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Motivation

Thor natiom thot comtnali
sengncéiine will comined
the snivcalcs

Dich Truacy (1935)

» “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 Hard-disk work?
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Recording Magnet

%)
=)
=)

Recording

Arrangement

Telephone

Steel Wire

Transmitter

Playback
Arrangement

Telephone ~
Receiver =

Figure 9.1 Poulsen’s 1898 demonstration of magnetic recording on a
spoke into the telephone mouthpiece (transmitter) as the carriage rolle
currents from the transmitter induced a magnetic pattern—a “memory
When the fransmitter was replaced by a receiver and the carriage ro
again, his voice could be heard in the receiver because the magnetic
in the wire generated sound from the receiver.

Gravacao Magnética

YYoice Coil

Fermanent Magnet

Heads

spinning Hard Disk
spindle Mator

Signal Current

Head \ : _%_Core
S . Recorded Bits
Magnetic Medium S='N S-N N-S S-N N-S N-S§
Substrate Tape e

Figure 9.2 Schematic diagram of magnetic recording on a moving tape. Currents into the
coil magnetize the temporary-magnet core, the poles of which will reverse if the signal
current reverses. The field across the gap then magnetizes the adjacent tape SN or N-S.
The moving tape therefore retains a memory of the current history in the coil.
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Magnetic Recording

Conventional
Multigrain Media._

Magnetic flux from
. & transition regions

Bit size
dum x 0.2um

Transition width

magnetic
transition

Granular ferromagneric alloys

offer reduced transition widths

recordaed
data track

R
data 010 q1irigi1i0f0i’

@ Hitachi Global Storage Technologies

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

valve magnetic read head. [Figure: ]. Stohr, IBM Research Center.]

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-

http://www.hitachigst.com/hdd/research/storage/pm/pm1.html
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Hard-disk evolution

Today, IBM's
Deskstar and

bitcell 2000a prz
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Ed Grochowski at Almaden

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.

http://www.storage.ibm.com/technolo/grochows/g09.htm
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Hard-disk evolution
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http://www.hitachigst.com/hdd/hddpdf/tech/hdd_technology2003.pdf MK, 2013




Moore’s

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
of 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 Version
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The HDD industry
never followed
this change!
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Moore’s Law
is the end in sight?

¢ Speed: 100 Hz ¢ Speed: 10° Hz
¢ Size: 102 m # Size: 10/ m
# Cost: $10%/transistor & Cost: $10->/transistor

SOURCE GATE DRAIN

MOSFET
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Magnetic Information Storage

4+ Density: 2 kb/in2

+# Density: 20 Gb/in?
+ Speed: 200 Mb/s
+ Size: f2.5" x 2

+# Capacity: 50 Gb

+ Speed: 70 kb/s . f

4+ Size: f24” x 50 ?-..;q I{]-

# Capacity: 5 Mb %*‘__‘é j.&._%
= & -

T I

=5
i
= 011
E 1990
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availability yvear
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Magnetic 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 1007
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. avallability year

v

[—

=

b
.

max areal densit
[ Gbits |n21
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Animations

» GMR Sensor (IBM)

600
nm

10 nm Particle
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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/in?
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
disk drive

» Japan's Toshiba Corp said on EST (1623 GMT)

Reuters - Japan
Tuesday, March 16, 2004 Posted: 11:23 AM

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,
ave 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, aim$ to start producm8 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 an
technology editor at Guinness World
Records.

‘r“‘"
[
@ ]

Is there a limit ??7? MK, 2013



Superparamagnetic Limit

As areal density increases into
the Gbits/in? region, bit cells
shrink to sub micron

Superparamagnetic Effect

171 Gbitsfin2 0.674um  bpiltpi= 12 dimensions and, to maintain
. an adequate signal
: 56 nm amplitude, grain diameter
00 ins/bi L . .
% <1000 grains/bit within the magnetic media
. must be reduced to maintain
KT a near constant number of
SN ~ N 1018 nm grains per bit. The reduced
For media limited noise, the Signal/Noise bit cell volume, and
ratio I1s proportiona sgquare roo H .
(Nis the number of media grains per bit). M KV M corresponding small grain
Qéﬁé?é“fésﬂaﬂ"i:??&iﬁé‘é“;ﬂ}?ﬁ'ﬁmﬁ - uw > | |size raises the issue of
to maintai , grains can rando ili
rwrgr;g tr'llln;ir Enagg;n;?iz::i‘or: drilrec?;o%. K VikT thermaI_Sta_blllty of the .
reﬁ‘.ultlng inan exp;c—nentlalgignal decayat T=T,e magnetization of each bit.
whose rate strongly depends on temperature. T = Magnetic reversal time, seconds | As shown in the
See Charap et, al. IEEE Trans. T =constant, 10 seconds : .
Magn., Vol. 33, 978, 1997 K = Energy barrier 15 reversal per accompanying equation _and
e y o GAinvolume energy diagram, magnetic
EESE k = Boltzman constant reversal is possible at
reduced grain volumes, V,

: : at the operating temperature
This effect, referred to as superparama?netlsm, was of the dfive gfemp
originally considered critical at 40 Gbits/in?, but now seems '
important approaching 100 Gbits/inZ.

http://www.storage.ibm.com/technolo/grochows/g17.htm MK, 2013



Influence of Grain Size

« All particle moments

N rigidly aligned w A naive view
1L

e Coherent rotations of u

classical vector

» Fine particles with domains. @

» Single domain fine particles
(Blocked state)

— ——> —> ——> —>
— ——> —> ——> —>
— ——> —> ——> —>
— ——> —> ——> —>
— ——> —> ——> —>
— ——> —> ——> —>
— ——> —> ——> —>

< q buisealoag

eady direction

" free rotation” of
the moment by effect

» Superparamagnetic Regime @ of thermal disorder
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Distinctive Aspects

a) MonOdomain, b) Monodomain’

Blocked State Superparamagnetic
= Hysteresis loop « No hysteresis
wH.#0 (reversibility)

* Mp=0

Energy density volume

E =-K, V sin*0

gi

0 ﬁ 0
OR
(And)

Uniaxial Crystalline Anisotropy

Shape Anisotro
Spherical Shape P by

Elongated Particle
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w» Jump frequency: v = z-al exp(— K“Vj

» Relaxation time: 7 =7 exp(

e

Thermally Activated Jump

Thermally Activated Jump (Classical Behaviour!!)

D=

1

. _
0 T

kgT

KV
kgT

theoretical predictions: 7,=10°+10-10 (see later)

MK, 2013




Demagnetization rate of an assembly of
uniaxial particles

_ aM — fMe—KV/kT _ M Jo : frequency factor (= 10° sec™)
0

dt T t : relaxation time

Turn-off external field at t = 0 with M.,

_ —t/t
M =Me

—> 1 :time for M, to decrease to 1/e of its initial value

1

__fe—KV/kT
—Jo

For Co (K = 4.5x106 ergs/cm?3) at room temp. (7= 300 K)

D =68 A (V =16 x 1019 Cm3) l _ 109 _e—(4-5><106><1-6><10‘19/(1.38><10‘16><300)) ~ 2799 L
T S€C

r~3x107 sec

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

MK, 2013



Magnetization Relaxation

» Two Regimes:

= Standard Magnetic
Measurements:t,,~ 100 s

< L, tlm >, lime ~ Méssbauer: t_~108s
|

. M ng i
Superparamagnetic || sime necced 1o 0o || Blocked

a measurement)

For £,~100 s:
w» Define a critical vqunjg at constant T
(e.g., RT=T,) by requiring 7, = t,, : Vo 25 kBT
( 9) crit =
11110 Ka

Int=Inzy+ RaVerit

ey | 6 s
% 570 \1111()—8 D i = LT Vcrit:|
(=100 2

MK, 2013



Magnetization Relaxation

Define a Blocking Temperature for a

given =V} by requiring r= ¢, :

KaVO

Int=Inzy+
kB I Block

KaVO

TBiock = ST
B

For ¢ ~100 s

6

100

80
= 00
S

40

20

Supcrparamagnetism in fine particles 415

Stable | Superparamagnetic
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I
% Z |
| -
|
|
| — 10
|
| ' 4
| —1 10"
| — U
I o
f — w0tz
\ -
‘ ]
iiiiiiiiiii |02
\
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76 A particle |
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| —
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Q0

Tenmperature (FK)

Fig, 11.19 Temperature dependence of the relaxation time © for spherical coball particles
76 A in diameter and of the critical diameter D, of spherical coball particles.

MK, 2013

Cullity, Introduction to Magnetic Materials, p. 415



Size Distribution

— It is difficult make samples with monodisperse grain sizes

— Granular systems are well described by a log-normal distribution

function:
/ 1 2 D \ 160 T T T T T T T T T T T T T
1 1 n”( ) ' (1) (3) ‘
D)= _ <D > 140 } (1) Valor tipico:  <D>exp(-c>.) H
f(D)= exp ; 2) o D
P D 2 L (2) Valor mediano: <D> .
27Z'O'D Op 120 - \ (3) Valor médio:  <D>exp(c,/2)
\ / 100 -
- I <D>=3.20 nm 1
S 80r o, =0.43 1
3 i ]
O 60} i
40 + i
20 i
O | | | | | | |
1 2 3 4 5 6 7 8 9
D (nm\
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Thermoremanent Magnetization (TRM)

A

$ o > 7= 0.5 (uniaxial anisotropy)

1.2

sample is cooled (2 K);
QZ% 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.

0 50 100 150 200 250 300
. T (K)
Mo (T)I M, =0+ 7] £(T,)dT,
T

J.C.Denardin, A.L. Brandl, M. Knobel et al, Phys. Rev. B 65, 64422 (2002) MK, 2013



Xzrc(T) =

Zero Field Cooling
Magnetization (ZFC)

M2

3K

T (K)

S tm 0 TB K
{h{ro j ! - f(T,)dT, + l £(T,)dT,

0 50 100 150 200 250 300 35

J.C.Denardin, A.L. Brandl, M. Knobel et al, Phys. Rev. B 65, 64422 (2002)
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0.6
0.41]

v (T) (arb.units

Field Cooling

%2? Magnetization (FC)

M;
Xrc(T)= 3K

T (K)

e 1] T
ln(%j — j T,.f(Ty)dT, + j f(T,)dT,

0 50 100 150 200 250 300 35

J.C.Denardin, A.L. Brandl, M. Knobel et al, Phys. Rev. B 65, 64422 (2002)
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Simulated ZFC/FC and TRM curves

MK, 2013
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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.

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.

. llievski, A. Cuchillo, W. Nunes, M. Knobel, C. A. Ross, P. Vargas, Appl. Phys. Lett. (in press)VIK, 2013




2
~
o

FIG. 3. Magnetization vs temperature curves of the
nonsaturated sample, when H is applied parallel to
4 the easy axis of the CoCrPt dots. The inset shows the
model behavior in which M decreases monotonically

ok H/H " with T.
G t(fazuc}.g't,l}“!"‘-_“?.!fg,g" \
16 LS 1 20 e
100 Oe - -- Present model g W i ;
1.23' § 1 s | .. 1 ° .Experi.mer]t i 1 i \r\ j 18 |
0 50 100 150 200 250 300 350 400 -
T (°K) 16
FIG. 2. M vs T curves of the sample measured E, 14
at 100 and 500 Oe, when H is oriented g
perpendicular to the easy axis of the CoCrPt ¢ 12
dots; solid circles are measured with decreasing ~ o0
temperature, while open circles are measured s 10
for increasing temperature. Fits from the Vargas v |
model solid lines and the present model dashes i i
are shown. The inset shows the relationship e
between Tmax and H, with a fit to the points 0 50 100 150 200 250 300 350

that is linear for small HK/H-1.

T (°K)

F. llievski, A. Cuchillo, W. Nunes, M. Knobel, C. A. Ross, P. Vargas, Appl. Phys. Lett. (in press)VIK, 2013




Attacking Superparamagnetism
Modifying magnetic

super2000vt.cdr

Media

1. Increase media coercivity (increases K
to compensate for areduced V)
KuWkT
T="T,e

o
Involves new magnetic materials

2. Exchange coupled media (effectively increases

hile maintaining S/N, Mrd )

V for stability, w

st

See Doerner et. al. IEEE Intermag
Conf. Proceedings, Toronto, April 2000

3. Patterned media

Superparamagnetism

Heads

4. Reduce BAR (Bit aspect ratio)
20 --—> 4

5. Perpendicular recording

Wb e
e e o] FE ]

=

EFale I
Lid

W

GUR Genger

. .
o) <l

: _ .

TR PR R by

e e e b Linderinger
Cotlcsor  inghesteions

Reduces demagnitizing influence
of adjacent bit fields, minimizes
transition parameter. Involves new
head configuration, return path
soft underlayer, NiFe in media.

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.

http://www.storage.ibm.com/technolo/grochows/g17.htm
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Soft Underlayer

ecording, higher write fields may be achieved, which in
with improved thermal stability to be used.

N (@

Dieter Weller, Rio de J ;

Octover 21,3002 Seagate Research QY Seagate.
' Information the way you want it.
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GMR

Attacking Superparamaanetism

Patterned Magnetic Media

Laser

Write coils

A o
= L

e ]
| | |

Heat spot

® Hitachi Global Storage Technologies

| @+ magnetization
| © - magnetization

http://www.hitachigst.com/hdd/research/recording_head/tar/index.html

MK, 2013
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Patterned Magnetic Materials for Data Storage

e Current media

10% —» 100 Particles per Bit

N,
Substric ’ a

e Future media

ehttp://www.almaden.ibm.com/st/projects/magneto/giantmr/ MK, 2013




Patterned Magnetic Materials for Data Storage

200 nm

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

® @

out-of-plane
\/ in-plane

/ 2000

Happlied (O¢)

magnetization (a.u.)
[\ =]
2
(=}

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 MK, 2013




Patterned Magnetic Materials for Data Storage

UHV STM (~2 x 107" torr)

LN Qﬁq‘ﬂ"# x‘\“ 33 o
substrate (Au, Si, GaAs) -. 1; ﬁ}la\& ’

“"; L ERET ] ‘.‘.

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).

http://www.qgi.ucsb.edu/awsch/research/nanomag.html MK, 2013




High density magnetic storage
Year 1990: 20Gb/in?

Year 2003: 100GB/in2

D
< grain
— ’E ﬂ\\N‘Jagnetization
of film
Magnetization
transition
p=50nm Future: nanomagnets
h=50nm .
d=25nm

250Gb/in? !

MK, 2013

http://www.sciencemag.org/cgi/content/full/314/58



Electrodeposited Nanowires

O

» Elvis L. da Silva, Daniela Zanchet
» In collaboration with Kleber Pirota and M. Vazquez, Spain.

MK, 2013




High 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.

MK, 2013



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 MK. 2013



Nanomagnetics

» Nanomagnetics

We grow our DatalnkTM 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.

NANOMAGNETICS

http://www.nanomagnetics.com

MK, 2013



Nanocrystalline Materials

e(Grain size distribution

eDistribution of
magnetization easy-axes |

eMagnetic interactions
eSurface effects

eMatrix effects

MK, 2013



Nangcrystalline materials

eSuperparamagnetism| *Metal-insulator " eMetallic conduction

eMagnetic interactions | transition _ e“bulk” magnetism
eGiant (tunneling) e Anisotropic

magnetoresistance | magnetoresistance
eGiant Hall effect

MK, 2013



Nanocrystalline Materials

Nanocrystalline materials obtained from the amorphous alloys devitrification:
Fe,4Zr,B,, & Soft magnetic
H~103Oe
Nanocrystals Fe (k=10% J/m3) within an amorphous matrix FeZrB (k=102
J/m3)
Fe,4Nd.,B,, & Hard magnetic
H.~10*Oe
Nanocristals Fe,Nd,,B, (k=5 10® 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. %
Fe,Nd,,B, has 2.5 higher anisotropy than Fe.

But H, changes
SEVEN orders
of magnitide

Nanostructure effect

MK, 2013




Cu

EXamples

Co

'mmmuuum

MK, 2013




Magnetoresistance: Granular Systems

Field Effect

H.=0
High p

O 0O,

/o/ \o\
L o o 1
—0— —o—
o0—0 O—o

0000000000

MK, 2013



Magnetoresistance

ok _
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_8 1 1 1 1 1
-20 -10 0 10 20
H (kOe) Fig.4
ik H 2
MR =2\ [(u+apt o[ 42 d
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E.F. Ferrari, F.C.S. Silva and M. Knobel, “Influence of Magnetic Moment Distribution on the Magneti%\%&orﬁms
and Maanetoresistance in Granular Allovs”. Phvs. 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 Grunberg
Forschungszentrum Julich, Germany,

"for the discovery of Giant Magnetoresistance”.

MK, 2013



Nobel Prize 2007

w 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 Griinberg was born in
1939 in Pilsen (now in Czech
Republic) and is a German citizen. He
gained his PhD in physics from the
Technische Universitdt Darmstadt,
Germany.

w Grinberg, 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, Grinberg
immediately saw the technological
importance”

G. Binasch, P. Grunberg, 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).

MK, 2013




Examples

» Co-SiO, films

Co

MK, 2013



Co-Si0,at 5 K
Pxys €0hanced 7500 times
Pxyo €Nhanced 60 times

Pxys €nhanced 750 times
Pxyo €thanced 7120 times

Classical percolation theory

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

D.J. Bergman, D. Stroud, Sol. Stat.

Phys. 46, pp 149 (1992)
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J.C. Denardin, A.B. Pakhomov, M. Knobel, et al
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1. Phys. [ Appl. Phys. 38 (2005) R357-R379 doi: 10. 10830022-3 72738 T2R01

TOPICAL REVIEW

The behaviour of nanostructured
magnetic materials produced by
depositing gas-phase nanoparticles

super-pammagnetic
C Binns', K N Trohidou®, ] Bansmann®, S H Baker', ] A Black
J-P Bucher®, D Kechrakos®, A Kleibert’, S Louch', K-H Meiwe

G M Pastor®, A Perez’ and Y Xie?
comelated

100 interacting SUDEr-enin
mper—p::agllzr}?agnehﬂ gla&.EJ {C?SG}

T(K)

collective blocking

single particle blocking

0 25 50 75 100
Fe volume fraction (%)

Figure 17. Magnetic phase diagram for films of deposited 3 nm
diameter Fe nanoparticles embedded in Ag matrices as a function of
volume fraction and temperature.

MK, 2013



Effect of Interactions

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

= 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).

MK, 2013



Effect of Interactions

Some open questions:

Appearance of a slight hysteresis in a
superparamagnetic system.

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

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

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

MK, 2013




Slight Hysteresis in Superparamagnetic Systems

Cu-Co all
u-Co alloys A, :%[er(H)—Wl_(H)]

C 0,10
129, 4> _
1’0'.§;f v/ L 0,08
08 i N _ Ag: reduced
S v el | K 0,06 half-difference
0,4 - .

S 1) Is it possible to explain the
] appearance of hysteresis in
e a fully superparamagnetic
osd _ system?
wl TTem] | e z
o000 Bo0o o 5000 10000 1o .05 0:0 05 1:0 0.02

H(Oe) m
1
m = —[m+ (H)+m_(H)] m: reduced half-sum “anisteretic
2 magnetization”

MK, 2013




J.C.Denardin, A.L. Brandl, M. Knobel et al, Phy.

w(emu / cm’of Co . Oe)
o o o o
N EAN (@)) (00)

o
o

ZFC/FC Curves

- —O— experimental
\ ----<T>=30K,5=13
<T.>=513K,05=0,25

2) There is a lack of agreement
between structural and
magnetic data regarding
the expected magnetic
properties.
Superferromagnetism?

Simulated

using the

model for
noninteracting

Uo(“ | o‘

0 50 100 150 200 250 300 particles

and TEM

T (K) parameters

MK, 2013




Fit of the Langevin Model

(e) Simulation with dipolar
interaction and magnetic
moment u

3) A system with the presence
of dipolar interactions can

(—) Fit wit -
iteraction be erroneously m?erpreted
moment as a system without

interactions, with a lower
magnetic moment than the

(....) Simulation w real one.
interaction anu iiayiieuc v o
moment 4=1.58 x 104 yg ‘1*']1 e st
= -1500-1000 -500 0 500 1000 1500
M(H,T)= NﬂL(ﬁj H (Oe)

MK, 2013

D. Kechrakos, K.N. Trohidou Phys. Rev.



J.M. Vargas et al, Phys. Rev. B 72, 1

Displacement of blocking temperature vs.

L concentration
w| | I;‘F:C - D between NPs
W [ ~ 18d
> 2 _ R displacement of the mean
= Y e blocking temperature for
5 / e more interacting magnetic
= ) 1 — systems? How to control it?
- 86&1}0%%%%\\ | ~2d
v / e R
O | ll L | L | L | L
4 7....-..1:;-;/}0”5* —— 'O\\' 1 A
%%é Ve Q\O\D\O\D _ ~>1d
0 1

T (K)
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W.C. Nunes et al, Phys. Rev. B 72, 21

Field 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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FIG. 4. Field dependence of the blocking temperature for all
samples. Fits by using Eq. (3) (dashed-dotted line) and the modified
RAM expression, given by Eq. (8) (solid line).

MK, 2013




Synthesis of Fe nanoparticles

f‘ Argon
*% * %T%
* % **
Thermocouple
% | Precursor:Fe(CO); T s SRl
Solvent:Decalin ':ﬁ H %%E

Ligant:Sarcosine

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

J. V. Wonterghem, S. Merup, S. W. Charles, S. Wells, J. Colloid Interface Sci. 121, 545 (1988). MK, 2013




Morphological Characterization

TEM

JEM-3010, E

Structure: disordered Fe
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J.M. Vargas et al, Phys. Rev. B 72, 18442



Interactions in diluted systems

Original solution of the synthesis

I+ parafine

. *\ C005
*

Powder §§§ C45 j;*% C5

*Concentration;
—Mean-stze——
Distributi b
M emien] |

Parameters

MK, 2013



J.M. Vargas et al, Phys. Rev. B 72, 184428

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

NPs have a complex internal structure.
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FIG. 3. Color online ZFC
and FC magnetization
curves of the Ni NPs for
different values of dc
magnetic fields.
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| Cluser Fertomagnético

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).

MK, 2013




Nanoparticles synthesis
LaMer Method

M1: Final
temperature
Il 2400
Critical limiting super-saturation
Cmax --------------------------------------------
Cmin ------------------------------------
= -
2 M: Final
g temperature
‘E‘ Nucleation Growth by diffusion 2900C
é M3: Final
8 . temp.emture teMmi:et;ZIre
Solubility 290°C s
C. F---- . 2902C; +75%
" atm;cpr:ere QIevIarpine_
contact -75% Oleic Acid
manocrystals Nanoparticles synthesis variations.

v

Time

Nanocrystals synthesis. LaMer method.
Jin Chang and Erick R. Waclawik. RSC Adv., 4 (2014)
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Compact Ag@Fe;O,4 Core-shell
Nanoparticles by Means of Single-step

Thermal Decomposition Reaction

Miario Eugénia F. Brollo’, Roman Lopez-fuiz', Diego Muron', Santiogo ). A Figuema®, Kisber & Firom'
& Macelo Knoba!'

'Imssiuno de Fision Gleb Wanghia - Universidad e Ssradud de Campinas (UM ICAMA 1 3083 9710 Campisas (57 3msil, “Sraziion
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Frasl

~15 nm

Figure 1 | Temperature profile of the temperature-paused single-step thermal decomposition synthesis. Boxes sketch the expected predominant
structures for each time zone. Typically, both waiting times are 120 minutes. Images: TEM images of BLNs obtained following the temperature- paused
single-step protocol. Ag corresponds to the dark contrast, while lighter particles correspond to magnetite. Plain magnetite nanoparticles whichare formed

are also shown in c). a) b} and d) are different amplifications of BLNs in order to understand the structure.
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Magnetoviscous 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.

MK, 2013




Magnetoviscous 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.

MK, 2013
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Magnetoviscous effects

e HIP - High Intelligence Prosthesis
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Batteries

The Dong Ting Lake Bridge in
China is equipped with
magnetorheological motion

=, dampers to counteract gusts of
2 wind.
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Magnetic Fluids or Ferrofluids

Schematic Representation:
@ﬂ R &0 1 nimn = ‘h‘l!
q 10 nm

MK, 2013



Magnetic Fluids or Ferrofluids

Courtesy: Prof. Paulo Cesar de Morais, UNB, PI-BR0300855-0

MK, 2013



Magnetic Fluids or Ferrofluids

rotating
shaft

MK, 2013




Biomedical Applications

In-vitro: Cell, DNA, protein separation
In-vivo: MRI contrast agent, Drug delivery, Hyperthermia

Superparamagnetic Inorgamnic or Organic
Nanoparticle bead with nanoparticles
Parts of DNA, Virus Proteins, Enzymes Cells Bactena
1 nm 10 nm 10° nm 107 nm 10 nm 10F nm
Nanoparticles Beads

MK, 2013




@IRINEU PAULINI/SCIENTIFIC AMERICAN BRASIL

DUAS NANOESTRATEGIAS CONTRA CANCER E OUTRAS DOENCAS

CELULA TUMORAL SOB AGAO DE NANOIMAS

wl

-

Escala (5a50nm)

Duas aplicagdes terapéuticas possiveis dos nanoimas. Carregados pelo corpo
com a ajuda de um campo magnético, eles poderiam ser levados até células
cancerosas e agitados por alternagdes sucessivas do campo. 0 processo
geraria calor e mataria as células doentes [no alto, & esquerda). Em outro

CELULA DEFEITUOSA RECEBE FARMACOS

Capsula [versao ampliada)

cendrio, eles seriam agregados a um pacote que contém um férmaco e uma
capa de polimero biodegradavel. 0 campo magnético serviria para carrega-los
até as células doentes, as quais entregariam o remédio com menor chance
de erro [no alto, a direita)

[wugs e g)eeasy

r

M. Knobel e G. Goya, Ferramentas Magnéticas na Escala do Atomo,
Scientific American Brasil, Dez. 2004.

MK, 2013




Biomedical Applications

Nanosized particles are very
often complex systems

Core Biocompatible Fuctionalisation Spacer Derivatisation

Coati
: e Carboxyl Drug, Proteine,..
Mn:ZnS PVA Ami

Thiol Biotin

ca
ﬂ—nﬁ_—?l—ﬂ—{%h—or%—&h
A N w

Avidin

o conidie-1 ' A-Linkes- Trarafe=nn

8nm 10 nm
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Lymph
vessel

Lymph

Node
Metastasis

Lymphotropic
Small NP

Circulating
Tumour Cell

Active Targeting
Small NP

Magnetic hyperthermia

High concentrated
drug delivery system

Small
volume NP

Antitumour
Drug

Macrophage

Lymphotropic
properties

@‘é@héﬁ%‘%ﬁ
Nanoscale
PAPER

Citethis: DOI: 10,1039 ockcocne Mean-field and linear regime approach to magnetic
hyperthermia of core-shell nanoparticles: Can tiny
nanostructures fight cancer?’

Marcus S. Carrido and Andris F. Bakuzis*

Blood
vessel

Solid Tumour

Interstitial
Tumour Tissue

Proliferative cells
Quiescent cells
Necrotic cells

Highly penetrating
Small NP

Biodegradable
long-time circulating
Large NP

Fig. 1 Small nanoparticles promising advantages. (a) Small nanoparticles have small volume, allowing more drug loading inside nanocarriers. (b)
Small nanoparticles, associated to large long-time circulation delivery systems, penetrate more deeply in tumour tissue. (¢) Small nanoparticles are

lymphotropic, reaching lymph nodes and enabling magnetic hyperthermia of metastatic tumours. (d) Small nanoparticles associated with specific

fargeting ligands can locate circulating metastatic cells in lymph vessels. (e) Small nanoparticles, used in intratumoural injection, can reach internal

regions of the tumour.
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Magnetic 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).

MK, 2013




Biomedical Applications

Liberacao sistémica
» Alta concentragao da droga
circulando livremente

» Baixa concentracao no local
desejado

Liberacao Controlada

»  Alta concentragcao da droga no local
desejado

Baixa concentracao circulando
livremente

MK, 2013




Magnetics 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
L] - extravasates, the MTC-drug
L mixture through the artery to the
semeoen 1 tumor. The field is left in place for
N another 15 minutes; after removal
of the magnet, the particles

,Am..m;m""-:\ remain trapped in the tumor,

"\EHMU@EHQ MTC ____/'

where the drug is then released.

MK, 2013




Magneto-Hyperthermia
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Magneto-Hyperthermia

http://www.imprs-am.mpg.de/nanoschool2004/lectures-1/ Hofmann_IMPRS.mf, 2013



Figure 1. Anti-cancer immune response
induced by hyperthermia using mag-
netite nanoparticles. Rats with tumors

=~

s

on each side of the body were prepared.
(&) MCLs were injected into the left tu-
maor anly and the rats were imadiated

Temperature [1T]
Ear

3 with an alternating magnetic field using
T P I the apparatus shown (left panel). The

J"b 10 20 a0 temperature of the left tumor, contain-

irradiation time with magnetic field [min) ing MCLs (closed circles), increased

specifically, whereas the temperature of
the right tumor (open circles) and rec-
tum [open triangles) remained below
37°C (right panel). (B) The tumaor-spe-
cific hyperthermia treatment induced an
anti-tumor immune response and both
tumors disappeared on the 28th day af-
ter hyperthermia treatment. (1) Contraol
rat without AML irradiation; () rat with
AML irradiation. Open triangle in (B),
the side without MCLs; closed triangle
in (B}, the side with MCLs.

Takeshi Kobayashi. Biotechnol. J. 2011, 6,
1342-1347
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LETTERS nature
PUBLISHED ONLINE: 26 JUNE 2011 | DOI: 10.1038/NNANO.2011.95 nantEChn()lOgy

Exchange-coupled magnetic nanoparticles for
efficient heat induction

Jae-Hyun Lee!, Jung-tak Jang', Jin-sil Choi', Seung Ho Moon', Seung-hyun Noh', Ji-wook Kim',
Jin-Gyu Kim?, lI-Sun Kim3, Kook In Park® and Jinwoo Cheon™

a Magnetic induction coil b Untreated Core=shell
control  nanoparticle

Feridex Doxorubicin

Before
treatment

18 days after
treatment

Figure 4 | In vivo hyperthermia treatment of cancer. a, Schematics of magnetic in vivo hyperthermia treatment in a mouse. Magnetic nanoparticles were
directly injected into the tumour of a mouse and an a.c. magnetic field was applied. b, Nude mice xenografted with cancer cells (US87MG) before treatment
(upper row, dotted circle) and 18 days after treatment (lower row) with untreated control, CoFe,O,@MnFe,Q, hyperthermia, Feridex hyperthermia and
doxorubicin, respectively. The same amounts (75 pg) of nanoparticles and doxorubicin were injected into the tumour (tumour volume, 100 mm?®, n=3).

MK, 2013




Perspectives

» http://www.magforce.de/en/

Previous clinical treatment experience
with NanoTherm™ therapy

Indication Patients
Glioblastoma Multiforme 20
Prostata Cancer 29
Eosphageal Cancer 10
Pancreatic Cancer 7

Other Indications ~20

magforce’

THE NANOMEDICINE COMPANY

MK, 2013




Biomedical Applications NN

» Rompimento magnético de
microcapsulas contendo
farmacos

et

MK, 2013



Biomedical Applications

Observacao de Reacoes Bioquimicas

Tempo de Relaxacao Magnética
Particulas livre e particulas ligadas: apresentam diferentes
tempos de relaxacao

Reacgoes detectadas uso de SQUIDs
Aplicacdes /n vivo diagnostico de cancer

MK, 2013




Biomedical Applications

Marcacao de células

» Pequenas particulas de Fe;0,
(10 nm - micron)

» Recobertas com proteinas ou
Outro materlal. Add specific antibody [e.g. rabbit; ] FU”CEiD”E?'iEEd magnetic
o~ . - Againstblue species Vil i S[SDBI:'lctj:irabbit]
» Adicao de anticorpos especificos " yies
adere a substancia que se deseja & » Y Ao~
identificar \ ) Y > 1 Y
Ao~ Y
BEAD-IMMOBILIZATION
SURFACE ‘ ,
(@] . O
®
O e o
@] @
® @® @]
@ @]
o O
O Q
®
® O
— O . @ @
1um @ @
2 R TS CV T Sample with mixed species
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Biomedical Applications

Y MAGNETIC PARTICLE-LABELED
ANTIBODY 0 ‘ % ANTIGENS )\ ANTIBODY GMR MATERIAL

CONDUCTOR

‘r
G " 88
YOI X% 1 YYY A, YYTY

MAGHNETIC BEAD

w» Espécies bioldgicas como células, proteinas, anticorpos, toxinas, DNA, etc,
podem ser rotuladas ligando as mesmas a particulas superparamagnéticas
(ferritas puras ou encapsuladas)

w» Particulas sdao recobertas com uma espécie quimica ou bioldgica (ex:anticorpos,
DNA) que se liga seletivamente ao alvo de analise.

w» Espécies rotuladas podem ser imobilizadas bioquimicamente em regides
especificas de “chips” e detectadas atraves de sensores magneticos que exibem
GMR integrados aos chips.

w» Aplicacdao: anadlise clinica/médica, de DNA, de agua, poluicdo de rios, etc.

MK, 2013




Biomedical Applications

Aumento de
contraste em RMN

FIGURE 6. Spin—echo scam: PICKER INTERNATIONAL
Extrinsic tumor

Slide #30: This very old T,-weighted image illusirates the very high
contrast that is achieved for imaging edematous lissues like tumors,
which literally ight up like light bulbs.

MK, 2013



Biomedical Applications

Cor H44 5
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Others

Biomagnetism (see, for example,
http://biomag2002.uni-
jena.de/show proceedings.html)

Paleomagnetism
Environmental Magnetism
Magnetic inks

Magnetism in medicine
Quantum computing

Tum

MK, 2013




Biomagnetism

» 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...

MK, 2013




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

University of Munich

Homing pigeon

[a) Mervus COphthalmicus

=
3

Magnetic nanoparticles become
magnetized by the earth field
Interactions within assemblies of
nanoparticles leed to signal on nerves

MK, 2013




AQUI DIZ QUE ALEUNS
PASSAROS TEM
“CABECAS MAGNETICAS"

"AL6UNS PASSARQOS TEM
OXIDO DE FERRO NO
TECIDO ATRAS DE SEUS
OLHOS, 0 QUE 05 AJUDA
NA NAVEGACAQ AEREA.” _

FICO. PENSANDO 5

5IM, ESTAOQ!

MK, 2013
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LANCAMENTO e

0 frango de Newton
A ciéncia na cozinha

Autor: Massimiano Bucchi
! L Tradugéo: Regina Célia da Silva
ACOENCRANA CTHTA ISBN: 978-85-268-1277-2

Ficha técnica: 1° edigao, 2015; 176 paginas;
formato: 14 x 21 cm; peso: 0,210 kg

Area de interesse: Divulgagio cientifica

Prego: RS 38,00

Sinopse: Um carddpio que estimula as papilas gustativas, o apetite por conhecimento cientifico e
o amor pela leitura. Por que a ciéncia “invadiu™ a cozinha a partir de determinado momento da
histdria? Por gue os cientistas utilizam frequentemente imagens e metaforas tiradas da gastro-
nomia? Que peculiaridades conectam experimentos cientificos e receitas que dao &gua na
boca? O que a culinaria futurista tem em comum com a gastronomia molecular? Experimentos
com café, controvérsias sobre a cerveja e receitas de chocolate guardadas como patentes se-
cretas formam os ingredientes desta apresentagao surpreendente e original das intersecgdes
entre gastronomia e pesquisa cientifica, entre laboratorios e cozinhas.

O frango de Newton (vencedor do International Book Prize “La Vigna™ para livros sobre comida e
vinho, 2014) foi também publicado na Finldndia, na Coreia, na Espanha, no México, na Argentina
€ em outros paises latinc-americanos.

Autor: Massimiano Bucchi & professor de Ciéncia e Tecnologia na Sociedade na Universidade de Trento,
Itélia, tendo atuado como professor visitante em instituicbes de ensino e pesquisa na Asia, na Europa e
na América do Norte. £ autor de artigos em periddicos como Nature e Science e de varios livios (publi-
cados em paises como Itélia, Finlandia, China, Coreia, Reino Unido e EUA), entre os quais: Science in
Society (Routledge, 2004), Beyond Technocracy (Springer, 2009), Handbook of Public Communication of
Science and Technology (com B. Trench; Routledge, 2014). E membro do Comité Cientifico Internacional
para Comunicagao Pablica da Ciéncia e Tecnologia e, a partir de 2016, serd editor da revista Public
Understanding of Science (Sage). Escreve sobre ciéncia e tecnologia para jomais, revistas e programas
de televisao.
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There is an open
road yet to explore...

MK, 2013



