated. 
¢ƘŜ ƳŀȄƛƳǳƳ ǾŀƭǳŜǎ ƻŦ ɲ{ ŀǊŜ ƻōǎŜǊǾŜŘ ƛƴ 
the vicinity of TB .

ÅA sharp drop in the entropy change is 
observed after about 300 K temperature i.e. 
TB. 

ÅThe maximum entropy change (-ɲ{ύ 
increases with increase in Mo concentration 
with the highest value of 0.56 J kg-1 K-1 at 5 
Tesla field for x=0.2 sample. This increase in 
the magnetic entropy change may be due 
to the higher magnetization of Mo-doped 
samples.

The magnetic entropy change versus temperature curves of CoFe2-XMoxO4 
(0.0 ¢ x ² 0.3) samples at various magnetic fields. 
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Magnetocaloric properties 200 K to 320 K intervals of 5 K and Magnetic 
Field up to 5.0 Tesla CoFe2-XMoxO4 (0.0 ¢ x ² 0.3) ferrites. [4]



However, initial results are very 
promising as there is a potential to 
vary the blocking temperature by 
adjusting the distribution of metal 
cations in the AB2O4 spinel structure to 
improve their magnetic properties. 
These materials may therefore be 
useful for small scale refrigeration 
applications such as cooling MEMS 
devices.
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The magnetic entropy change versus temperature curves of CoFe2-XMoxO4 
(0.0 ¢ x ² 0.3) samples at various magnetic fields. 

Magnetocaloric properties 200 K to 320 K intervals of 5 K and Magnetic 
Field up to 5.0 Tesla CoFe2-XMoxO4 (0.0 ¢ x ² 0.3) ferrites. [4]



Large relative cooling power of Bi-doped 
La0.8ҍxBixSr0.08(Ca0.55Ba0.45)0.12MnO3 (x=0.0, 0.1 and 0.3) 
perovskites: Magnetic and magnetocaloric properties.[5]

Abstract:
The temperature dependent magnetization measurements show that the Curie 
temperatures decrease from 315 K (x = 0.0) to 140 K (x = 0.3) with increase in Bi content. 
The isothermal magnetization data is used to estimate the magnetic entropy changes (-ɲ{ύ 
and their calculated values are 1.12 J kg-1 K-1, 1.96 J kg-1 K-1 and 1.62 J kg-1 K-1 for x = 0.0, 
0.1 and 0.3 samples respectively under an applied magnetic field of 2.0 T. The 
corresponding values of relative cooling power (RCP) are 90 J kg-1, 180 J kg-1, 136 J kg-1 for 
x = 0.0, 0.1 and 0.3 samples respectively. These results of magnetocaloric effect in our 
samples suggest that they are promising materials for the magnetic refrigeration 
applications.
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magnetocaloric properties. Ceramics International, 2017. 43(9): p. 7351-7357.



ÅThe plot reveals a single ferromagnetic (FM) to 
paramagnetic (PM) transition for all samples 
at the Curie temperature (TC), which indicates 
that these samples are phase pure.

ÅThe Curie temperatures of the samples were 
estimated by extrapolating the minimum 
slopes (dM/dT) vs. T curves to zero 
magnetization.

ÅThe observed values of TC were found to be 
315 K, 290 K and 140 K for x = 0.0, x = 0.1 and 
x = 0.3 respectively.

ZFC and FC analysis of Bi-doped LaлΦуҍȄBixSr0.08(Ca0.55Ba0.45)0.12MnO3 
(x=0.0, 0.1 and 0.3) perovskites at 0.1 Tesla and Temp range 5-300K. [5]
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ÅThe separation between FC and ZFC 
curves at low temperature indicates the 
existence of magnetic inhomogeneity in 
the long range ferromagnetic ordering in 
all samples.

ÅThis difference between FC and ZFC 
curves is larger at lower temperatures 
and decreases with increase in 
temperature until both FC and ZFC 
curves overlap with each other
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ZFC and FC analysis of Bi-doped La0.8ҍxBixSr0.08(Ca0.55Ba0.45)0.12MnO3 
(x=0.0, 0.1 and 0.3) perovskites at 0.1 Tesla and Temp range 5-300K. [5]



ÅWe can attribute this difference to the fact 
that the movement of magnetic domains 
along the direction of magnetic field is 
restricted at low temperatures due to the 
pinning of domain walls resulting in an 
incomplete magnetization.

ÅThe increase in thermal energy with 
increase in temperature allows more and 
more magnetic domains to align along the 
direction of magnetic field and therefore 
the ZFC magnetization increases with 
increase in temperature before overlapping 
with the FC curve.
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ZFC and FC analysis of Bi-doped LaлΦуҍȄBixSr0.08(Ca0.55Ba0.45)0.12MnO3 
(x=0.0, 0.1 and 0.3) perovskites at 0.1 Tesla and Temp range 5-300K. [5]



ÅThe decrease in TC with increase of Bi-doping 
can be explained by considering the double 
exchange mechanism in manganites. It has 
been reported previously that Bi3+, with 6s2 
lone pair, is a highly polarizable ion and it 
causes local distortions of the Mn-O-Mn bond 
angles resulting in a decrease of the double 
exchange interaction strength.

ÅWe can also see that the difference between FC 
and ZFC curves for x = 0.3 sample is more 
pronounced than the other two samples. This 
can be attributed to the fact that the magnetic 
frustration arising from the tilting of Mn-O-Mn 
bond angles is larger in this sample due to the 
higher Bi-doping.
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ZFC and FC analysis of Bi-doped LaлΦуҍȄBixSr0.08(Ca0.55Ba0.45)0.12MnO3 
(x=0.0, 0.1 and 0.3) perovskites at 0.1 Tesla and Temp range 5-300K. [5]



ÅThe M-H curves show a typical behavior of FM 
ferromagnetic materials with a maximum 
magnetization of 124 emu/g at 150 K for x = 0.1 
sample.

ÅThe maximum magnetization at 2Tesla field is higher 
with lower Bi-doping (x = 0.1) and lower with higher 
Bi-doping (x = 0.3) in these M-H curves.

ÅBelow TC, the magnetic field dependency of 
magnetization is non-linear with a sharp increase at 
low fields and a tendency to saturation at higher fields 
reflecting a FM behavior.

ÅAbove TC, these materials show a paramagnetic 
behavior whereby the ferromagnetic order is broken 
due to the excessive thermal energy resulting in 
random orientation of the magnetic moments.

Isothermal M-H curves, 0 to +2 Tesla at several Temperatures of Bi-doped 
La0.8ҍxBixSr0.08(Ca0.55Ba0.45)0.12MnO3 (x=0.0, 0.1 and 0.3) perovskites. [5]
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ÅIn order to estimate the nature of 
magnetic phase transition, we have 
plotted M2 versus H/M (so called the 
Arrott plots) in the temperature range 
100-325 K.

ÅAll the curves exhibit a positive slope 
which suggests that the ferromagnetic-
paramagnetic transition in these 
materials is of the second order.
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Isothermal M-H curves, 0 to +2 Tesla at several Temperatures of Bi-doped 
LaлΦуҍȄBixSr0.08(Ca0.55Ba0.45)0.12MnO3 (x=0.0, 0.1 and 0.3) perovskites. [5]

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


Magnetocaloric properties 50 K to 320 K intervals of 5 K and MF up to 2.0 
Tesla of Bi-doped LaлΦуҍȄBixSr0.08(Ca0.55Ba0.45)0.12MnO3 (x=0.0, 0.1 and 0.3) 
perovskites. [5]

Integrating over field

Approximating numerically

where Mi and Mi+1 are the experimental values of magnetization at 
Ti+1 and Ti temperatures, respectively, under an applied magnetic 
ŦƛŜƭŘ ƻŦ IƛΣ ǿƘŜǊŜ ɲIҐ Ii because minimum field is set to 0.

The magnetocaloric properties of magnetic materials are usually investigated by evaluating the 
ƳŀƎƴŜǘƛŎ ŜƴǘǊƻǇȅ ŎƘŀƴƎŜ όɲ{ύ ŦǊƻƳ ŀ ǎŜǘ ƻŦ ƛǎƻǘƘŜǊƳŀƭ ƳŀƎƴŜǘƛȊŀǘƛƻƴ Ǿǎ ŦƛŜƭŘ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿƛǘƘ 
thermodynamic Maxwell relation:
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where magnetic entropy S is 
dependent on both H & T



ÅPlot of ɲS(T, H) shows a minima around TC.

ÅThe position of minima slightly shifts towards the higher 
temperatures with increase in applied magnetic field.

ÅAs expected, the ɲS(T, H) values are found to be strongly 
dependent on applied magnetic field with the largest 
value for 2.0 Tesla.

ÅThis maxima |ɲS| values for x = 0.0, 0.1 and 0.3 samples 
at 2.0 Tesla applied magnetic field are 1.12 J kg-1 K-1, 1.96 
J kg-1 K-1 and 1.62 J kg-1 K-1 respectively which are 
comparable with the results of many other perovskite 
manganites reported in literature.

ÅMaximum ɲSM (T, H) initially increases with small doping 
of Bi (x = 0.1) and then decreases when Bi content is 
further increased (x = 0.3). 

Magnetocaloric properties 50 K to 320 K and MF up to 2.0 T of Bi-doped 
LaлΦуҍȄBixSr0.08(Ca0.55Ba0.45)0.12MnO3 (x=0.0, 0.1 and 0.3) perovskites.
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We can attribute this trend to two important factors:

Crystallite size increase with increase in Bi content, Decrease in 

double exchange interaction strength with increase in Bi content. As 

a consequence of larger crystallite size, the samples show much 

sharper FM-PM transition resulting in larger magnetic entropy 

changes around the Curie temperature. On the other hand, the 

increase in Bi content increases the distortion of Mn-O-Mn bond 

angles and therefore the strength of double exchange interaction 

decreases which result in decrease of the magnetic entropy change 

around TC. The combined effect of these two factors is that the 

samples with low Bi content (x = 0.1) show larger values of the 

magnetic entropy change than the ones with higher Bi content. 

The maxima in the ɲSM (T, Iύ  for x = 0.1 sample occurs very close 
to the room temperature i.e. 280 K which makes it interesting 
material for the practical magnetic refrigeration applications.

Magnetocaloric properties 50 K to 320 K and MF up to 2.0 T of Bi-doped 
LaлΦуҍȄBixSr0.08(Ca0.55Ba0.45)0.12MnO3 (x=0.0, 0.1 and 0.3) perovskites.
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Another important criterion for the selection of magnetic 
refrigeration materials magnetic refrigeration applications is the 
relative cooling power (RCP) which is defined as follows:

 w/t Ґ ɲ{ × ɻ TFWHM

TɻFWHM = full width at half maximum of the ɲS (T, H)

RCP values of our samples are much larger than the reported results 

 

Magnetocaloric properties 50 K to 320 K and MF up to 2.0 T of Bi-doped 
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M(H), ZFC/FC from 300 to 4K
YBCO nanoparticles



M(H) curves of YBCO nanoparticles from 300 
to 4 K

M(H) curves ± 5Tesla, 
at 90 to 4K

M(H) curves ± 5Tesla, 
at 300, 200 and 4K



M(H) curves of YBCO nanoparticles at 100 
and 90 K, at 90 and 80 K, 90 and 4K

M(H) curves ± 5Tesla, 
at 90 and 100K

M(H) curves ± 5Tesla, 
at 90 and 4K

M(H) curves ± 5Tesla, 
at 90 and 80K



M(H) curves of YBCO nanoparticles at 4K from 
0.2 to 7 Tesla

M(H) curves ±0.2, ± 0.5, ± 0.8 Tesla
at 4K

M(H) curves ±0.2 to ± 7Tesla
at 4K



ZFC AND FC curves of YBCO nanoparticles at 
0.2 Tesla
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