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Objective and Contents

Objective
How to

Characterize Magnetic Materials with VSM In high magnetic fields (up to 7 Tesl
from room temperature (300K) to low temperatures (4K).

Contents
Partl. Introduction to Vibrating Sample Magnetometer (VSM)

Part2.How to Characterize Magnetic Materials undgmplied Magnetic Field
and Temperature

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



Part 1

Introduction to
Vibrating Sample Magnetometer (VSM)
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CRYOGENIC LIMITED

Cryogenic Ltd.. Unit 30, Acton Park Industrial Estate,
The Vale, London W3 7QE, UK
Telephone: +44 (0)20 8743 6049 Facsimile: +44 (0)20 8749 5315
E-mail: sales@cryogenic.co.uk Website: http//www.cryogenic.co.uk
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Vibrating Sample Magnetometer (VSM)

It is the Cryogeiirree High Field Measurement System combines the latest
cryogenfree technology with sophisticated measurement techniques; Erowdlng a
versatile, powerful investigative device achieving low temperatures (4K) and high
magnetic fields guE_to 7/ Tesla). A number of probes may be used with the basic
cryogenfree High Field Measurement System and to extend its capabillities.

Capabilities
V Measurement of magnetic moment by vibrating sample
V AC Susceptibility

V Resistivity and magnetdransport

V Hall effect measurement

ASeebecleffect and thermal transport
AHeatcapacity measurement by ac calorimetry




Magnetic measurement Types with VSM
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VSM Sample Requirements & ==
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First Vibrating Sample

Magnetometer

The invention of VSM Is credited to Simon
Fornerof MIT, published in 1956.

It Is the most popular mag. characterization

technique.

Foner S.\Vibrating Sample MagnetometdReview of Scientific

Instruments, 195627(7): p. 548548.

548 NOTES

Tame I,

J\.h’lnl thickmness o, Ld,
{im.) (in.} (in.)
Be-Cy helix i 1 %

12 turms,/cm 0,030,/ turn
Mica washers 0,012 total/turn 1} i
End plates 2! b
‘Total cofl 2 %

melt the inside surface of the magnet coil. A coating of ceramic on
the inside of the coil reduces this danger and prolongs the life of
the coil by protecting the mica lips and retarding metallic flow.

The magnet is currently being used for semiconductor experi-
ments at infrared frequencies and experiments on the Hall effect.
Experiments on the deHaas-Van Alphen effect, antiferromagnetic
resonance, and saturation magnetization are planned,

We would like to acknowledge the generous interest and en-
couragement of Dr. Benjamin Lax during the course of the work,
We are indebted to the Harvard Solid State and High Field groups
for helpful exchange of ideas.

* The research reported in this document was supported jointly by the
U. & Army, Navy, and Air Foree, under coatract with Massachusetts
Institute of Technology,

1 P, Kapitza, Froe. Roy, Soc. (London) ALIS, 658 (1927). See alsa:

. I, Cockeroit, Trans., Roy. Soc. [Lmu..o |} .v.zz'r 37 {IMSJ F, BII:IU
ev, Sci. Instr, 'ls. ?!2 (1936); K. 5 V¥

(London) 563. }
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Vibrating Sample Magnetometer*

Smeon Foner

Lincoim Laboratory, Massachwutetts Institute of
Technology, Lexingion, Massochusetis

{Received April 5, 1956)

THI‘: purpese of this note is to describe a simple, versatile, and
inexpensive magnetometer which is capable of measuring
magnetic properties to high accuracy. The principle of operation
depends on the detection of the dipole field from an oscillating
magnetic sample placed in a uniform magnetic field! The im-
portant features are shown in Fig. 1. A loudspeaker (1) is used to
drive a drinking straw (3) to which the sample (3) is attached.
The straw is supported by a conical paper cup (2} which is glued
to the speaker cone. A small permanent magnet (4) is also at-
tached to the straw to furnish a reference signal. The sample is
vibrated in a direction perpendicular to the magnetizing field by
the speaker.®

Although a number of arrangements of detection coils can be
used, the arrangement illustrated has been quite satisfactory,
A pair of coils (7) is oriented with axes parallel to the vibration
direction (Z), and connected in geries oppogition. An escillator is
used to drive the speaker. A narrow band amplifier and oscilloscope
are used for detection. Assuming a fixed zeparation of the coils,
the following procedure is used to make the magnitudz of the in-
duced voltage insensitive to the exact position of the sample.
The sample is first centrally located between the coils by visual
inspection. The field is applied to saturate the small sample
(Ni sphere for instance), The coils are then rotated about the £
axis for maximum signal output (the signal is now inscnsitive to
small rotations of the coils about this axis). Next they are moved
in the x direction for a minimum signal, the ¢ direction for a
maximum signal, and the y direction (perpendicular to the paper
of Fig. 1) for a maximum signal. The magnetometer will now he
insensitive to small changes of sample position in these 3 direc-
tions. The extent of insensitivity to sample position depends on
the particular coil dimensions. {The mathematical analysis is not
cimple because of the lack of symmetry.) It is suggested that one
or two trials of the coil spacing (or an educated guese) be used as
a clue to the best arrangement, A similar procedure is used to
align coils (6) with respect to the permanent magnet reference
sample (4).

Frc. 1. Vibrating sample |n=l||nrl.u||h.l.cr {1} Loudspeaker transducer,
(2} conical paper cup support, (3) straw, (4) permanent magnet
reference gample, (5) sample. (6) n-ruo e Dul!a‘l, {7) sample coils, (8) magnet
poles, (9) metal container to allow evacuation,

A portion of the reference sample signal is phased to balance
the sample signal and the difference signal is sent through the
tuned amplifier to an oscilloscope used as a null detector. In this
way any changes of vibration amplitude, driver wave form, or
amplifier gain are eliminated. Finally, effects of instability of
magnetic feld are automatically minimized by the connection
of the sample coils in series opposition. The arrangement described
thus eliminates all major sources of inaccuracy and is sensitive
only to changes of the magnetic properties of the sample. The
magnetometer may be calibrated by substituting a known ma-
terial for the sample.

Measurements of the magnetic moment of a nickel sphere of
1.2 mm diam have been made to 0.59 using the oscilloscope
as a null detector.? Higher sensitivity can be obtained by adding
a phase sensitive detector and recording unit. With such an ar-
rangement, the magnetic moment may be measured as a function
of magnetizing field and temperature. The magnetometer can be
rotated to ohserve directional properties in single erystal samples,
The entire unit may be evacuated or pressurized and a suitable
furnace or Dewar assembly used Lo obtain data over a complete
range of temperatures. The magnetometer may be removed from
the magnet and stored when not in use since only a few minutes
are required to setup and position the sample coils,

I would like to acknowledge the valuable assistance of Mr.
B, Feldman during the courge of this work.

* The research reported in this document was supported jointly by the
£ rmy, Mavy, and Air Foree, under contract with Massachusetts
l'J[c'}l' Technolog

112, 0. Smith (Conference on Magnetism and Magnetic Materials AIEE
October, 1055) hias recently described a vibrating coil magnetometer based
on this n'lrprlplr With his arrangement a pickup coll is vibrated coaxial
w::l- the magnetic field while the sample ia held hxed.

31 Plotkin (unpublished 1951) described a vibratng sample magnet-
ometer for use with a solengid. In this case, the pickun coil is again posi-
tioned coaxial with the magnetic field. The instrument described in this
note uses 4 less symmetric eofl arrangement which allows measurements
with the usual laboratory magnets,

3 Typical coil dimensions for this measurement were: Coil diameter
] m.. length § im0 g ln, between centers, 25 000 turns of No. 46 wire per
o0




First Vibrating Sample
Magnetometer

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.

Foner S.\Vibrating Sample MagnetometdReview of Scientific
Frc. 1. ¥ i ; T e Ler, I i L
|nStrumentS, 195627(7) p 548548 (2]} ['E,r:u.i:::.a] |I1g:.:|ﬂ:ir"|]_f|pﬂﬁlllll|1ﬂ:|r::;|: .lfj:n:lr:ll.rllll:li.l;‘l-l.rg -=l:-ljril=|'u.TI}IIL’IIS%:?E:;:H::.T%I::;:

reference sample, (§) sample. (6) reference colls, (7) sample coils, (8) magnet
podes, () metal cooliimer b0 allow evicuat von.



VSM Functional Diagram

Yury Bugoslavsk\

computer

Function generator +
data acquisition unit

Cryostat HEARE drive
High-frequency
Magnet function generator
reference
VTI Lock-in amplifier
Pick-up coils Magnet controller

Vibration drive

Temperature controller

[
https://www.youtube.com/watch?v=yjW0zDhxN10&t=31Bs YuryBugoslavskZryogenic UK
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Cryogen Free VSM Measurement
System Overview
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Part 2

How toCharacterizeMagnetic Materials unde
Applied Magnetic Field and Temperature



Response as a function of Magnetic Field N
and Temperature

Key Magnetic Parameters in the Hysteresis Loop.docx

Response as function of Magnetic Figldito 7 Tesla)
a) Diamagnetic

b) Antiferromagnetic T<J

c) Paramagnetic

d) Ferrimagnetic

e) Ferromagnetic T<I

Response as function of Temperatuf@00 to 4K)
(In paramagnetic regio@urie Law. 1/T)

A Magnetic Phase Transition

A Superconducting Phase Transition

A Magnetic Losses

A Spin Glass

https://www.youtube.com/watch?v=yjW0zDhxN10&t=3188r. YuryBugoslavskZryogenic UK
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Response as a function of Magnetic Field

ADiamagnetic (a). Inert gases; many metg#\u, Cu, Hg; nemetallic elements e.g.
B, Si, P, S; many ions e.g. Na+&@heir salts; diatomic molecules e.g. H2, N2;
H20; most organic compounds.

AAntiferromagnetic (b) T<I Transition metals Mn, Cr & many of their compound,
e.g.MnQ, CoQNIQ, Cr203MnS MnSe CuCl2.

AParamagnetic (c). Some metals, e.g. Al; some diatomic gases, e.g. 02, NO; ior
transition metals and rare earth metals, and their salts; rare earth oxides.

ACSNNA Yl 3y SUiAO 0 RFeEOZT(®aghemite)) nfixedoki®es of ios
and other elements such as Sr ferrite.

A Ferromagnetic (e) TETNI yaAluA2y YSalfa CSz I =
alloys of ferromagnetic elements; some alloys of Mn, BlgBi, Cu2MnAl.



Response as a function of Magnetic Field
and Temperature

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

By courtesy of the [EEE
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Paramagnetism

Atoms have randomly oriented No AppliedMagnetic Field Applied Magnetic Field
magnetic moments as a result of * .
thermal agitation becausthe O O O S O O

interaction between them is ' - SYaY >
ignorable.The application of a d o7 >
magnetic field creates a slight ;® O Q' ISMASNE S >

alignment of these moments in
the direction of applied field, so
Susceptibility i1s small & positive,
+10°to +10°.

Book:

1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannarUn§ivErstynainywashington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements



Paramagnetism bore

o010 [ ACUOs s & z
Key Features Pl
AM(H) curve is linear. 0.008 i
A lt intersect througho0. - - |
A The magnetization is reversible. = | X
A1 A - 0.004 [ ,__,’L‘ |
1 s
T, > T, 0002 [ G i
0 \ry\’ ! 1 1 1 1
I3 > 15 0 10000 20000 30000 40000 50000 60000
> H (Oe)
H M as function of H for LaCy& 100K, shows reversible behavic

Book:
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannarUn§ivErstynainywashington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements



CurieParamagnetism

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

(DM /T and . (T)=C/T
A
These Materials obey Curie law and the magnetic *
moments are localized at the atomic or ionic sites
according to the Langevmodel andwhere there is
no interaction between neighboring magnetic >
moments. T

Book: ]
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannarUkiivErstynainyWwashington, Seattle . ads fU nction Of T

2. Book: fundamentals of magnetism and magnetic measurements
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CurieParamagnetism

X (emu/mole)
o
4

In case of Paramagnetic materials ¥5 T plot gives
slope (1/C) of the curve which intersects through 0, w | %
It Is useful to characterizBaramagnetism e

! ! ! ! ! | I
0 50 100 150 200 250 300 350 40C

1/. = (1/C)T o

Where Molar Curie constant G NR2/3k E ol

0 50 100 150 200 250 300 350 400

T (K)
Book: fundamentals of magnetism and magnetic measurements . as function of T for LaCléO



0.04 ™

CurieParamagnetism oo |

I I '

Atom with S=1/2

1 ! ! !

200 250 300 350 40
T(K)

é
Effective magnetic moment®.. ) s
The value of Molar Curie,@s obtained from the plot 0.376 |
(K.emumole)
Peﬁr — (3kq‘\h/ N)1/2 0 50 100 150
N | @231 RN2 Q& x1gPUzY 0 SNI ¢ D | e
K 20T YIEyyQaxi@g/E i yi syldoy
P. in units ofBohr magneton$>y) is obtained bydividing it O
with 0.927%1020(erg/Oe) waif:
P = 2.82CL?2 eh ol A
Per == 1.73> "B ome 0 &

Book: fundamentals of magnetism and magnetic measurements

1

0 50 100 150

200 250 300 350 400

T(K)


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

CurieWeissParamagnetism

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

400

+on—=C/(F ), * is calledCurie Wiess Temp. 30 |

300 |~

A Such materials are paramagnetic above a certain
transition temperature,fi’ r nx U0KSYy [

250 |

Curie-Weiss
0<0

= 200 |

between neighboring magnetic momena$ different P
atoms helps to align adjacent moments in parallel o1 " [ /,/ i
adjacent/ neighboring moments in antiparallel 100 | -/ cute Weis
direction. il :
A T.is an intrinsic property and is a diagnostic parame L 3 AR
that can be used for mineral identification. 50 0 50 100 150 200 250 300 35

Book: fundamentals of magnetism and magnetic measurements



CurieWeissParamagnetism

Casel ( =0)

For PMinteraction the neighboring moments are
completely independent of each other and in this case
Case2 ( >0) AN
ForFM interactionthe exchange interaction helps to 350 [
align adjacent moments in parallel direction, &T, the 300 |
. o diverges, it is-Mtransition temperature ({), Above ik

this temperature FM material become PM. 5 il e -
— // ’/'
_ _ . . - / :
ForAFM interactionthe exchange interaction helpsto ™ ; oot
align adjacent moments antiparallel, ‘atT, the. ,, does 2R 80

> 4

Case3 ( <0

not diverge, the system may had¢-Mtransition known 0
as Neel TransitionyTAbove this temperaturdFM 0

-50 0 50 100 150 200 250 300 35

material becomd”M. T (K)

Book: fundamentals of magnetism and magnetic measurements
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Ferromagnetism (FM)

n a FM below Tc, the individual magnetic moments of the atoms are all
iIned up in the same direction and essentially locked together to build a
ong range order, Susceptibility is large belqw T

On the other hand, for a PM the A O O O

orientation of any moment is randor
and even though there is a higher g O T T T
probability for a moment to align wit

the magnetic field, each moment ac , L e A=

nearly independently of the others.
: O O (O

Book: fundamentals of magnetism and magnetic measurements



Ferromagnetism

Ferromagnets (T<Jhave very distinctive M(H) n
and M(T) curves. Thean retain a memory of
an applied field once it is removethe M(H) e
curve Is not linear, the magnetization is not F

reversible and It does not intersect throu@h Moo
called magnetic hysteresis. Pl ~ virgin curve

Saturation Magnetization
Ramanentmagnetization at HE

Coercive field or a field required to /
return the magnetization to0

MS
M
H

rem

C

Y

Magnetization as function of applied field at F<T

Book: fundamentals of magnetism and magnetic measurements



Ferromagnetism

H=0 H
Magnetization Process of FM below: T ?
Below TEthe 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 M=0

. M>0

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

H>O’ M>0, Domain walls move to be aligned along y /
H>>0, M>>0, Small amounts of domains exist,
mostly are aligned along H [Ms

H>>>0, M=M Mgobtained due to rotation of
moments paralléel with H but away from preferred
crystallographic directions. [. M=Mg cos 45° J. M=Mg

c o W »

Book: fundamentals of magnetism and magnetic measurements



MA

Ferromagnetism

ABelow Tc the material is in FM
state and above Tc it iIs PM state
exhibitingCurtWiess behavior.e

Curie Wiess

>0. A FM ordered  Paramagnetism
ABelow Tc the is both field and Y P
history dependent. M N T M, ‘
Altis the saturation magnetization 1t 4 1., i
Mswhich is an important intrinsic 1111 ;\/\\ . - Ly
property as shown in graph M / Spontaneously
(T<-9 TTTTT / T *_ magnetized
T< Tc T> Te
T, T
?.O I(:)LkJ:NDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannarUsivErstynainWashington, Seattle Ms(T<P andl/. as function of T

2. Book: fundamentals of magnetism and magnetic measurements



Antiferromagnets (AFM) and Ferrimagné&id/j

AFM andriM show ordered arrangements of

magnetic moments in a crystal structure involvingr -O—= -O= -O—
two (or more) sublattices with antiparallel B e weia )
alignments and stabilized lmgdirect exchange U il ) AR

mechanisms often involving intervening oxygen IC_ ~ ~ ~

AFM andFiM, are widely used in technology. The A ~O> -O> -O>
major families of crystal structuresrocksalt, spinel 8 <@ <@ <@
garnet, perovskite and hexagomalare involved. L R T

Book: 2

1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannanMivershnah\Washington, Seattle
2. INTRODUCTION TO MAGNETIC MATERIALS, B. D. CULLITY, University of Notre Dame, C. D. GRAHAM, University of Pennsylvania



Antiferromagnetism
(T<W

Theexchange interaction is stronigetween neighboring atoms but leads to the apéarallel

alignment of the atomic magnetic moments.

A If the A and B sublattice moments
are exactly equal but opposite,
the net moment is zerol his type

of magnetic ordering is Ifu I t I i
calledantiferromagnetism(AFM).  _| | ;7 tvtv N\
A The cancellation of the moments . ] ‘7\ »
on neighboring atoms result in byt
relatively small values of M, T<Ty T2In

so Susceptibility is small &
positive, +16to + 103

Book:
FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannanMivérshnahWashington, Seattle

1.
2.

INTRODUCTION TO MAGNETIC MATERIALS, B. D. CULLITY, University of Notre Dame, C. D. GRAHAM, University of Pennsylvania

po+*

~Y



Antiferromagnetism

AFigure shows temperature dependent
antiferromagnetic behavior, the phase
transition to the antiferromagnetic state is
known as Neel transition occurs at@ T

AAbove TN an antiferromagnet is often
paramagnetic exhibiting CurMeiss
behavior ( = C/(F" ) with* <0.

AAbove T, the, in the paramagnetic state the
moments behave nearly independent of
one another

ASince M(H) curves are linear beloy T
remains a useful property.

Book: fundamentals of magnetism and magnetic measurements

1y

AF

Para

C-W behavior




Antiferromagnetism

AHematite crystallizes in the corundum
structure with oxygen ions in an hexagon
close packed framework. The magnetic
moments of the F& ions are
ferromagnetically coupled within specific
c-planes, but antiferromagnetically
coupled between the planes.

AThe 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-classesnagneticmaterials

Crystal Structure of Hematite

T >-10°C

-

: 3+
Y/ O Fe ion

T <-10°C

after Fuller (1987)

Hematite [alphaFe,O,] consists of Feions in
octahedral coordination with oxygen atoms in
hexagonal closegtacking
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Ferrimagnetism

A Magnetization 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 moeh@mnt
TcForT>T1lk. Aa lFaeYLWZ2uAGC(U®)uKS auNIAIKL tAYSZ

A Below TEtheir M(H) and M(T) behavior is nearly identical to that of ferromagnets. However, at atomic leve
ferrimagntsare more similar t@antiferromagneticdut the adjacent magnetic moments are locked in
opposite directions with different magnitudes.

A The larger moments tends to align with the applied magnetic field while the smaller ones opposite to the
field direction. Above Tc, in thmaramagnetistate, the moments behave neailydepentelyof each other.

M M A

A

/ = C
»>H ’ T+0O
¥ Y Y T> T(:
: , | ' -© Te 1 -
Book: fundamentals of magnetism and magnetic measurements : ! g
Y Y

https://cse.umn.edu/irm/2classesnagneticmaterials



Ferrimagnetism

il

| o=

A Some of the most useful materials for making permanent magnets are <A
ferrimagnets. P
A Many of these materials are non conducting ceramics. i

[ | I [
‘J----.-.}...-_:‘__.L..l ________ -
-

¥
t
1
1 -

- i -

] -
A b ] = 1 1

A The magnetic structure is composed of two magnetic sublattices (A & B) ;__:—_ ________ L L after Ba

separated by oxygens. The exchange interactions are mediated by the oxyyel

anions. When this happens, the interactions are called indirect or
superexchangeteractions. The strongesuperexchangeteractions result () oxygen
In an antiparallel alignment of spins between the A and B sublattice.

A In ferrimagnets, the magnetic moments of the A and B sublattices are not 8 tetrahedral Fe
equal and result in a net magnetic moment. Ferrimagnetism is therefore v Asite
similar to ferromagnetism. It exhibits all the hallmarks of ferromagnetic
behavior spontaneous magnetization, Curie temperatures, hysteresis, and

.1 octahedral Fe

remanence. However, ferr@and ferrimagnets have very different magnetic ~ B-site
ordering.

A Magnetite is a well known ferrimagnetic material. Indeed, magnetite was after Banerjee and
considered a ferromagnet untNeelin the 1940s, provided the theoretical Mﬂ@ﬂmfm&ﬂ

framework for understanding ferrimagnetism.

https://cse.umn.edu/irm/2-classesnagnetiecmaterials
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Examples of Indirect Exchange Interactions

The exchange interaction between the transition metal ions is not direct but mediated by the oxygen ions, two differen
models,superexchange and doublexchangeare used to describe such indirect exchange interactions. (h80®

Superexchangenechanism leads to ferromagnetism or
antiferromagnetismbetween two magnetic ions in same
oxidation states

Double-exchangemechanism leads to a
ferromagnetism bawveendifferent valence transition

0% metal magneticions: (a)Mn3*/Mn#*in perovskites
%L and (b)Fe/ Fe*in magnetite.

(@ Mu2rt ¥ ¥ 4 ¢ ﬁ’, (N S S VP |
N o _ Tl — —

ORI N 4 R AN S N N VI pL 1y
A4 4 I
Ly m Mo o, Mal

+ n3+

) Mn’ - P Lm (3d%) (2p°) (3d)

Book: FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan,
University of Washington, Seattle
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. : No Applied Applied
Dlam ag netlsm Magnetic Field  Magnetic Field
Ferromagnetic On O” O S O O,
AD: . . - t%om o O O
Diamagnetic materials are repelled by a ermmagnetic o, 0. or 6. o o
magnetic field. . .
. . . . . QO F oG
ADiamagnetic push field lines out while Paramagnetic O° 00, O & o~
paramagnetic pull them in. IO, o8 o,
AAtoms have no magnetic moment. Diamagnetic O 00 ©Tou&
contribution arises from paired electrons. Diamagnetc O O O & 5 <O
O O O B+

v

AThe M(H) plot is linear and reversible with a
negativeslope.Susceptibility ¢) isextremely
small & negative;10°to -10° M

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

\ H
Book: X <'0

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




Superconductor

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

A Resistivity becomes 0 belowdiscovered bydnnesin 1911,
Nobel Prize in Physics

A Magnetic flux inside becomes 0 belowdiscovered by Meissner
andOchsenfeldn 1933.

A BCSheory proposed in 1957 describes superconductivity as a
microscopic effect caused bycandensatiorof Cooper pairs
Nobel Prize in Physics

Book: T>Te T<T¢
1. Introduction to magnetism and magnetic materials, Daklids

2. Introduction to magnetic materials, B. Oullity c. D. Graham. :

3. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan Meissner Effect
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Superconductor (Type

Below a fixed superconducting temperature, the tyjpguperconductors
follow the MeissnefOchsenfeldM(H) behaviour exclude the magnetic
field (B=0) until the superconductivity is spontaneously destroyed at 1

critical field H.
1. the curve is linear and reversible, having largest negative
slope.

2. B=0=,(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 fi

B

Normal

Meissner
State

T:
Behavior as function of T & H

- T

and are not found very useful for applications

4. Most elemental superconductors and a few alloy
superconductors show type | behavior. _Mwlv

Book:

1. Introduction to magnetism and magnetic materials, Dalids

2. Introduction to magnetic materials, B. Oullity c. D. Graham.

3. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan
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Superconductor (Typk)

A typell superconductor behaves like a typsuperconductor up to s
the lower critical field |, however, above K the magnetization
begins to decrease non linearly duepartial penetration of flux lines B,
iInto material in form of flux vortices up todthe upper critical field,
each carrying a single flux guantum of magnitind&e.

>

A Above H, (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

Behavior as function of T & H

A A mixed (vortex) state exist between tnd H., above H,the wh e "
superconductivity is suppressed and system becomes normal. -

A The M(H) curves are reversible up tg,far ideal &
superconductor. M,

Book:

1. Introduction to magnetism and magnetic materials, Dalids

2. Introduction to magnetic materials, B. Oullity c. D. Graham.
3. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan
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B
1
2
3

ook:

Flux pinning In typd Superconductors

Type Il superconductors are used for practical applications such as superconducting solenoids, how
In type Il superconductors the vortices in the normal material through which the magnetic flux penet
are pinned by microstructural defects and grain boundaries. So long as the vortices remain pinned t
material exhibits superconductivity. However, as the magnetic field is increased the vortices pile up
eventually overcome the pinning forces. They then swirl through the material and provide resistance
the passage of electrons causing loss of the superconducting state. A moving vortex causesrmme
magnetic field which by Faraday's law generates a voltage and consequently poWwdrdssslefects

pin the magnetic field lines and restrict their motion. These field lines are responsible for limiting the
current density above H.

Effects of Flux Pinnir@ideo 1, video?2) &)

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

A Now supercurrent can flow aboveHand its value depends on M.

Introduction to magnetism and magnetic materials, Dalids
Introduction to magnetic materials, B. Dullity c. D. Graham.
FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, Kannan M. Krishnan
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Zero Fleld Cooled (ZFC)

The sample of fine particles is cooled fromsitgerparamagnetistate without applying an external field, to the lowest
temperature, Then, a small magnetic field, is applied and the magnetizatigi{,T)] is measured as the temperature is
slowly increased at a constant heating rate.

ZFC Phenomenon

A At low enough temperature far belows, Tmagnetization 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

0.002 T T T

field, and Mg£T) increases. Initially only the smallest particles wikTTare aligned
with the field, but with increasing T the energy barriers of the larger particles are - eo 25, LaCuOs
also overcome. ~

A However, M£T) start decreasing again at higher temperatureszTwhien the
thermal energy is sufficiently large to start randomly orienting the particle
moments.

0.0012 | DUU‘—“6
5] H =100 Oe

M (emu/g)
u]
(3]

0.0008 [~ o a

A Thus, magnetization first goes through a maximum at some temperature, which - s
0.0004 | Q

related to the blocking temperature gTAfter that it decreases until it reaches a e §
temperature, at which point it shows thermodynamically equilibrium properties. g o N

Book: T(K)
1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannarUn§ivErstynainywashington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements


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

FieldCooled (FC)

A small field is applied at room temperature and the sample is cooled under the same
applied field as in M£T) and M{T) is measured as the temperature is slowly decreased
a constant cooling rate. In this measurement the initial state of all the particles should b
superparamagnetiand care should be taken to avoid a significant number of large
particles being blocked at the initial temperature.

FC Phenomenon -
A As the sample is cooled from room temperature, the magnetization increases ooots | FC 0 =F
because thermal fluctuations become lower and the particles, as they get blocked,
along the direction of applied field. g R Gl TR e
A Mc{T) will continue to overlap with M{T), Mcwill continue to increase until it 2 e o s,
reaches a temperature, the blocking temperature, TB, defined as the point at whicl & %c
M_cdeviates from M. 2 . T
o’ e oo
00 50 100 150 200
Book: T(K)

1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannarlMivirgtynahyashington, Seattle
2. Book: fundamentals of magnetism and magnetic measurements


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

Mc{T) seti.e M is dependent on the sequence of H and T changes.

A

A

/FC/FC of Ferromagnetic Materials

Ferromagnets usually exhibit some amount of irreversibility in M(H) apd M,

ZFC/FC method is very useful for determining the temperature
range over which systems are irreversible.

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.

Running a magnetic material through a series of minor loops of
RSONBlFaAay3a aial s Aa |

Book:

1. FUNDAMENTALS AND APPLICATIONS OF MAGNETIC MATERIALS, KannarUn§ivErgtynainywashington, Seattle

2. Book: fundamentals of magnetism and magnetic measurements
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Part3

Magnetic Material Characterization using VSM c
VSM Reference papers diScussiidownioad Pape)s
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Chemical Societ012 134(40): p.1650416507.
2. Hira, U. and F. Shé&tructural, magnetic and higlemperature thermoelectric properties of

LaD.4B10.4Ca&0.2Mn1bxCox@ (0 X HD.3) perovskitesJournal of Magnetism and Magnetic
Materials,2018 452 p.64-72.

3. Hira, U., et al.Electrical, magnetic anghagnetotransporiproperties of Na and Mo doped
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4, Khan, A.A., et alStructural, magnetic and magnetocaloric properties of CaldoxCl (0.0:K).3)
ferrites.Ceramics Internationa017. 43(9): p. 70887093
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Bulk Superconductivity in Bismuth eulfide Bi404S3 [1]

Abstract:

Magnetization measurements confirmed tHa§O,S; Is a

bulk superconductor with superconducting transition
temperature (Tc) of 4.4K. Isothermal magnetization M(H)
measurements indicated closed loops with clear signature
of flux pinning and irreversible behavior. The lower critical
field (H-) at 2K, of the new superconductor is found to be
~150e

1. Singh, S.K., et d@ulk Superconductivity in Bismuth Oxysulfide Bi4QifsBnal of the American Chemical Society, 20B2(40): p. 16504.6507.



IsothermalM(H)curve of the sample [),S;
at 2K, in an applied field of 4kOe at 2K. [1]

AWide openMH loop of the studied 0.6

_ B10O S, F— i
Bi,O,S, compound demonstrates 04 r; 2“K‘ SR P et
bulk superconductivity. oo = o \:}/"

AUpper inset of the figure shows the 5 ™ * L on
M(H) curve up to 1kOe. S 0.0 f— : —

ALower inset shows that the initial fluxs 2 7
penetration and the deviation from : \
inearity marks lower critical field -0.4 F o e
(Hc]) of this compound ~1Be(at 0.6 . e
2K). S0 1 0 s

H (kOe)

1. Singh, S.K., et d@ulk Superconductivity in Bismuth Oxysulfide Bi4QifsBnal of the American Chemical Society, 20B2(40): p. 16504.6507.




Magnetization in ZFC and FC mode {gD,B}
compound at applied field 20e [1]

A Temperature variation of O A0
Magnetization inZFGand FCmode
for Bi;O,S, compound a200e Bt

shows sharp superconducting ons
from 4.4K (), Tcis identified at

Bi404S3
[ H=200¢

5 -0.10F

-0.15F

M (emu/g)

4.4K.
: ! - ZFC
A There is evidence for substantial ot zC T W——— S}
flux trapping too. The bifurcation o | I'(K)
Irreversible region. I (K)

1. Singh, S.K., et aBulk Superconductivity in Bismuth OxysulfidkOBS3. Journal of the American Chemical Soci2612 134(40): p.1650416507.



Structural, magnetic and higamperature
thermoelectric properties of LaBy ,Cq -Mn,_
L0, (0.0¢ x2 0.3) perovskites.[2]

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 fie
of 0.1 Teslalhe analysis of temperature dependent magnetization data
reveals all samples to be ferromagnetic with Curie temperatures around 77
which iIs also confirmed by the Cuiiéeiss 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.

2. Hira, U. and F. Sh&tructural, magnetic and high S Y LIS NI G dzNBE G KSNXY 2 St SOGNR O LINR DROWAA S&a 27T |
perovskitesJournal of Magnetism and Magnetic Materials, 20482 p. 6472.



M(H) analysis of |gB}, ,Cq ,Mn, . CqO, (0.0¢ x2
0.3) samples at 5K up # Tesla|2]

A The magnetization first increases sharply with applie ]
fields of up to 1 T, and thereafter changes slowly wit_ 2ot

a tendency to saturate at higher magnetic fields. 0

-20

M (emu/g)

A M(H) loops of Co doped samples do not saturate
completely even at applied magnetic fields of 5 T, 40}
which suggests the existencexdin glasbehavior in
these materials.

16

A Mgvalues decrease with increase in Co doping, whic, s}

IS consistent with previously reported results. E of
A On the other hand, Hand M,values increase with = &
increase in Co contents. 16¢

H (T) H (T)
2. Hira, U. and F. Sh&tructural, magnetic and high S Y LIS NI G dzNBE G KSNXY 2 St SOGNR O LINR DROWAA S&a 27T |
perovskitesJournal of Magnetism and Magnetic Materials, 20482 p. 6472.


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

M(H) analysis of |gB}, ,Cq ,Mn, . CqO, (0.0¢ x2
0.3) samples abK up tot5 Tesla[2]

As reported in literaturderromagnetism in Lg AMnO; (A = Ba, Ca and $npnganiteds associated
with the Mn?*¢O¢Mn“* double exchange interactions. The doping of Co in tiearganitedavors the
superexchangeteraction via oxygep orbitals. Since Mf#+/Mn3+ ratio decreases with increase in
Co doping, the number of hopping electrons and hopping sites also decrease resulting in weakeni
the ferromagnetic double exchange interaction.

10 |

The decrease in Mvith increase in Co doping is in good agreems
with the gradual development of C&3¢Cc* AFM interactions.

The magnetic inhomogeneity and spin glassy behavior induced
AFM interactions result in increase of &hd M, of these materials.

=]
T T

Coercive Field (kOe)

Remnant Magnetization (emu/g)

Composition (X) Hc (kOe) at 5K M, (emu/g) at 5 K Ms (emu/g) at 5K
2 k-
0.0 1.116 20.70 43 14
0.1 3.689 11.51 27 0 L : : . : : )
0.2 3.895 7.46 18 00 01 0-2 0.3
0.3 4.880 4.20 14 Co Content (x)

2. Hira, U. and F. Sh&tructural, magnetic and high S YLISNJ G dzNB G KSNXY 2 St SOGNR O LINR DROWAA S& 2 7F |
perovskitesJournal of Magnetism and Magnetic Materials, 20482 p. 6472.



ZFC and FC analysis ¢f,Bga ,Cq -Mn, ,CqO, (0.0¢ x?
0.3) samples at 0.1 Tesla and Temp rangedK |2]

A The ZFC and FC magnetization curves overlap with ee
other in the entire PM region and up to certain
temperature in the FM region before diverging at very |
temperatures.

A The separation in the ZFC and FC curves can be attrit
to the existence of magnetic inhomogeneity in the long
range ferromagnetic ordering as reported in many othe
manganitesystems

A The Curie temperatures.-Values andow temperature
magnetizations of sampletecrease with increase in Co
doping level, wherehte 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 oxic

e
M)
~
=
£
&
=

M (emu/g)
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V1K
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. . oA A . A~ 4 oA T A = s 9 . .
2. Hira, U. and F. Sh&tructural, magnetic and high S Y LIS NI 6 dzNB G KSNX28Y SOG NA O LINE OWMAANSE 2 F |
perovskitesJournal of Magnetism and Magnetic Materials, 20482 p. 6472.



The."tvs T of samples L#8i .Cq .Mn, ,CqO, (0.0¢ x
2 0.3) at 0.1 Tesla and Temp ranged®K |2]

For guantitative analysis of magnetic interactions, we have
LJ 2 (-1ivS Rthe.valueof effective magnetic momenti
were calculated fronC , the Curie constanbtained from the
slopes of linear fit.tlis evident from the straight line fits in the
paramagnetic region that samples obey the CiWieiss law.

C
= where -~ _

v — PJA 2 2
P4 (T — 0p) mﬂeﬂﬂs

oy = £/3Cks /Napi3 = 2.828V/C

where. is the molar magnetic susceptibility, is the Weiss
temperature, N is the Avogadr@ constant, kis the
Boltzmann constantgis the Bohr magneton.

g->0 suggesting that predominant magnetic
Interactions are of ferromagnetic type.

120

920

1/x (mol/emu)

50 100 150 200 250 300

T (K)

2. Hira, U. and F. Sh@&tructural, magnetic and higiemperature thermoelectric properties ofL.dBi0.4Ca.2Mn1bxCox@ (0 X X).3)

perovskitesJournal of Magnetism and Magnetic Materi#?9,18 452 p.64-72.



The."tvs T of samples L#8i ,Caq .Mn, ., CaqO, (0.0¢ x
2 0.3) at 0.1 Tesla and Temp ranged®K |2]

A The estimateckffective magnetic momen{> )

values decrease with increase in Co doping, 120

which suggests that strength of ferromagnetic

double exchange interaction between Firand 90

Mn4*ions is decreasing with increase in Co =

content =

= 60

A In addition, we can see that.values are higher £

than the corresponding values, which =

Indicates the presence of magnetic -
Composition (x) Te (K) C (emu.K/mol) Op (K) Legr (UB)
0.0 77 3.37 110 5.20 0
o i b b S 0 50 100 150 200 250 300
0.3 72 1.32 142 3.25 T (K)
2. Hira, U. and F. Sh&tructural, magnetic and high S Y LIS NI G dzNBE G KSNXY 2 St SOGNR O LINRP DROWAA SE 27T

perovskitesJournal of Magnetism and Magnetic Materials, 20482 p. 6472.



Electrical, magnetic andagnetotransporproperties
of Na and Mo doped Jag,O, materials. [3]

Abstract:

We have investigated the effect of Na and Mo dual doping on magnetization of
Ca,Na,Cq, ,M0,0,(0.0¢ x2 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 Mmns (4d) in

CoQ layers.

3. Hira, U., et alElectrical, magnetic anghagnetotransporiproperties of Na and Mo doped Ca3Co0409 mateiiR#«C advances, 208954): p. 3127481283.



M(H) analysis of GaNa,,Lq, ,M0,0O, (0.0¢ x2
0.15 samples abK up tox5 Tesla]3]

8

AMagnetization does not saturate even at ;
applied fields of up t& T, which suggests the 6
presence of canted ferrimagnetism in our Al
samples.

AThe M;H curve of undoped sample exhibits a

c)
clear hysteresis loop, but it becomes smaller E _
with increase in doping. = -

AThe observed decrease in both coercivity and 4}
remanent magnetization suggests that our
samples are becoming soft ferromagnetic

with Na and Mo dual doping. Bl N——
H (T)

3. Hira, U., et alElectrical, magnetic anghagnetotransporiproperties of Na and Mo doped Ca3Co0409 mateiiR#«C advances, 208954): p. 3127481283.



M(H) analysis of GaNa,,Lq, ,M0,0O, (0.0¢ x2
0.15) samples at 5K up 15 Tesla|3]

A The values of M for all doped samples are higher than :
undoped Ca3Co0409 system, with a maximum value of 6.. 6}
emu g! for x =0.025 sample.

A We believe that compositional inhomogeneities and
presence of oxygen vacancies, which may be induced 21
by the substitution of higher valent Mbions at Cesites in

&b
Ca3Co0409 system, are responsible for the observed incr¢g °
in M values in our doped samples. é '

2Lk
4L
Composition My (kOe) I
(x) at 5 K M, (emu g ') at5K M; g (emu g™ ) 6k
0.0 190.0 2.25 4.64 -8 M A " ] A . A . ]
0.025 24.21 0.63 6.30 -6 -4 -2 0 2 4
0.10 21.99 0.47 4.96 H (T)

0.15 17.04 0.20 4.85

3. Hira, U., et alElectrical, magnetic anghagnetotransporiproperties of Na and Mo doped Ca3Co0409 mateiiR#«C advances, 208954): p. 3127481283.



ZFC and FC analysis of ¢a,,Cq,  M0,O, (0.0¢ x?2
0.15) samples at 0.1 Tesla and Temp rarg@diK | 3]

AAll samples exhibit Cug@Veiss

Parama netic behavior in the high

emperature range 3300 K.

AThe ZFC & FC curves for x=0.0
sample start to rise up sharply
below 19 K suggesting a

aramagnetlci M)to
errimagnetic (FIM) transition.

AThe sharp rise in magnetization
curves for doped samples is
observed at a lower temperature
rangesc/ K

AThe PMFIM transition
temperatures (TFIM) of samples
were estimated from the points of
Inlectionof dM/dT slopes.
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3. Hira, U., et alElectrical, magnetic anthagnetotransporfroperties of Na and Mo doped 820109 materials.RSC advance2019 9(54): p.3127431283



ZFC and FC analysis of ¢a,,Cq,  M0,O, (0.0¢ x?2
0.15) samples at 0.1 Tesla and Temp rarg@diK | 3]

AThe ZFC and FC curves for the
undoped sample separate from
each other belowl9 K which
Indicates the existence of
magnetic inhomogeneity in the
long range ferromagnetic
ordering.

AThe values of J,,decrease with
Increase in do mg content (x). We
can attribute this trend to the
norn-magnetic nature of M& (dO)
lons, and the structural
distortions with increase in
doping as both these factors are
expected to weaken the
ferromagnetic interactions.
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The."tvs T of samples CaNa,,Cq,  M0,O, (0.0¢
X2 0.15) at 0.1 Tesla and Temp rang&0bdK [3]

For guantitative analysis of magnetic interactions, we have

LI 2 (-8 Rhe.valueof effective magnetic momenti ook
were calculated fronC , the Curie constaobtained from the | T s
slopes of linear fittlis evident from the straight line fits in the s00) | -O—x=010
paramagnetic region that samples obey the CiWieiss law. | | ~O—x=015
C h N fg 54 ~— Curie-Weiss Fit
o where ~_ N 5 B
£ (T — 0p) C_3I<B‘u‘3ff‘u3 =
E a0
=
oy = £/3Cks /Napi3 = 2.828V/C =
where. is the molar magnetic susceptibility, is the Weiss

temperature, NA & G KS | 02 I . RMR Qa O2y HfF y

Boltzmann constanty; is the Bohr magneton. 0 S0 100 150 200 250 300
g-<0 suggesting that predominant magnetic T (K)
Interactions are of antiferromagnetic type.
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The."tvs T of samples CaNa,,Cq,  M0,O, (0.0¢
X2 0.15 at0.1Tesla and Temp ran§e300K.[3]

A In an octahedral crystal field splitting between t2g aybtates, the Co
lons can have either the high spin (HS) or low spin (LS) electron
configuration.

A In previous studies, it has been reported that the average
valence state of Co ions in La,09 system is between +3 and
+4, and both Co3+ and Co4+ ions are predicted to be in Low
state. Using this information, the measured valuesigffor x = =
0.025 doped sample could be explained by considering an E
Intermediate spin or partial high spin electron configuration foE
Co3+ and Co4+ ions. This is also consistent with the low =
temperature (5 K) magnetization values of doped samples un™
an applied field of 5 T.

Composition C

(x) Tev (K) (emu K mol™") fp (K) ug (us)
0.0 19.0 0.2113 —55 1.30
0.025 6.7 0.6925 —42 2.35
0.10 6.3 0.5320 —48 2.06
0.15 3.3 0.3258 —60 1.61

104010

800

600

400

200

—O—x=10.0
=O—x=10.025

L | —O—x=0.10
—O—x=0.15

— Curie-Weiss Fit

0 50 100 150 200 250 300
T(K)
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Structuralmagnetiwr]\d magnetocaloric propertie
2F |/ 2CSubEazEhn [4ndnX

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 an
maximum value of 106 emu/g is observed for x=0.2 sample. The magnetic entro
changen { 0 AYONBIF &aSa G6A0K AYONBFas Ay |
the vicinity of blocking temperature. A maximum value of 0.56I Kd at5 T field
has been observed for x=0.2 sample.

4.Khan, AA.,etal, 0 NHZOG dzNJ £ = YIF Iy SGAO FyR YI3AySiaz2Ol t 2 NBetamibdNdetruSidhal 2G133(98 [F 708820835 H



M(H) analysis of CojzgM0,0, (0.0¢ x2 0.3)
ferritesat 300K up ta5 Tesla. [4]

AThese hysteresis loops are in good agreement’s-os | ——— I N P _
with a typical ferrimagnetic behavior of _ s {_ s / _
cobalt ferrites. R E

AThe remanent magnetization and coercivity ~ | }‘ * sl f -
values of our samples are intherangeof 12 **r———— [ ] e '
18 emu/g and 2656 Oe reSpeCtiver which 5 -4 -3 22 -1H(()T)1 2 3 45 5 4 -3 22 -1H(()T)1 23 45
suggest that these are all soft ferromagnetic wf[ _," [ ——— ] by | s |

x=0.2
materials. . r

AThe saturation magnetizatioiv)s, values of § ¢
Mo-doped samples are larger than the parefit - ‘
compound with a maximum of about 106 10|
emU/g for X:O.Z Sample. 5 -4-3-2-1012 3 435 5 4-3-2-1012 3 45

H (T) H (T)

I
=
-
I
=
w

(emu/g)

M (emu/g)
=

S

-100}

....................
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M(H) analysis of CojzgM0,0, (0.0¢ x2 0.3)
ferritesat 300K up totb Tesla. 4]

Aln cobalt spinel ferrites, the magnetization is wf [, | ——= I oo |
a result of net magnetic moment of ol |( | sl / .

octahedral (B) siteationsand tetrahedral (A)$
z

site cations(M&~M; ¢ M) of a general AJ®),. = _| 4 | = .l ‘

The ordering of spins between two sites Is

M (emu/g)
(—}

AFM. T I N R RO IR EKE]
i ) H(T) H (T)

ANonmagnetic M&*ions are probably I S e —— D _

entering into tetrahedral sites and thus . ¥o0 r | . ¥ r |

Increasing the net magnetic moment.
0

AThis factor favors the increase in saturationz _| <ol
magnetization values in Mo doped cobalt ) ool J

ferrite. 5 43 2101 2 3 45 5 4 3 210123 45
H (T) H (T)

emu/g)

M (emu/g)
=

..........
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ZFC and FC analysis of GgWHe, O, (0.0¢ x2 0.3)
ferritesat 0.1 Tesla and Temp rang8@OK [4]

AThe ZFC and FC magnetization curves of ¢

altlhsamptlﬁ do not toverlap V\rl]ith (%ach : G
other until temperature reaches to ] gy "
about 300 K. [ = e
AThe ZFC magnetization increases as the | FC l
temperature increases from 5 K and _ 7 5
reaches a maximum at about 300 K, S /
which is the blocking temperature {JT £ 30| 7~ ZFC
AThe FC magnetization have a maximum = } Fliil
at 5 K and steadily decreases with 20 b —
increasing temperature, and starts to —x=0.0
overlap with the ZFC curve aftef. T [ ng-;
AThe temperature at which the ZFC and 10 :i;0'3
FC curves overlap with each other is '
about 300 K, which corresponds to the S S Y S S S W —
blocking temperature £ 0 S0 100 Tl(Slg) 200 250 300
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ZFC and FC analysis of GgWHe, O, (0.0¢ x2 0.3)
ferritesat 0.1 Tesla and Temp rang8@OK [4]

. . . . 60
AThe magnetization value is, in . ~
general, higher in Maloped i e ‘l —
samples than the parent Cojsg, | \T e
ferrite. o} o lb
. s | <7
AWe can expect this trend of I gl
Increasing magnetization with -
: - = H=0.1T
Increase in Mo content due to "l Y
decrease in Coions as reported . il
elsewhere. 10 —x=02
[ —x = (.3
0 2 L Y '] 2 A P A 2 A 2 i |
0 S0 100 150 200 250 300
T (K)

4. Khan, A.A., et alStructural, magnetic and magnetocaloric properties of @edoxCt (0.0).3) ferrites.Ceramics International017. 43(9): p.70887093



Magnetocaloric properties 200 K to 320 K intervals of 5 K and Mag
Field up to 5.0 Tesla CgE®lo,O, (0.0¢ x2 0.3)ferrites.[4]

Themagnetocaloricproperties of magnetic materials are usually investigated by evaluating the
w -~ 2 -'F

YF3AYySUAO SYuNBLE OKIFy3aS o6np{o FTNRY I &aSd
n
thermodynamic Maxwell relation: 120 —— =
as | ﬂM] where magnetic entropy Sis @ | N
ol = dependent on bothH& T | z
dH . arl = b

. . ff aM 70
Integrating over field AS = — | dH
o \dT i
Approximating numericallyAS = Z M1 = M"ﬂH. 3
i Tf-+| — j: I ;

where M, andM,, , are the experimental values of

magnetlzatlon at;[; and Ttemperatures, respectlvely HOD)

dzy RSNJ 'y LI ASR YI3IySiaao McFFcﬁrv&sbthRms @ﬁ@xlvlcb ONOB¢ x2 §.3}catmpNddser a field
range of @5 T in the temperature range of 2@320 Kintervals of 5 K

because minimum field is set to 0.
4.Khan, AA.,etal,i NdzOG dzNI € = YIF3IySGAO FyYyR YI3AySaz2Ol 2 NBetamibdNdetriSidhal 214398 [F 708820835 H



Magnetocaloric properties 200 K to 320 K intervals of 5 K and Mag
Field up to 5.0 Tesla CgE®lo,O, (0.0¢ x2 0.3)ferrites.[4]

AThe magnetic entropy changes around the ..

blocking temperature (@ are evaluated. 4

¢KS YIEAYdzY @I t dzSa
the vicinity of . g

AS kg 'K )

x=0.1

AA sharp drop in the entropy change is MRS N2
observed after abouBOOK temperature i.e. A T
TB. 0.0 0.0

02t M 0.2} V

AThe maximum entropy changen({ U ? \.\1\:\\\/\\/// : v
increases with increase in Mo concentratior ™ 1\/ ‘=
with the highest value 08.56J kgt Ktat5 — “*¢ }_’ | z

Tesla field for x&.2sample. This increase iIn === 0 " 30 20 w0 w0 w0
. T (K) T (K)
the magnetlc entropy_ Ch_ange may be due The magnetic entr(opy change versus temperature curvésoéig ,Mo,0,
to the h|gher magnetization of Mdoped (0.0¢ x2 0.3) samples at various magnefields.
samples.
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Magnetocaloric properties 200 K to 320 K intervals of 5 K and Mag
Field up to 5.0 Tesla CgE®lo,O, (0.0¢ x2 0.3)ferrites.[4]

0.0 0.0

However, initial results are very

promising as there is a potential to = g | \w\_/
vary the blocking temperature by I

adjusting the distribution of metal < = = .
cations in the ARD, spinel structure to
improve their magnetic properties.

These materials may therefore be ;| s | 1§ V
useful for small scale refrigeration ;:_\/ 2 )
applications such as cooling MEMS |32 | i3t T
devices. B PR =

The magnetic entropy change versus temperature curvé3oéig ,Mo,O,
(0.0¢ x2 0.3)samples at various magnefields.
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Large relative cooling power ofdped

L&) 5,BLSH 0 CR 5:B& 45)0.1MNG; (x=0.0,0.1and0.3)
perovskites: Magnetic and magnetocaloric propelts

Abstract:

The temperature dependent magnetization measurements show that the Curie
temperatures decrease frolB15K € =0.0) to 140K & =0.3) with increase in Bi content.
The isothermal magnetization data is used to estimate the magnetic entropy chénges)
and their calculated values afel2J kgl K-1, 1.96J kgl K-1 and1.62J kgl K-1 for x=0.0,
0.1and0.3samples respectively under an applied magnetic field.0ff. The
corresponding values of relative cooling power (RCPY@dekgl, 180J kgl, 136J kgl for
Xx=0.0, 0.1and0.3samples respectively. These results of magnetocaloric effect in our
samples suggest that they are promising materials for the magnetic refrigeration
applications

5. Khan, A.A., U. Hira, and F. Sharge relative cooling powerofRi2 LJ [  n®y b E. AE{Nhodnyé/ | ndpp. | ndbnpodndmHay
magnetocaloric propertie€eramics International, 20143(9): p. 73517357.



ZFC and FC analysiBedoped La 4 BLeb 0 Cay 5583 45)0.1MNG;
(x=0.0, 0.1 and 0.3) perovskig®.1 Tesla and Temp rang8®0K. [5]

70
AThe plot reveals a single ferromagnetic (FM)
paramagnetic (PM) transition for all samples 60
at the Curie temperature (TC), which indicate i
that these samples are phase pure. E
AThe Curie temperatures of the samples were 7 [
estimated by extrapolating the minimum £ 5l
slopes dM/dT) vs. T curvet zero g |
magnetization. 520 on
AThe observed values of Were found to be : ol *=0
315K, 290 K and 140 K for 0.0,x= 0.1 and , w=h
x=0.3 respectlvely. 0= 50 | 100 . 150 200 250 | 300
Temperature (K)
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ZFC and FC analysigedoped Lgg BLSE (dCq =Ba, 455 1 MNG,
(x=0.0, 0.1and0.3) perovskiteat 0.1 Tesla and Temp ran§e300K. p]

70

AThe separation between FC and ZFC
curves at low temperature indicates the _
existence of magnetic inhomogeneity in& so
the long range ferromagnetic ordering Irg

60 |-

=]
< 40F
all samples. g |
AThis difference between FC and ZFC  § ™[
curves is larger at lower temperatures & 20p
and decreases with increase In A ol *=0a
temperature until both FC and ZFC T
curves overlap with each other S0 100 150 200 250 300
Temperature (K)
5. Khan, A.A., U. Hira, and F. Sharge relative cooling powerofRi2 LJ [  n®y b E. AE{Nhodnyé/ | ndpp. | ndbnpodndmHay
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ZFC and FC analysiBedoped La 4 BLeb 0 Cay 5583 45)0.1MNG;
(x=0.0, 0.1 and 0.3) perovskig®.1 Tesla and Temp rang8®0K. [5]

70

AWe can attribute this difference to the fact
that the movement of magnetic domains 60 |-
along the direction of magnetic field is -

restricted at low temperatures due to the ¥ *°
pinning of domain walls resulting in an S 4k
Incomplete magnetization. g |
AThe increase in thermal energy with £
Increase In temperature allows more and 2 ,,[
more magnetic domains to align alongthe & | x=o00
direction of magnetic field and therefore 1)

the ZFC magnetization increases with | | o
increase in temperature before overlappinc " 5100 150 200 250 300
with the FC curve.

Temperature (K)
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ZFC and FC analysiBedoped La 4 BLeb 0 Cay 5583 45)0.1MNG;
(x=0.0, 0.1 and 0.3) perovskig®.1 Tesla and Temp rang8®0K. [5]

: cy ] : 70
AThe decrease |n817wth Increase of Bdc%lom%
can be explained by considering the double 60
exchange mechanism manganites It has _
been reported previously that 8j with 6s2, S 50
lone pair, is a highly polarizable ion and it E
causes local distortions of the MD-Mn bond £ |
angles resulting in a decrease of the double =
exchange interaction strength. g ol
AWe can also see that the difference between F£ |
and ZFC curves far= 0.3 sampleismore g 2}
pronounced than the other two samples. This & | x=00
can be attributed to the fact that the magnetic = oL *=01
frustration arising from the tilting of Mi©O-Mn | x=03
bond angles is larger in this sample due tothe L. ., . ., . e
higher Bidoping. 50 100 150 200 250 300
Temperature (K)
5. Khan, A.A., U. Hira, and F. Sharge relative cooling powerofRi2 LJ [  n®y b E. AE{Nhodnyé/ | ndpp. | ndbnpodndmHay
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Isothermal MH curvesQ to +2 Tesla at several TemperatureBetioped
L&) q,BLSE 0dCq 5:B& 45)0.1MNG; (x=0.0, 0.1and0.3) perovskites]s]

A TheM-H curves show a typical behavior of FM

100

ferromagnetic materials with a maximum

magnetization of 124 emu/g at 150 K for 0.1 80:_ :

sample.

(=)
<
v T

A The maximum magnetization at 2Tesla field is highe
with lower Btdoping &= 0.1) and lower with higher

Magnetization (emu/g)

20 W

Bi-doping &= 0.3) in theséM-H curves. |

A Below T, the magnetic field dependency of

magnetization is notinear with a sharp increase at
low fields and a tendency to saturation at higher fielg | ,

reflecting aFM behavior.
A Above TC, these materials show a paramagnetic

(=)
(]
T T r

£
<
T

etization (emul/g

behavior whereby the ferromagnetic order is brokent ..[/

Ma

due to the excessive thermal energy resulting in
random orientation of the magnetic moments.

120
i ziiss
90- f':‘l
1
60 L

/
30 1

Magnetization (emu/g)
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Isothermal MH curves, 0 to +2 Tesla at several TemperaturBsdufped

L3, o Pkb.0dC 5B 45)0.1MNOC; (Xx=0.0, 0.1 and 0.3) perovskitE

(a) (b)
Aln order to estimate the nature of fg’
magnetic phase transition, we have : " £ awol
plotted M2 versusH/M (so called the = ..jf a5 = )
Arrott plots) in the temperature range il i F. O
100-325 K. e T TR R

AAIl the curves exhibit a positive slope

H/M (T.g/emu)

(c)

which suggests that the ferromagnetic™|

100 K

paramagnetic transition in these ~ ="[//

materials Is of the second order. ;

Fifs
'.' ..' ‘-' ..".,
'.",-" ,."."
i:""li"' .-"13::5:& y
)'!'l .'i':::'.i_ { ',‘ 4 /// LLL

x=0.3

200 K
L

H/M (T.g/emu)

0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
H/M (T.g/emu)
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Magnetocaloric properties 50 K to 320 K intervals of 5 K and MF up to .

Tesla oBrdoped La 4 BLE6.0dC 5583 45)0.1MNG;(x=0.0, 0.1 and 0.3)
perovskitesS]

Themagnetocaloricproperties of magnetic materials are usually investigated by evaluating the

YF3IYySUGAO SYuNRLE OKIFy3aS on{ov FTNBY | asa 27
thermodynamic Maxwell relation: - e
aS) (oM where magnetic entropy S is ;:: -;_05_
oH oT dependenton bothH& T é;_o.s_ ; 1
T H 3 G
. . }f aM _“:2-0 EYD.T ) l TR -2'(120 ltiyﬂ 2(Il() 24‘10 21;0 320
Integrating over field AS = f — | dH " ‘ Temuperstire ()
o \dT i
Approximating numericallyAS = E Mis1 = M"ﬂHj sl
i ?:'.+I - ?: W

kg K"

¥
0.8} ¢ i

where M, and M, , are the experimental values of magnetization az .|
Ti,, and Ttemperatures, respectively, under an applied magnetic | R e i
TASE R 27F | bhetause Kniihdn fipld i$ setlto O. o

Temperature (K)

5. Khan, A.A., U. Hira, and F. Sharge relative cooling power of-8op L#&®.8xBixS0.08Cd.558a).450.12vin0O3 (x=0.0, 0.1and0.3) perovskites: Magnetic and
magnetocaloric propertie€eramics Internationa017. 43(9): p.7351-7357.
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Magnetocaloric propertie50 K to 320 K and MF up to 2.6f Brdoped
L3, o Pkb.0d C 58B3 450.1MNG; (X=0.0, 0.1 and 0.3) perovskites.

(2) (b)
-0.2 0.0
.- x=0.0
A Plot ofngT, H)shows a minima around.T N %x\f*‘\ .
.. . : . _ DAL o7 EERARR, ]
A The position of minima slightly shifts towards the higher £ *%MQ\ S B ol e
. . . . . . " 0.6F ——13T7 N (AT " Peeesee - T C1.0F 14T
temperatures with increase in applied magnetic field. %[ " ™= \‘f.“i‘;s;;:;f\;w;.f{ [
A As expected, th@qT, H)values are found to be strongly %[ = \\ /I LA\
dependent on applied magnetic field with the largest ) p— P A
value for 2.0 Tesla. 120 160 200 240 120 160 200 240 280 320
. . Temperature (K) Temperature (K)
A This maximajS| valuesfor x= 0.0, 0.1 and 0.3 samples o
at 2.0 Tesla applied magnetic field are 1.12-1 kgL, 1.96 i __
. €203

J kgl K1 and 1.62 J ki k1 respectively which are
comparable with the results of many other perovskite
manganitegeported in literature.

A Maximumps, (T, H)initially increases with small doping
of Bi k= 0.1) and then decreases when Bi content is

further increasedxX= 0.3).

AS (Jkg ' K)

80 120 160 200 240
Temperature (K)
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Magnetocaloric propertie50 K to 320 K and MF up to 2.6f Brdoped

L8, ¢ Bke5.0dCR 558 4590.1MNG; (x=0.0, 0.1 and 0.3)
(a)
We can attribute this trend to two important factors: 0.2 —
Crystallite size increase with increase in Bi content, Decrease in  -4; :\wt\\\
double exchange interaction strength with increase in Bi content. % 06+f§xm\\?~§z;
. . Tai g R A T .
a consequence of larger crystallite size, the samples show much 2 k\\f
.. . . . @ 08F . . NN

sharper FMPM transition resulting in larger magnetic entropy = \
changes around the Curie temperature. On the other hand, the 2
increase in Bi content increases the distortion of-&hMn bond - ol

angles and therefore the strength of double exchange interaction
decreases which result in decrease of the magnetic entropy chan
around TC. The combined effect of these two factors is that the
samples with low Bi contenk & 0.1) show larger values of the
magnetic entropy change than the ones with higher Bi content.

AS (Jkg ' K)

The maxima in the pS, (T,1 0 for x= 0.1 sample occurs very clos
to the room temperature i.e. 280 K which makes it interesting M e
material for the practical magnetic refrigeration applications. AT

Temperature (K)

perovskites.

(b)

0.0

05F — 107N
— T
127

——13T
-1.0F 147
——15T

16T

T

—18T

-1.5F

AS (kg 'K

‘‘‘‘‘‘‘
—19%

20T

-2.0F

120 160 200 240 280 320
Temperature (K)

5. Khan, A.A., U. Hira, and F. Sharge relative cooling power of-8op L#&®.8xBixS0.08Cd.558a).450.12vin0O3 (x=0.0, 0.1and0.3) perovskites: Magnetic and

magnetocaloric propertie€eramics Internationa017. 43(9): p.7351-7357.



Magnetocaloric propertie50 K to 320 K and MF up to 2.6f Brdoped
L3, o Pkb.0d C 58B3 450.1MNG; (X=0.0, 0.1 and 0.3) perovskites.

(a) (b)
Another important criterion for the selection of magnetic M s Y
refrigeration materialsnagnetic refrigeration applications the -} L
relative cooling powerRCPwhich is defined as follows: G sl P =

w/ t  FLTp M 3 1=
L Tewn= full width at half maximum of theS(T, H) 3 =
-1.0 F 2.0
120 ‘ I(I)() 2(I)0 24'10 2;50 . 350 2'(120 16:0 ‘ 2(')0 24‘10 22;0 350

Temperature (K)

RCRvalues of our samples are much larger than the reported result

Composition FI 2 A 8 L AS L RCP
GL) ) R (s s Ly (el C
LaolgSl’o_og(c30.55B30,45)0_12M1‘103 2 3115 Ny 90 §
LaojBiol18['0_03((:30_55]330.45)0_13MI]O3 2 290 196 180
8l0 120 léO 2(I}0 2:10
LaolsBigj Sfo_gg(cag_55B30_45)o_ 12M1]03 2 140 1.62 136 Temperature (K)
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M(H), ZFC/FC from 300 to 4K
YBCO nanoparticles
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M(H) curves of YBCO nanoparticles from 300
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M(H) curves of YBCO nanoparticles0ix
and90K, at90and80K,90 and4K

1.0E-1- 1.8E+0-] z 4.5E-3- I
=
9.0E- 4 19/11/2021 12:50 16E+0 .&1 19/11/2021 12:51 4.0E-3 = 19/11/2021 12:49
8.0E- : Default plot type I L i Default plot type I AR 1 Default plot type I
7.0E- i ’
G0E bl ["] MH YBCO STESLA RT.dat | 12E+0 [7] MH YBCO STESLA RT.dat | SaES [C] MH YBCO STESLA RT.dat
s o [7] T200MH YBCO STESLAdat |, 1.0E+0 [7] T200MH YBCO STESLAdat |~ RS 7] T200MH YBCO STESLA dat
A0 [T T100MH YBCO STESLAdat 8.0E-1 [] T100MH YBCO STESLA.dat / 2.06-3 T100MH YBCO S5TESLAdat [\
3.0€- STESEA dat 6.0E-1 T9OMH YBCO STESLA.dat N TYOMH YBCO STESLA.dat
2.0E- STESLA.dat = A0EL [7] TBOMH YBCO STESLA.dat = [] TBOMH YBCO STESLA dat
1.0E- T70MH YBCO STESLA.dat E 1t - g
g El K 2.0E-1 ! : 3 E 3 ‘= D T70MH YBCO STESLA.dat g e D T70MH YBCO STESLA.dat /"
0.0E+0- T60MH YBCO STESLA.dat ! -t T ¥ T3 e
Lo = EEEEE E 0.0E+0 § { [ T60MH YBCO STESLA.dat g o0Es [] T60MH YBCO S5TESLA dat
i E====: [] TS0MH YBCO STESLA.dat g 2061 £ [F] TS0MH YBCO STESLA dat E | e S ST
TR [] T4OMH YBCO STESLA dat £ _50F-4
_3.0E- Y — -4.0E-1 [T] T4OMH YBCO STESLA.dat FE [7] T40MH YBCO STESLA.dat
H LA dat =
-4.0- . RO0ET LY [7] T30MH YBCO STESLA.dat E=mr [7] T30MH YBCO STESLA.dat
[7] T20MH YBCO STESLAdat |/ n =
-5.0- -8.0E-1 [] T20MH YBCO STESLA.dat [7] T20MH YBCO STESLA.dat |,
Or [] TL0MH YBCO STESLA.dat e ) T D GEIG )
-6.0E- -1.0E+0 .dat
iy T — ; e o N ["] T10MH YBCO STESLA.dat
o -1.2E+0 MH at AL
-8.0E- / : [7] TaMH YBCO STESLAdat |/
-14E+0 ]
-9.0€- :
o 16E+0 + c : i
-1.0E-1-] ) omments: } Comments:
50 -40 30 20 10 00 10 20 30 40 5.0 -L8E+0-, ' : .
B_analog_(T) -5.0 -4.0 -3.0 -20 -I,OB C:,El . 10 20 30 40 5.0 3.0 20 210 0.0 10 20 30 4.0 5.0
_analog_(T) B_analog_(T)

M(H) curvest 5Tesla, M(H) curvest 5Tesla, M(H) curvest: 5Tesla,
at 90 and 80K at 90 and 4K at 90and 100K



moment_(emu)

M(H) curves of YBCO nanoparticles at 4K froi
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