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Why magnetic nanomaterials for biomedicine?
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Magnetic nanomaterials
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small magnet single domain

Magnetic Nanocomposites.

Examples:
*Ferrofluids

*VVirus/NPs complexes
*Ferrogels: magnetic hydrogels

BioMag Nanomaterials



Magnetic nanomaterials

A brief introduction to nanomaterials magnetic state:

Exchange interaction

Magnetic anisotropy

Magnetostatic energy: dipolar interaction
Zeeman interaction: response to an applied field



Magnetic Anisotropy — phenomenological description
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Magnetocrystalline Anisotropy in Cubic Crystals
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Surface Anisotropy

Interface anisotropy
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Surface anisotropy in nanoparticles

surface Ks=10°-10%J/m?,
anisotropy energy
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Surface anisotropy in nanoparticles
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Stoner — Wohlfarth Model

Single domain NPs K
Uniaxial anisotropy
Identical NPs
no interactions among NPs
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Field in the easy direction

E = KV (sin? ¢ — 2hcos ¢)
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Field in the easy direction

M, =M, cosé

M

Easy axis




Field in the hard direction

M,=—S%H; |h<1

% |
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Stoner — Wohlfarth Model
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E.C. Stoner y E.P. Wohlfarth, IEEE Transactions on Magnetics 27, 3475-3518 (1991)



Stoner — Wohlfarth Model
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Stoner — Wohlfarth Model

= =

—
IVIRZO-5|\/|S"

0-5 | /‘
J

o

-05

-
—

B B .
- - o0 0 05 10 5

prienaied Mag“ﬁtmization curves for prolate (full curves) and oblate (broken curves) spheroids
orientated at random. The curves refer to similar prolate (or oblate) spheroids orientated at random.
cos ¢ is proportional to the mean resolved magnetization per spheroid in the positive field direction,
or to the resultant magnetization in this direction of the assembly, H = (| N,—N,|) I,k




Extending the Stoner — Wohlfarth Model
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Extending the Stoner — Wohlfarth Model

Coercive Field Temperature Dependence

Ty = Toe

moment inversion occurs when
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Extending the Stoner — Wohlfarth Model
Coercive Field Temperature Dependence
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Extending the Stoner — Wohlfarth Model

Coercive Field Temperature Dependence
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Two levels model

Field in easy direction
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Simplification: 2 levels



Two levels model
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Two levels model
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M (A/m)

Two levels model

%10 Behavior at Radiofrecuency

f=2.6e4 Hz

D~18 nm

K =1.89 10*J/m®




Magnetostatic Energy (dipolar interactions)
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Non quadratic surfaces

Valid also for bodies with non

NM2+N M2+N._M?2 quadratic surfaces: cubes, prisms,
( XTTX y oy z Z) cilinders, octahedra, etc.
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Shape anisotropy: ellipsoidal NPs
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Demagnetizing factors

Demagnetizing factors for rectangular ferromagnetic prisms

Amikam Aharoni®
Department of Electronics, Weizmann Institute of Science, 76100 Rehovoth, Israel
JOURNAL OF APPLIED PHYSICS
VOLUME 83, NUMBER 6
|5 MARCH 998

TABLE I The demagnetizing factor, DI, of a prolate spheroid and the
magnetometric demagnetizing factor, 222, of a square prism, for an aspect
ratio, p.

A & m Dy

2.0 {(1.173506 (19832

/ 3.0 010871 0 14036

-y d J_e 440 0075407 (10845
"K S X 5.0 0.055821 (0.088316

b Happl - 1) 0043230 0074466

----------------- p=— 70 0.034600 0064363
a 8.0 0.02842 1 0056670

—b 9.0 0023816 0.050617
—a E [ () 0020286 0045731

[ 1.0 0017513 0041705

FlGi. 1. The coordinate syvstem used in the calculations. Its origin is at the

center of the rectangular prism. The field ' , is applied along the z axis.



Demagnetizing Factors— references

Formulae, tables y graphs for demagnetizing factors, Chen et al. IEEE Trans. Magnetics
27, 3601-19 (1991)

Demagnetizing Field y Magnetic Measurements, J.A. Brug y W.P. Wolf, J.Appl.Phys. 57,
4685-701 (1985)

Demagnetizing factors calculations,
http://magnet.atp.tuwien.ac.at/dittrich/?http://magnet.atp.tuwien.ac.at/dittrich/content/tool
s/magnetostatics/streufeld.htm



Paramagnetism
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Paramagnetism
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Superparamagnetism

H>> Hp (NP)

T < T,

M(H,T)=M(T)L(x) = MS(T)(coth(x)—lj

X

For a NP moment distribution
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% H 1
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KT

M (T)= N pff (u)dpe = N{u)(T)



Superparamagnetism
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“Interacting Superparamagnets”
Dipolar Interactions

F.H. Sanchez



PHYSICAL REVIEW E 75, 051408 (2007)
M. Klokkenburget al.
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FIG. 3. (a) Typical in situ cryo-TEM images of vitrified films of
magnetite dispersion C in zero field ([24]). (b) In a homogeneous
magnetic field (0.2 T), a transition occurs to equal-spaced columns

F.H. Sdnchez that exhibit hexagonal symmetry [8].



Iron(oxide) ferrofluids: Karen Butter
synthesis, structure and catalysis 20 oktober 2003

Figure 1. Cryo-TEM pictures of ferrofluids consisting of metallic iron particles with a 7 nm thick organic surface
layer dispersed in decalin [9-11]. The radius of the iron core gradually increases from ferrofluid B (6 nm) to
ferrofluid E (8 nm). The scale bars are 100 nm.

F.H. Sanchez



Magnetic interactions between nanoparticles

Steen Mgrup !, Mikkel Fougt Hansen? and Cathrine Frandsen'
Beilstein J. Nanotechnol 2010, 1, 182-190.
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Other propositions

\Vogel-Fulcher law

T =Tg EKP[Ea/k(TB — Ty))
Shtrikman S and Wohlfarth E P 1981 Phys. Leu. 85A 467

T = 1o[Te/(T — T)]*
Hohenberg P C and Halperin B I 1977 Rev. Mod. Phys. 49 435

F.H. Sanchez



A dynamic study of small interacting particles:

superparamagnetic model and spin-glass laws

J L Dormannt¥, L Bessaist and D Fioranii
Received 3 July 1987, in final form 6 October 1987

Table 1. Percentage weight of iron p, mean particle diameter ®, and atomic percentages of
metallic iron (Fe®), Fe** and Fe** for different samples.

Percentage
Sample  p (%) @ (A) Fe’ Fe’* Fe**
$12 50 = 2 45 = 5 73+ 2 11+2 16 % 2
$13 55 55 73 12 15
S16 70 85 65 11 24

F.H. Sanchez



F.H. Sanchez

T (K)
Sample v =0.02Hz v =0.002 Hz
S12 24 £0.5 225=0.5
S13 351 33+1
516 121 =2 113=1
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2 a0
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*:

-

I

3D

g daul



F.H. Sanchez

KW 1
~ k In(1/vty)

55% 5.5nm

S16 S1
70% 8.5nm

S12

4 50% 4.5nm

Inz =Inz,+ KV /KT

0.01 0.02 0.03 0.04
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DFB proposition

EEmt — KUV + EBint for E <<E

Bint Btot

Eg /KT

TzTOe

F.H. Sanchez



A SIMPLE AND EFFICIENT PROCEDURE FOR THE SYNTHESIS OF FERROGELS
BASED ON PHYSICALLY CROSSLINKED PVA

Junena S. Gnnzalez“: Cristina E. Hoppe®, Pedro Mendoza Eélish:_ Lorena Arciniegas"} Gustavo A.
Pasquevichhj Francisco H. Sanchez” Vera A. Alvarez®

F.H. Sanchez
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M (T)= M, (0)1—aT)

a~k/8(KV +E, )

0 | 160 | 2[I)0 | 360
T (K) | E =4h(KV+E )
h=H/H, =0.25

F.H. Sanchez



Ferrogel swelling

dry hydrated
#- i H T

NN, d, ~1.44d, ‘N

F.H. Sanchez



Ferrogel swelling
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Z-dry ~ Z-Oe(

Thya ~ Toe(

K\ +Ehvd )/ KT Eint int

KV+ESY kT

int
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N
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M @mz/kg)
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Shape effects
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Granular Cu-Co alloys as interacting superparamagnets
Paolo Allia.! Marco Coisson.” Paola Tiberto.” Franco Vinai.® Marcelo Knobel.* M. A. Novak.” and W. C. Nunes’
PHYSICAL REVIEW B, VOLUME 64, 144420
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Analysis of an interacting superparamagnet with theoretical expressions
valid for non interacting systems (Langevin)

1.0
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0.6- . 1 =1.58x10" 1,
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02] interacting
s 0.0: N U= 4x10° iy
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gl e ) non interactin g
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FIG. 6. Solid symbols: simulation of the anhysteretic magneti-
zation behavior for an assembly of identical interacting Co mo-
ments (u=1.58X 104,{13 at 7T=382 K, from Ref. 31). Dotted line:
Langevin function for p=1.58X10%*uz at 7=82 K. Solid line:
Langevin function for £ =4.0X10°ug at T=82 K.
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Analysis of an interacting superparamagnet with theoretical expressions
valid for non interacting systems (Langevin)
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Dipolar interactions

2 d
s ‘p‘l
‘ H

a~=]1

Hypothesis: dipolar interactions give rise to an aparent higher temperature

T, =T+T*

2
con &p =KT* ) T*:'ulia NI\IIS

Dipolar interactions

M(H,T) _ ( ot M(H,T) _
M, _L( ij — Mg
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M(H’T):NaﬂaL(ﬂO/’laHj: NluL(kluO:uH j

KT (T+T*)
1
SR SV
N.z =N 1 =Ny = N, =@0+T*/T)N
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1 3kT

Low field susceptibility

Nt st”

y =

T*

- 3k(T+T*)

_ M Mg

3kT*  3kNT
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3KN? gy M
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Allia et al. show that when a NP moments distribution exists former expression becomes:

IS
|
W
~
Z
—
XD

~symeasurements

M H
where At di\f/firent
temperatures
o)k 3a T
(1) () Ms
lu:% T*:,UOOl M82 gD:kT*
N k N
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Magnetic properties study of iron-oxide nanoparticles/PVA

ferrogels with potential biomedical applications
P. Mendoza Zélis -+ D. Muraca - J. S. Gonzalez - J Nanopart Res (2013) 15:1613

G. A. Pasquevich - V. A, Alvarez - K. R. Pirota -
F. H. Sanchez
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Demagnetizing factor N in samples with disperse
magnetic NPs

F.H. Sanchez, unpublished



Demagnetizing factor N in samples with disperse magnetic NPs

Magnetostatic energy or magnetic self energy

Case 1: continuous material

Interaccion among materials dipoles

F.H. Sanchez



Case 2: magnetic NPs disperse in non magnetic media

J
43 J9)
£ O
¥ o) 49
d: distance
i o between
dij — 7/Deij neighbors

eij Is a normalized array describing the geometry of NPs arrangement

l.e.square = g; = {1\52\/5}
ie. bcc —e :{1,2/\/5,2\/5/\/5,2...}

If NPs are in contact: y=1
(case of a continuos magnetic material)

Y “dilution “ factor

F.H. Sanchez
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|dentical NPs: V = ,BDs; L =1r1/6,etc.

R | S
Ey, -t _ HHi=— ¢ & =—Hot; - H,

Dipolar field on NP i:

i_ 3D3Z (( )ju j) 3Dsz g x=114r

defining —J q K,
Z a3 H, =——

R j | V4 D

li Just depends on the geometry of the NPs array, on the relative orientations

between moments and relative orientations between them and the segment
joining them. Sij may take different orientations.

F.H. Sanchez °f



Volume per particle

w g R 7/3\@—> “global” sample magnetization

using V :,BDB; [ =171/6,etc.

H, = x4 M A

adimensional

F.H. Sanchez >



: : ., 1S
Saturated sample, A, corresponds to the saturation (s;) configuracion ﬂ,i

S S
H? = k64 Mg
Assumption for non saturated sample: same proportionality constant between H
and M holds.
H. = K,Bﬂis M
Aproximation done: /11 MV . 218 M

Averaging i on sample

F.H. Sanchez
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Using magnetization of magnetic phase (NPs) M )

M =M

P

hence

K

/4

Determined by shape and _@—> Determined by shape
NP dilution w a %

d=)D

H. ~

S
51 I\/Ip:_NDefI\/I

P

if »>3.16= N_, <0.IN,

F.H. Sanchez
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Cases of interest

1. NPs homogeneously distributed. N, is the
demagnetizing factor which corresponde to
sample shape.

2. NPs are aggregated in clusters, and clusters do
not interact among them. N, is the demagnetizing
factor which corresponds to cluster average shape.

3. NPs are aggregated in clusters, and clusters interact
among them. N, is the demagnetizing factor which
corresponds both to sample shape and to cluster
average shape.

F.H. Sanchez



Case of interest 3

3. NPs are aggregated in clusters, and clusters interact
among them. N, is the demagnetizing factor which
corresponds both to sample shape and to cluster
average shape.
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Leads to

cluster sample cluster
N N N D 4 N D —N D
Def = 3 3 .3
Yic YicVEc

This is the sought result, it gives the dependency of the effective
demagnetizing factor in terms of cluster and sample ones, and the
characteristic distances (dilution factors) of the problem.

S
N[s)ample:_K </1ISC>+<2“EC> ZN[S)

Npe

NG )= N

F.H. Sanchez




Particular cases

Continuous NPs distribution

Continuous Material E——) Ve =1 Ve =
o * ) .
N C N S N C
A D D _ NS
|\IDef ~ T - ND

Ve Vielec

F.H. Sanchez
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F.H. Sanchez

Cluster with almost no interior demagnetizing field

N: N2 —N¢ N
~ D D D __ D
|\IDef ~ 3 +

Ve Yelee  Vielec
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Clusters of random shape with orientations randomly distributed.

<Ng>z1/3
N: N2 —N¢ 1 3N -1
I\IDefz 3D+ D3 3Dz 3 1+ [3),
Yic VicVEc 37\c VEC

If clusters are far away from each other

1
|\IDef ~ 3 3
Yic
If clusters are in contact ‘
ND
|\IDef ~ 3
Yic H
—)
If sample does not present demagnetizing effect || # ® @ | P = |
1 1
|\IDef ~ 3 1- 3
3
Yic YEC

F.H. Sanchez "



Relationship between NDef and ND

I\IDef :ND/7/I322

Leads to

F.H. Sanchez



Other considerations

NPs Magnetization

cluster Magnetization

Mc M,

Sample Magnetization M =~

7/I§C 7/|3c7/|§c

F.H. Sanchez ”



M s yM ps are measured. The dilution factors product can be estimated:

Lead to S
3 ND_<

F.H. Sanchez



For an isotropic clusters orientation distribution

(Ng)=~1/3
No =3 +5-( N -3
3 Ve 3
Leads to
s N3-1/3
{yEC N_ —1/3
}/3 szS ND_1/3
ST Mg Np-1/3

F.H. Sanchez



Mp(H,T):MpSL[

F.H. Sanchez

Analysis with Langevin model.
Comparison with Allia’s proposition

H=H*+H™

- 1] ap dip
M, =M L[ ATy L pop(H +H )

KT KT

Hdlp__NDefMp

Assumptions M ) ™MH T Hor

KT V

p

,Uo,u(H = Nps M p)J i L[ﬂoﬂ(H P —Npy M p)
KT

J



When Langevin function argumentis << 1

_ /Uo/uz(H P Npet M p)

M p
3KTV,
H @
M, = KTV,
2 + N Def
Hold
1 3kT
+ N Def

= 2
Zp /Jo M pSVp

1 _3kTNp
Ko MM

/

Measured susceptibility of magnetic phase.

+ Now N, =1/V,
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According to Allia

F.H. Sanchez

It’s concluded that N = 30(p

84



For a sample with a distribution of NP moment sizes, Allia shows

2 2
PzgkNp T + 3y p:<,u>5<,ua>

Yo Mo (M i

M, and L are NP moments. The former are “aparent” values which are obteined
when analizing M (H ,T) without considering dipolar interactions. The latter are

values “corrected” from M
p=—"r
N p
In the present case
Jo, 3|(Np T

F.H. Sanchez



As a function of sample “global” magnetization M ¢ for a homogeneous sample,

o, 3KT N, p 3KT
3 IYEY, T3 T3 M 2,3 +Np
VX Hy WiV, Y V \ HoWVlsY vy

o 3kNpp
X Hy

T
(MZJJF N, Nppzllvpp:l/ya\/p
S

Measured sample susceptibility

N, =3a (Allia))= a <1/3
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Measuring M vs. H at several temperatures, and plotting p/y vs. T/M¢® Ny and N, ca
be retrieved

n

£ Data from M vs H
X
N From straight
(e ® line slope M,
ll:FI_
pp ,
N.M
o= HoNp
No 2N,
/ TIMZ
_ IUONDMSZ

Max dipolar energy per NP &€ =
2N
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If there are clusters,

Jo, 3k T N,
3 3 6 6 > | T3
VicVecX ﬂ07lc7/ECVp Mg Yic

using  V_=xnyin v V — ~ =2 =—_=N
m cyEC ch/IC p 7/|§C7/|3C , Vm Vm Vpp pp
1% 3kNpp T Np
3 3 3.3 | M2 T
YicVecX  HoVicVec S Yic

88
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Shape effects

Ferrogel PVA/maghemite 15.7% mass concentration

parallel perpendicular
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X ~1.13x10°m?*/ kg 10° (1

1

oef 1 — Npet y &

7, ~1.08x10°m® /Kg amp \ X,

Assuming a uniform distribution of NPs

73 ~ NDJ__ND//

NDefJ_ o NDef//

De |la forma de la muestra

X

Demagnetizing factors for rectangular ferromagnetic prisms

Amikam Aharoni®
Department of Electronics, Weizmann [nstitute of Science, 76100 Rehovoth, Israel
JOURNAL OF APPLIED PHYSICS
VOLUME 83, NUMBER. 6
|5 MARCH 1998

N, =0.06
N, =0.80

) | 21 —
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Estimation of y from FG density and mass
concentration of Fe oxide X, assuming a uniform
distribution of NPs

_ ofFe _ ”IFG
X= m Prc = Vv
FG FG

3
_ My NeMye - Ny p D’ _(Dj 7P
Prc = = = =

1/3
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ForFG10 1

1/3
70
7/ =
(GXPFG J

using

2

(p~5.18g/cm®
X =0.157

Prc #1.1g/cm’

= y=2.5

d=)D




Diet and magnetic materials ...

L

“I have metal fillings in my teeth. My refrigerator
magnets keep pulling me into the kitchen.
That’s why I can’t lose weight!”
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Dipolar Energy

Energy per particle for a homogeneous saturated sample
_Hy 2
2
non saturated sample

7
(9:70NDefl\/I§VIO

In terms of sample global magnetization

N
e %y—?yGM vV =N M2V )= N MY
Using N :1/Vpp
2
o= HoNp M
2N
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