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MotivationMotivation
“The nation that controls 
magnetism will control the 
universe”

Dick Tracy - 1935

Dick Tracy by 
Dick Locher and Michael Killian

Pinky and The Brain X-Men
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How does a HardHow does a Hard--disk work?disk work?
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GravaGravaçção Magnão Magnééticatica
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Magnetic RecordingMagnetic Recording

Computer disks consist of granular magnetic materials like CoPtCr with admixtures of 
boron or tantalum in order to minimize the transition width between the magnetic 
domains. In the disk material, the grains are believed to be coated by a non magnetic 
shell that reduces the magnetic coupling between the grains. A small transition width is 
required in order to achieve a high magnetic-flux density in the direction perpendicular 
to the disk surface, as shown. The flux from the spinning disk is sensed by the spin-
valve magnetic read head. [Figure: J. Stöhr, IBM Research Center.]
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http://www.hitachigst.com/hdd/research/storage/pm/pm1.html



MK, 2013http://www.storage.ibm.com/technolo/grochows/g09.htm

HardHard--disk evolutiondisk evolution
Today, IBM's 

Deskstar and 
Travelstar drives 
have areal 
densities which 
are approaching 
twenty gigabits 
per square inch. 
At this areal 
density, each bit 
is less than 0.7 
microns wide, and 
less than 0.06 
microns long. This 
illustration shows 
how small future 
bit cells will have 
to be in order to 
store 20 and 80
billion bits of 
information per 
square inch of 
disk surface.

IBM’s Microdrive
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HardHard--disk evolutiondisk evolution



MK, 2013http://www.hitachigst.com/hdd/hddpdf/tech/hdd_technology2003.pdf

HardHard--disk evolutiondisk evolution
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MooreMoore’’s Laws Law
Gordon Moore made his famous observation in 1965, just four 
years after the first planar integrated circuit was discovered. The 
press called it "Moore's Law" and the name has stuck. In his 
paper, Moore observed an exponential growth in the number exponential growth in the number 
of transistors per integrated circuitof transistors per integrated circuit and predicted that this 
trend would continue. Through Intel's relentless technology 
advances, Moore's Law, the doubling of transistors every couple 
of years, has been maintained, and still holds true today. 

Current VersionCurrent Version
Double every 18 

months

The HDD industry 
never followed 
this change!
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MooreMoore’’s Laws Law

Speed: 100 Hz
Size: 10-2 m
Cost: $106/transistor

Speed: 109 Hz
Size: 10-7 m
Cost: $10-5/transistor

is the end in sight?

SOURCE GATE DRAIN

MOSFET
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Magnetic Information StorageMagnetic Information Storage

Density: 2 kb/in2

Speed: 70 kb/s
Size: f24” x 50
Capacity: 5 Mb

Density: 20 Gb/in2

Speed: 200 Mb/s
Size: f2.5” x 2
Capacity: 50 Gb



MK, 2013

Magnetic recordingMagnetic recording

The pace of technical progress in magnetic recording is 
superexponential, with bit density currently doubling 
every 12 months. Historically, technical progress has proceeded 
on a scaling approach: bit density improvements demanding an 
overall reduction of critical dimensions accompanied by an 
increase in the sensitivity of the magnetic sensor. 

This approach has led to a more 
rapid reduction in lithographic 
dimensions for magnetic 
recording than the 
semiconductor industry. This 
scaling approach will soon lead 
to volume production of sensors 
with critical lithographic 
dimensions less than 100 nm
and process control of mean film 
thickness to 0.1 nm.
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AnimationsAnimations
Hard disk drive (IBM)

GMR Sensor (IBM)
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Present and Future of HardPresent and Future of Hard--DisksDisks
IBM (now Hitachi) 
has demonstrated a 
GMR head with an 
areal density 
capability greater 
than 35.3 billion bits 
per square inch, and 
laboratory 
demonstrations 
beyond 50 Gbits/in2

have been reported, 
indicating that 
future disk drives 
could exhibit 
capacities at least 
two times higher 
than today. 

Disk drives will continue to be enhanced through the use of MEMS micro-
actuators, fluid bearing spindle motors and even split or multiple actuators. 
Also, new data storage techniques, as holographic storage are on horizon.

http://www.hitachigst.com/hdd/hddpdf/tech/hdd_technology2003.pdf
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Guinness record for world's smallest Guinness record for world's smallest 
disk drive disk drive 

Japan's Toshiba Corp said on 
Tuesday that Guinness World 
Records had certified its stamp-
sized hard disk drives (HDDs) as 
the smallest in the world.

The electronics conglomerate's 0.85-inch 
(2.1 cm) HDDs, unveiled in January, 
have storage capacity of up to four 
gigabytes and will be used in products 
such as cell phones and digital 
camcorders.

Toshiba, whose 1.8-inch (4.5 cm) HDDs 
are used in Apple Computer Inc's hot-
selling iPod digital music players, for 
example, aims to start producing the 
0.85-inch HDDs by the end of 2004.

"Toshiba's innovation means that I could 
soon hold more information in my 
watch than I could on my desktop 
computer just a few years ago," said 
David Hawksett, science and 
technology editor at Guinness World 
Records.

Reuters - Japan
Tuesday, March 16, 2004 Posted: 11:23 AM 
EST (1623 GMT) 

Is there a limit ???Is there a limit ???
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Superparamagnetic LimitSuperparamagnetic Limit
As areal density increases into 

the Gbits/in2 region, bit cells 
shrink to sub micron 
dimensions and, to maintain 
an adequate signal 
amplitude, grain diameter 
within the magnetic media 
must be reduced to maintain 
a near constant number of 
grains per bit. The reduced 
bit cell volume, and 
corresponding small grain 
size raises the issue of 
thermal stability of the 
magnetization of each bit. 
As shown in the 
accompanying equation and 
energy diagram, magnetic 
reversal is possible at 
reduced grain volumes, V, 
at the operating temperature 
of the drive. This effect, referred to as superparamagnetism, was 

originally considered critical at 40 Gbits/in2, but now seems 
important approaching 100 Gbits/in2.
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Influence of Grain SizeInfluence of Grain Size

Fine particles with domains.

Single domain fine particles 
(Blocked state)

Superparamagnetic Regime

easy direction

“ free rotation” of
the moment by effect 

of thermal disorder

Decreasing D

= 

classical vector

• All particle moments 
rigidly aligned

• Coherent rotations of 
A naïve view



MK, 2013

Distinctive AspectsDistinctive Aspects

a) Monodomain, 
Blocked State

Hysteresis loop
Hc  0
MR  0

2sinVKE AA 

Energy density volume

  

OR
(And)

Uniaxial Crystalline Anisotropy
Spherical Shape

Shape Anisotropy
Elongated Particle

b) Monodomain, 
Superparamagnetic

No hysteresis 
(reversibility)
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Thermally Activated JumpThermally Activated Jump

Jump frequency:

Relaxation time:

theoretical predictions:   0=10-9  10-10 (see later)
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Thermally Activated Jump (Classical Behaviour!!)
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
MMef

dt
dM kTKV   /

0
f0 : frequency factor ( 109 sec-1)
 : relaxation time

Turn-off external field at t = 0 with Mi

/t
ir eMM 

 : time for Mr to decrease to 1/e of its initial value

kTKVef /
0

1 


For Co (K = 4.5106 ergs/cm3) at room temp. (T = 300 K)

D = 68 Å (V = 1.6  10-19 cm3)
sec
19.279101 ))3001038.1/(106.1105.4(9 16196

    

e


sec103 2  

An assembly of such particles would reach thermal equilibrium state (Mr = 0) almost instantaneously.
No hysteresis

Demagnetization rate of an assembly of Demagnetization rate of an assembly of 
uniaxial particlesuniaxial particles
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Magnetization RelaxationMagnetization Relaxation
Two Regimes:

Define a critical volume at constant T 
(e.g., RTT0) by requiring 0 = tm :

tm time < tm  > tm
Measuring time

(time needed to do 
a measurement)

Superparamagnetic Blocked


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For tm 100 s:

Standard Magnetic 
Measurements:tm 100 s

Mössbauer: tm 10-8 s
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Magnetization RelaxationMagnetization Relaxation
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Define a Blocking Temperature for a 
given V=V0 by requiring  = tm :
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 It is difficult make samples with monodisperse grain sizes

 Granular systems are well described by a log-normal distribution 
function:
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Thermoremanent Magnetization (TRM)Thermoremanent Magnetization (TRM)
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H = 0

• sample is cooled (2 K);
• with a high applied field (40 KOe);
• the field is set to zero and after
100 s the remanent magnetization is measured;

• this procedure is reapeated for each T. 
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J.C.Denardin, A.L. Brandl, M. Knobel et al, Phys. Rev. B 65, 64422 (2002)
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FIG. 1. M vs H hysteresis loop of the patterned sample, shown in the 
lower inset, measured with the external field oriented parallel to the 
easyaxis of the islands perpendicular to the substrate at 300 K. The 
gray hysteresis loop was taken from a different sample with CoCrPt 

islands that are 15 nm tall, with 35 nm diameter, and period of 50 nm 
and shows a typical hard-axis behavior with the field parallel to the 

substrate. The upper inset shows in-plane and out-of-plane 
measurements of an as-deposited unpatterned CoCrPt/Ti film.

F. Ilievski, A. Cuchillo, W. Nunes, M. Knobel, C. A. Ross, P. Vargas, Appl. Phys. Lett. (in press)

Prediction
P. Vargas, D. Altbir, M. Knobel, and D. 
Laroze, Europhys. Lett. 58, 603, 2002.

P. Vargas and D. Laroze, J. Magn. 
Magn. Mater. 272, e1345, 2004.
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FIG. 2. M vs T curves of the sample measured 
at 100 and 500 Oe, when H is oriented 

perpendicular to the easy axis of the CoCrPt 
dots; solid circles are measured with decreasing 
temperature, while open circles are measured 

for increasing temperature. Fits from the Vargas 
model solid lines and the present model dashes 

are shown. The inset shows the relationship 
between Tmax and H, with a fit to the points 

that is linear for small HK/H−1.

F. Ilievski, A. Cuchillo, W. Nunes, M. Knobel, C. A. Ross, P. Vargas, Appl. Phys. Lett. (in press)

FIG. 3. Magnetization vs temperature curves of the 
nonsaturated sample, when H is applied parallel to 

the easy axis of the CoCrPt dots. The inset shows the 
model behavior in which M decreases monotonically 

with T.
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Modifying magnetic 
properties of the 
media is a front up 
approach to delaying 
superparamagnetism, 
and increasing Ku the 
energy barrier to 
magnetic reversal per 
grain volume is an 
effective means of 
accomplishing this. 
New magnetic 
materials and films 
are being investigated 
and applied to further 
delay the 
superparamagnetic 
phenomenon resulting 
in good media 
stability. 

Attacking SuperparamagnetismAttacking Superparamagnetism
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Attacking SuperparamagnetismAttacking Superparamagnetism

http://www.hitachigst.com/hdd/research/recording_head/tar/index.html
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Patterned Magnetic Materials for Data StoragePatterned Magnetic Materials for Data Storage

 Current media

 Future media

http://www.almaden.ibm.com/st/projects/magneto/giantmr/
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Patterned Magnetic Materials for Data StoragePatterned Magnetic Materials for Data Storage

Scanning electron micrographs of nanomagnet arrays fabricated by (a) electoplating, (b) evaporation 
and (c) lift-off. The posts in Fig 1a are 220 nm-tall nickel nanomagnets with a 90 nm diameter. In Fig. 
1b, Ni nanomagnets were formed by evaporation and lift-off. Fig. 1c reveals elongated Co nanomagnets 
with an in-plane magnetic easy axis. These nanomagnets were formed by ion-milling a thin film of Co. 
http://nanoweb.mit.edu/annual-report00/10.html

Corresponding topographic (a) and magnetic (b) images of the array of electroplated Ni posts of Fig 1a. 
Dark circles in the magnetic image imply a particle magnetization pointing up and a light circle implies a 
magnetization pointing down. Up magnetization may be interpreted as a binary '1' and down 
magnetization as a binary '0'. In (c), the hysteresis loops of the same array of nanomagnets confirm 
that the sample's easy axis is perpendicular to the plane of the substrate.  

http://nanoweb.mit.edu/annual-report00/10.html
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Patterned Magnetic Materials for Data StoragePatterned Magnetic Materials for Data Storage

http://www.qi.ucsb.edu/awsch/research/nanomag.html

Atomic Force Microscope (AFM) image of an 
array of single domain Fe magnets grown by 
STM deposition on top of a 2DEG Hall 
magnetometer. The magnets are approximately 
40 nm in diameter. 

Magnetic Force Microscope (MFM) image of the 
array after it was thermally randomized. "up" 

(white) or "down" (black). 
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High density magnetic storageHigh density magnetic storage
Year 1990:  20Gb/in2

Year 2003: 100GB/in2

2

Future: nanomagnetsFuture: nanomagnetsp=50nm
h=50nm
d=25nm

250Gb/in2 !
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Electrodeposited NanowiresElectrodeposited Nanowires

Elvis L. da Silva, Daniela Zanchet
In collaboration with Kleber Pirota and M. Vázquez, Spain.
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High density magnetic storageHigh density magnetic storage

Prototypes of patterned media made by Interferometric litography
(C. Ross MIT, USA), J. Vac. Sci. Technol. B 17, 3168, (1999)

Problems:  stability imposes that   KV/kT > 50 , interaction can play an important role.Problems:  stability imposes that   KV/kT > 50 , interaction can play an important role.
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Magnetic Racetrack Memory Project

Today digital data is stored in two main types of devices, 
magnetic hard disk drives, and solid state random access 
memories. The former stores data very cheaply but, since it relies 
on the mechanical rotation of a disk, is slow and somewhat 
unreliable. The latter allows rapid access to data but the cost is 
about 100 times higher per bit than a magnetic disk drive. 

At Almaden they are working on a radically new 
storage-memory technology based on recently 

discovered spintronic phenomena. One of these is a 
means of using spin currents to directly manipulate 

the magnetic state of nano-scale magnetic regions –
magnetic domain walls – within magnetic nano-wires. 

This device, the magnetic race-track, is a powerful 
storage-class memory which promises a solid state 

memory with the cost and storage capacities rivaling 
that of magnetic disk drives but with much improved 

performance and reliability. This could provide 
another revolution in our ability to access and 

manipulate digital information. 

http://researcher.watson.ibm.com/researcher/view_project_subpage.php?id=3811
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NanomagneticsNanomagnetics

Nanomagnetics

http://www.nanomagnetics.com

We grow our DataInkTM magnetic particles inside 
identically-shaped hollow protein spheres that are just 8nm 
(inner diameter). This approach to synthesizing magnetic 
particles has two immediate benefits: (1) it ensures all 
particles to be uniformly sized and therefore exhibit uniform 
magnetic properties; and (2) it insulates each particle from 
each other in a carbon matrix (after heating) preventing 
agglomerated superparticles. 
The net result is that our process uniquely produces 
magnetic particles that push the storage density of all types 
of magnetic recording to its highest possible level.
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•Grain size distribution

•Distribution of 
magnetization easy-axes

•Magnetic interactions

•Surface effects

•Matrix effects

Nanocrystalline MaterialsNanocrystalline Materials
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x = 0.28 x = 0.62 x = 0.72

•Superparamagnetism
•Magnetic interactions

•Metal-insulator 
transition
•Giant (tunneling) 
magnetoresistance
•Giant Hall effect

•Metallic conduction
•“bulk” magnetism
•Anisotropic 
magnetoresistance

Cox[SiO2]1-x

Nanocrystalline materialsNanocrystalline materials
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But Hc changes
SEVENSEVEN orders 
of magnitide

Nanocrystalline materials obtained from the amorphous alloys devitrification:
Fe79Zr7B14  Soft magnetic

Hc10-3 Oe
Nanocrystals Fe (k=104 J/m3) within an amorphous matrix FeZrB (k=102

J/m3)
Fe79Nd7B14  Hard magnetic

Hc 104 Oe
Nanocristals Fe2Nd14B1 (k=5 106 J/m3) within a matrix of Fe

Comparison
Nanocristalline structure, with an anisotropy constant two orders of 
magnetide higher than the matrix. 
Substitution of only 7 at. % 
Fe2Nd14B1 has 2.5 higher anisotropy than Fe. 

Nanostructure effect

Nanocrystalline MaterialsNanocrystalline Materials
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ExamplesExamples

Cu-Co alloys

Cu

Co
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He=0
High 

Field Effect



Magnetoresistance: Granular SystemsMagnetoresistance: Granular Systems

H
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E.F. Ferrari, F.C.S. Silva and M. Knobel, “Influence of Magnetic Moment Distribution on the Magnetization 
and Magnetoresistance in Granular Alloys”, Phys. Rev. B 56, pp. 6086-6093 (1997).
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Press Release
9 October 2007

The Royal Swedish Academy of Sciences has decided to award 
the Nobel Prize in Physics for 2007 jointly to

Albert Fert
Unité Mixte de Physique CNRS/THALES, Université Paris-Sud, 

Orsay, France,
and

Peter Grünberg
Forschungszentrum Jülich, Germany,

"for the discovery of Giant Magnetoresistance".



MK, 2013

Nobel Prize 2007Nobel Prize 2007

Albert Fert was born in 1938 in 
Carcassone, France, and received a 
PhD in physics in from Université
Paris-Sud, Orsay in France. He is now 
also scientific director of 
CNRS/Thales Unité Mixte de Physique 
in Orsay. Peter Grünberg was born in 
1939 in Pilsen (now in Czech 
Republic) and is a German citizen. He 
gained his PhD in physics from the 
Technische Universität Darmstadt, 
Germany. 
Grünberg, who holds a patent on 
GMR, originally submitted his paper 
slightly before Fert, although Fert´s 
was published first. "But whereas 
Fert was able to describe all the 
underlying physics, Grünberg 
immediately saw the technological 
importance"

G. Binasch, P. Grünberg, F. Saurenbach, 
and W. Zinn, “Enhanced magnetoresistance 
in layered magnetic structures with 
antiferromagnetic interlayer exchange”, 
Phys. Rev. B 39, 4828 (1989). 
M.N. Baibich, J.M. Broto, A. Fert, F. Nguyen 
van Dau, F. Petroff, P. Eitenne, G. Creuzet, 
A. Friederich, and J. Chazelas, “Giant 
Magnetoresistance of (001)Fe/(001)Cr 
Magnetic Superlattices”, Phys. Rev. Lett. 
61, 2472 (1988). 
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ExamplesExamples

Co-SiO2 films

SiO2

Co
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Co-SiO2

Ni-SiO2

Co-SiO2 at 5 K
xys enhanced 1500 times
xyo enhanced 60 times

Ni-SiO2 at 5 K
xys enhanced 750 times
xyo enhanced 120 times

Classical percolation theory

(T/a)(g/)  ~30
T~1000nm, g/ ~ 0.45, a~1nm

D.J. Bergman, D. Stroud, Sol. Stat. 
Phys. 46, pp 149 (1992)

Giant Hall EffectGiant Hall Effect
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 There is no consensus on the effect of magnetic interactions 
on the magnetic properties of granular solids. There are many 
theoretical and experimental works. 

 It is difficult to test theoretical models in real systems, 
because it is difficult to find a sample where the combined effect 
of interactions, distribution of sizes and anisotropy axes. 

 Generally speaking, it is believed that the magnetic 
interactions would increase the mean blocking temperature of 
the system (increase in the energy barriers of the system). 

 dipolar;
 exchange; super-exchange;
 Ruderman-Kittel-Kasuya-Yosida (RKKY).

Effect of InteractionsEffect of Interactions
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1. Appearance of a slight hysteresis in a 
superparamagnetic system. 

2. Lack of agreement on the blocking temperature 
obtained through different magnetic and structural 
methods. 

3. Spurious results on the conventional fittings of the 
conventional Langevin model of superparamagnetism. 
Mean magnetic moment vs. Temperature. 

4. Displacement of blocking temperature as a function of 
concentration. The role of dipolar interactions on the 
blocking temperature.

Effect of InteractionsEffect of Interactions

Some open questions:
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Slight Hysteresis in Superparamagnetic SystemsSlight Hysteresis in Superparamagnetic Systems
Cu-Co alloys

1) Is it possible to explain the 
appearance of hysteresis in 
a fully superparamagnetic 

system?
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Simulated 
using the 
model for 

noninteracting 
particles
and TEM 

parameters
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2) There is a lack of agreement 
between structural and 

magnetic data regarding 
the expected magnetic 

properties. 
Superferromagnetism?
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(●) Simulation with dipolar 
interaction and magnetic 

moment =1.58 x 104 B
T = 82 K

(―) Fit without dipolar 
interaction and magnetic 

moment =4 x 103 B

(....) Simulation without dipolar 
interaction and magnetic 

moment =1.58 x 104 B

3) A system with the presence 
of dipolar interactions can 
be erroneously interpreted 

as a system without 
interactions, with a lower 

magnetic moment than the 
real one.

D
. 

K
ec

hr
ak

os
, 

K
.N

. 
Tr

oh
id

ou
 P

hy
s.

 R
ev

. 
B
 6

2,
 3

94
1 

(2
00

0)









kT
HLNTHM ),(

Fit of the Langevin ModelFit of the Langevin Model



MK, 2013
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D between NPs

Displacement of blocking temperature vs. Displacement of blocking temperature vs. 
concentrationconcentration

4a) Is there really a 
displacement of the mean 
blocking temperature for 

more interacting magnetic 
systems? How to control it?
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Field dependence of blocking temperatureField dependence of blocking temperature
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4b) Which is the role of magnetic 
interparticle coupling on the field 

dependence of the 
superparamagnetic relaxation 

time?
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Synthesis of Fe nanoparticlesSynthesis of Fe nanoparticles

Interest:
Control of the size (ligant:precursor)
Incorporation in non-magnetic media

Precursor:Fe(CO)5
Solvent:Decalin
Ligant:Sarcosine

Argon

Heater T=180°C
Magnetic 

shaker

Thermocouple

J. V. Wonterghem, S. Mørup, S. W. Charles, S. Wells, J. Colloid Interface Sci. 121, 545 (1988).
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TEM

JEM-3010, E = 300KV – LME/LNLS, Campinas-SP

SAXS

<d>=7 nm


Structure: disordered Fe     exposition to air disordered oxide

Morphological CharacterizationMorphological Characterization
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Parameters

+ parafine + parafine + parafine+ parafine

Original solution of the synthesis

Powder C45 C5 C05 C005

•Crystalline structure;
•Shape;

•Concentration;
•Mean size;

•Distribution width;
•Chemical composition

Interactions in diluted systemsInteractions in diluted systems
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~ 18d

~ >1d

~ 10d

~ 5d

~ 2d

D between NPs

ZFC/FC magnetization dataZFC/FC magnetization data
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FIG. 1. TEM image of the Ni NPs used in this 
work. Inset: HRTEM image showing that the 

NPs have a complex internal structure.

FIG. 2. Color online a 
Symbols: ZFC-FC 
magnetization curves 
measured under 
applied field of H=20 
Oe. Solid lines: 
simulated ZFC-FC 
curves using the NP 
size distributions 
observe by TEM. b 
Experimental ac 
susceptibility vs 
temperature measured 
using an oscillating 
field with magnitude of 
7 Oe.

FIG. 3. Color online ZFC 
and FC magnetization 
curves of the Ni NPs for 
different values of dc 
magnetic fields.

W. C. Nunes, E. De Biasi, C. T. Meneses, M. Knobel, H. Winnischofer, T. C. R. 
Rocha, D. Zanchet, Appl. Phys. Lett. 92, 183113 (2008).
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Nanoparticles synthesisNanoparticles synthesis
LaMer MethodLaMer Method

Jin Chang and Erick R. Waclawik. RSC Adv., 4 (2014) 
Nanocrystals synthesis. LaMer method.

Nanoparticles synthesis variations. 
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Magnetoviscous effectsMagnetoviscous effects

One of the most famous effects of magnetic fields on 
the properties of magnetic fluids is the change of their 
viscosity as a function of field strength and direction. 
The classically known effect in this context is the so 
called rotational viscosity - an additional portion of 
viscous friction generated by the hindrance of free 
rotation of the particles in the flow by the action of 
magnetic torques. 
If the particle rotates, and if the magnetic 
moment is fixed in the particle, the moment will 
be tilted against the field direction if field and 
vorticity of the flow are not collinear. This 
results in a magnetic counteracting the 
mechanic torque and thus hindering the 
rotation of the particle. But in real ferrofluids 
even more complex effects can appear due to 
formation of chains and clusters.
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Magnetoviscous effectsMagnetoviscous effects
One of the most famous effects of magnetic fields on the 

properties of magnetic fluids is the change of their viscosity as 
a function of field strength and direction. The classically known 
effect in this context is the so called rotational viscosity - an 
additional portion of viscous friction generated by the 
hindrance of free rotation of the particles in the flow by the 
action of magnetic torques.

If the particle rotates, and if the magnetic 
moment is fixed in the particle, the 
moment will be tilted against the field 
direction if field and vorticity of the 
flow are not collinear. This results in a 
magnetic counteracting the mechanic 
torque and thus hindering the rotation 
of the particle. But in real ferrofluids 
even more complex effects can 
appear due to formation of chains and 
clusters.
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Magnetoviscous effectsMagnetoviscous effects

http://www.lord.com/

The Dong Ting Lake Bridge in 
China is equipped with 
magnetorheological motion 
dampers to counteract gusts of 
wind. 
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Magnetic Fluids or FerrofluidsMagnetic Fluids or Ferrofluids
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Magnetic Fluids or FerrofluidsMagnetic Fluids or Ferrofluids

Application in oil spills

Courtesy: Prof. Paulo Cesar de Morais, UNB, PI-BR0300855-0
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Magnetic Fluids or FerrofluidsMagnetic Fluids or Ferrofluids
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Biomedical ApplicationsBiomedical Applications
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Biomedical ApplicationsBiomedical Applications
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Magnetic hyperthermiaMagnetic hyperthermia
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Magnetic carriersMagnetic carriers

Magnetic nanoparticles taken up by C4-2 prostate 
cancer cells. The cell nucleus is blue, the lipid 
membranes red. The nanoparticles are the 
reflective dots in this confocal microscopy picture 
(Hafeli 2002). 
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Liberação sistêmica
Alta concentração da droga 
circulando livremente
Baixa concentração no local 
desejado

Liberação Controlada
Alta concentração da droga no local 
desejado
Baixa concentração circulando 
livremente

Biomedical ApplicationsBiomedical Applications
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Magnetics in Drug DeliveryMagnetics in Drug Delivery

This method of drug delivery to tumors is relatively 
straightforward. A catheter is inserted into an arterial 
feed to the tumor, and a magnetic stand is positioned 
over the targeted site. Vialed MTCs are mixed with an 
anticancer drug already in solution; the mixture is then 
introduced into the catheter. 

The magnetic field pulls, or 
extravasates, the MTC-drug 
mixture through the artery to the 
tumor. The field is left in place for 
another 15 minutes; after removal 
of the magnet, the particles 
remain trapped in the tumor, 
where the drug is then released. 
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OMagnetic nanoparticle

Nanoparticles attached to the tumor

Magnetic energy transformed 
into heat
Proportional to surface area 
of the hysteresis cycle

Cells cannot live above ≈ 45 °C

HAC

Nanoparticle attached
to a ligand

MagnetoMagneto--HyperthermiaHyperthermia
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MagnetoMagneto--HyperthermiaHyperthermia
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PerspectivesPerspectives

http://www.magforce.de/en/

8
5
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Biomedical ApplicationsBiomedical Applications

Rompimento magnético de 
microcápsulas contendo 
fármacos
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Observação de Reações Bioquímicas

Tempo de Relaxação Magnética 
Partículas livre e partículas ligadas: apresentam diferentes 

tempos de relaxação
Reações detectadas uso de SQUIDs
Aplicações in vivo diagnóstico de câncer 

Biomedical ApplicationsBiomedical Applications
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Biomedical ApplicationsBiomedical Applications

Marcação de células

Pequenas partículas de Fe3O4

(10 nm - micron) 
Recobertas com proteínas ou 
outro material.
Adição de anticorpos específicos 
adere à substância que se deseja 
identificar
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Espécies biológicas como células, proteínas, anticorpos, toxinas, DNA, etc, 
podem ser rotuladas ligando as mesmas a partículas superparamagnéticas 
(ferritas puras ou encapsuladas)
Partículas são recobertas com uma espécie química ou biológica (ex:anticorpos, 
DNA) que se liga seletivamente ao alvo de análise.
Espécies rotuladas podem ser imobilizadas bioquimicamente em regiões
específicas de “chips” e detectadas através de sensores magnéticos que exibem 
GMR integrados aos chips.
Aplicação: análise clínica/médica, de DNA, de água, poluição de rios, etc.

Biomedical ApplicationsBiomedical Applications
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Aumento de     
contraste em RMN

Biomedical ApplicationsBiomedical Applications
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Biomedical ApplicationsBiomedical Applications
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OthersOthers
Biomagnetism (see, for example, 
http://biomag2002.uni-
jena.de/show_proceedings.html)
Paleomagnetism
Environmental Magnetism
Magnetic inks
Magnetism in medicine
Quantum computing
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BiomagnetismBiomagnetism

Magnetotactic bacteria
Some interesting information about 
magnetotactic bacteria can be 
found on Dr. Richard Frankel's 
home page at:
www.calpoly.edu/~rfrankel/mtbcal
poly.html

Social Insects
Study of magnetic materials found 
in bees and ants.
http://www.cbpf.br/~biofis/

Birds, turtles, reptiles, etc...
http://whyfiles.org/shorties/088tur
tle_migrate/
Etc...
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Homing pigeon

Magnetic nanoparticles become
magnetized by the earth field

Interactions within assemblies of 
nanoparticles leed to signal on nerves

10 µm

M. Hanzlik et al. 
BioMetals 13 (2000) 325

University of Munich
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LMBT LMBT –– IFGW IFGW -- UNICAMPUNICAMP
Work done with the help of:Work done with the help of:

Dr. Leandro M. Socolovsky, Dr. Juliano C. Denardin, 
Dr. Edson F. Ferrari, Wallace C. Nunes (Pos-Doc)
Ana Lúcia Brandl (Former PhD student)
Rio de Janeiro: J.P. Sinnecker, Elis H.C.P. 
Sinnecker, Miguel Novak, Luiz C. Sampaio, A.P. 
Guimarães, M. Bahiana
Porto Alegre: Mário N. Baibich, J.E. Schmidt
Campinas: LNLS (D. Zanchet, H. Tolentino, D. 
Ugarte).
Chile: P. Vargas, Valparaíso; D. Altbir, Santiago.

Italy : Paolo Allia, Paola Tiberto, Franco Vinai, 
Torino.
E.U.A. : A B. Pakhomov, Washington
France : P. Panissod, Strasbourg.
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Thank you!!

http://www.ifi.unicamp.br/~knobel

There is an open 
road yet to explore...


