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Outline	  

•  Mo5va5on:	  use	  of	  magne5c	  nanopar5cles	  for:	  	  
–  Biological	  sensing	  +	  hyperthermia	  (heat	  assisted	  cancer	  
treatment)	  

–  Op5miza5on	  of	  thermal	  relaxa5on	  characteris5cs	  
–  Examples	  of	  study	  systems:	  single	  domain	  magne5c	  
nanopar5cles,	  chains,	  clusters	  

•  Modeling:	  	  
–  Stoner-‐Wohlfarth	  par5cle	  model	  
– Master	  equa5on	  +	  kine5c	  Monte-‐Carlo	  algorithm	  

•  Thermal	  relaxa5on	  of	  magne5za5on	  	  
•  Rate-‐dependence	  of	  hysteresis	  loops	  



Magne5sm	  of	  nanopar5cles	  
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Domain	  
structure	   H	  

M	  

Domain	  has	  a	  cri5cal	  
size	  

Sub-‐domain	  size	  

H	  

Sweep	  
rate	  R	  M	  

Superparamagne5sm	  
-‐	  Fluctua5ng	  moment	  M	  

Ferromagne5sm	  
-‐  Stable	  moment	  M	  
-‐  Hysteresis	  loop	  	  
	  	  	  	  	  	  determined	  by	  K	  

Rate-‐dependent	  hysteresis	  



Magne5c	  Sensing	  

Magne&c	  field	  sensors	  

Superparamagne5c	  
nanopar5cles	  (and	  their	  
aggregates)	  used	  to	  
sense	  conjuga5on	  to	  
surfaces.	  Mul5plexing	  is	  
possible	  based	  on	  
posi5on	  encoding,	  but	  
only	  applicable	  near	  
surfaces.	  

Magne5c	  resonance	  based	  
detec5on	  (change	  in	  T2	  
relaxa5on	  of	  water)	  of	  the	  
par5cle	  clustering	  due	  to	  specific	  
interac5ons.	  Bulk	  measurement,	  
but	  no	  mul5plexing	  and	  weak	  
sensi5vity.	  

RF	  Water	  

Sensing	  of	  par5cle	  
magne5za5on	  relaxa5on	  by	  
coils	  or	  SQUIDS.	  Bound/
unbound	  dis5nguished	  by	  
relaxa5on	  5me.	  Bulk	  
measurement,	  but	  no	  
mul5plexing.	  

H	  



Can	  we	  manipulate	  Neel	  relaxa5on	  for	  the	  purposes	  of	  
crea5ng	  mul5plexed	  separa5on	  and	  detec5on?	  
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Idea:	  perhaps	  chains	  or	  fibers	  made	  of	  superparamagne5c	  
nanopar5cles	  can	  be	  good	  objects	  where	  Neel	  relaxa5on	  
can	  be	  manipulated?	  Chains	  with	  different	  relaxa5on	  can	  
be	  used	  as	  color	  in	  fluorescent	  detec5on.	  
•  Relaxa5on	  can	  depend	  on	  rela5ve	  orienta5on	  of	  chain	  

axis	  and	  crystalline	  anisotropy	  axis	  
•  Rela5ve	  external	  field	  orienta5on	  
•  Confounding	  factors:	  varia5on	  of	  size,	  anisotropy,	  

inter-‐par5cle	  distance	  



Hyperthermia	  –	  cancer	  treatment	  using	  magne5c	  
nanopar5cles	  in	  5me-‐varying	  magne5c	  field:	  

Target	  5ssue:	  
tumor	  

magne5c	  par5cles	  (varia5on	  in	  size,	  material	  proper5es,	  etc.)	  

H(t)	  

t	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  hea5ng	  	  
	  
	  
	  
if	  42	  °C	  –	  45	  °C	  for	  about	  30min	  
(therapeu5c	  range)	  then	  tumor	  
Is	  destroyed	  

Q.	  A.	  Pankhurst	  et.	  al.,	  J.	  Phys.	  D:	  Appl.	  Phys.	  36,	  R167-‐R181	  (2003)	  

Magne5c	  field	  	  
H(t)	  



Nanopar5cle	  chains	  -‐	  design:	  	  
theSPRpeakas comparedto thatof thepristineAuNPswas likelydue

to the thiol adsorption on theNP surfaces.38Dimerization ofCOOH–

PEG–Au–DDT andNH2–PEG–Au–DDT (after BOCdeprotection)

was carried out through the coupling reaction between the end

carboxylic acidandaminegroupsusingcarbodiimidechemistry (N-(3-

dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC)

and N-hydroxysuccinimide (NHS)) (Scheme 1f). The resulting reac-

tion solution has a SPR band at 523 nm. A noticeable broadening of

the peak (Fig. 2a) was also observed which corresponds to the

formation of nanoparticle dimers.24 Fig. 2b shows the TEM image

which confirms the formation of the 6–6 nm sized Au nanoparticle

dimers. The dimer yield was estimated according to a literature

method24 to be approximately 40%. We have also performed the

control experiment by mixing COOH–PEG–Au–DDT and NH2–

PEG–Au–DDT in the absence of EDC and NHS; no dimer was

observed (Fig. S2 in the ESI†).

NP chains are interesting building blocks for fabricating nano-

electronic devices5 and can also be used as SERS substrates.39 To

synthesize NP chains through covalent bonding, there are basically

two methods: fabrication of divalent nanoparticles8 or using the

polymer templated synthesis method.25 In our present work, func-

tionalized Janus AuNPsNH2–PEO–AuNP–DDTwere coupled with

the polyacrylic acid (PAA) chain as shown in Scheme 1g. UV-vis

experiments showed that the SPR band of AuNPs red shifted to

549 nm (Fig. 2c) which was likely due to the presence of polymer and

SPR coupling between AuNPs. TEM analysis confirmed that Au

nanoparticle chains have been successfully fabricated, as is shown

in Fig. 2d.

In many cases, NP heterodimers exhibit properties different from

those of single nanoparticles. For example, Sun et al. have demon-

strated that Au–Fe3O4 heterodimers have enhanced catalytic prop-

erties as compared to individual Au and Fe3O4 NPs.40 Heterodimers

can also be used as dual functional probes for cell imaging.34 To

synthesize heterodimers, such as Au–Fe3O4 using our current

method, care should be taken to study the different interactions

betweenNP andmolecules bearing functional groups.41For example,

AuNPs can react with thiol and amine functional groups, but not

with carboxylic acid groups, while other NPs, such as Fe3O4, can

react with all the above three functional groups. To this end, in

addition to the previously mentioned Janus AuNP COOH–PEG–

AuNP–DDT, Janus Fe3O4 NPs, BOC–NH–PEG–MNP–DDT

(MNP denotes Fe3O4 NPs), were synthesized using a BOC–NH–

PEG–SH single crystal as the template to immobilize MNP (see the

Experimental section in the ESI† for details). Using the COOH–

PEG–SH template forAuNPs and theBOC–NH–PEG–SH template

forMNPs, possible unwanted side reactions are bypassed. Following

the same synthetic procedures described above, hetero 6–6 nm Au–

Fe3O4 dimers can be obtained with a yield of 30% (Fig. 3a).

Furthermore, we can also fabricate 6–15 nm Au–Au heterodimers

using a similar strategy (Fig. 3b, 30% yield).

The synthesis of heteronanoparticle chains was carried out using

the PAA templated synthesis method as well (Scheme 1g). By

utilizing the reactions between mixed amine terminated Au and

Fe3O4 nanoparticles (NH2–PEG–AuNP–DDT and NH2–PEG–

MNP–DDT) and PAA in the presence of EDC and NHS, hetero

Au–Fe3O4 nanoparticle chains were obtained, as is shown in Fig. 3c.

Fig. 3d shows the high resolution TEM image indicating part of

a heteronanoparticle chain where lattice structures of Au NP (111)

and Fe3O4 NP (220) are clearly visible.

In conclusion, we have developed a new method to fabricate

functional Janus NPs based on the PSCryT approach. Two types of

polymer single crystals, COOH–PEO–SH and BOC–NH–PEO–SH,

were developed using the self-seeding technique to meet the need for

different NPs and different fabrication purposes. The as-fabricated

functionalized Janus NPs were then used as basic building blocks to

synthesize covalently bonded NP ensembles. A variety of structures,

including homo- and hetero-NP dimers and chains, have been

successfully fabricated.We believe that this method will find different

applications in SERS, cell imaging and nanoelectronic devices.
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or large spheres or to another interaction such as
van der Waals forces.

The probability distributions in Fig. 2 are
“field guides” to the free-energy landscapes at
N = 6, 7, and 8. Each structure represents a
local free-energy minimum, the depth of which
is proportional to the probability. We note two
topographical features besides the trend toward
structures with low symmetry: first, the number
of local minima increases dramatically with N;
and second, the landscape is relatively flat forN =
7 and 8. In other words, there are many shallow
minima, but no one minimum has a free energy
much larger than any other.

The landscape undergoes a qualitative change
for N ≥ 9. Theoretically we expect someW = 77
structures at N = 9 and W = 393 at N = 10, too
many to catalog experimentally.We thereforemea-
sured only a subset of structures identified by our
theoretical study (16). The subset we choose con-
sists of clusters that fall into either of two cate-
gories: nonrigid structures, in which one of the
vibrational modes is a large-amplitude, anhar-
monic shear mode; and structures with more than
3N − 6 bonds. Nonrigidity arises when a cluster
contains half-octahedra that share at least one
vertex, allowing the cluster to twist over a finite
distance without breaking or forming another
bond. We expect these packings to have high
vibrational entropy. Structures with more than
3N − 6 bonds can occur forN ≥ 10. These are the
expected ground states.

Indeed, these special packings do occur with
high frequency (Fig. 3 and table S2). Because
most clusters atN = 9 and 10 have equal potential
energy, low symmetry, and therefore comparable
rotational entropy, we expect the average proba-
bility of any one structure in a set of W possible
clusters to be of order 1/W. At N = 9, we expect
an average probability of about 1%, and at N =
10, about 0.25%.

By contrast, the one nonrigid structure at N =
9 occurs with P ≈ 10%. By using the theoretical
W and the experimental P, we estimate that the
free energy of the nonrigid structure is about 2kBT
lower than that of an average structure at N = 9
(14). Thus the structure is highly stable by nearly
half the free energy of an extra bond. The stabi-
lization comes from the vibrational entropy asso-
ciated with the nonrigid mode (movie S3). Our
theoretical calculations (14) predict P ≈ 3%,
which is lower than the observed probability but
higher than all other clusters at N = 9. The dis-
crepancy is due to the sensitive dependence of
the vibrational partition function on the curvature
of the pair potential near the minimum, a conse-
quence of the nonrigid mode. A more precise
calculation requires an accurate measurement of
electrostatic effects in the experimental pair po-
tential near the depletion well.

At N = 10, only 3 of the 393 theoretically
possible clusters have 3N − 5 = 25 contacts, yet
these occur about 10% of the time. Although we
have only limited statistics for higher N, we con-

tinue to observe the prevalence of a few packings
with 3N − 5 or more bonds. The structures with
extra bonds have combined probabilities of 20
to 30% at N = 11 and 12 (table S2). Again these
probabilities are large compared to 1/W, even
though, in several cases, the clusters have high
symmetry. The potential-energy gain is therefore
large enough to overcome the deficiency in ro-
tational entropy.

Perhaps the most striking feature of these clus-
ters is that many are subsets of lattice packings,
and in particular of the hexagonally close packed
(HCP) lattice. The lattice packings are marked
in Fig. 3. The underlying reason appears to be
that both nonrigidity and extra bonds require
the clusters to have octahedral subunits. The pro-
pensity for icosahedra (8, 22) in longer-range
systems is absent in ours. We observed no icosa-
hedra at eitherN = 12 or 13, presumably because
neither 12-sphere or 13-sphere icosahedra are spe-
cial clusters for short-range interactions; neither
are nonrigid, neither have more than 3N − 6
bonds, and both have very high symmetry num-
bers (s = 60).

By using the same statistical mechanical ap-
proximations that were used to estimate probabil-
ities for N ≤ 8, we can calculate the free energies
of all mechanically stable sphere packings that
have been enumerated (16) up to N = 10. This
yields the free-energy landscape shown in Fig. 4.
We see that, in general, the locus of states is cor-
related with the rotational entropy, which is pro-
portional to kBln(

ffiffi

I
p

/s), where I is the moment of
inertia. The only states that lie below this locus
occur atN = 9 and 10. These correspond to either
nonrigid structures or structures with extra bonds,
both of which appear as deeper minima.

The diagram also reveals some new features.
First, low-symmetry polytetrahedral states prolif-
erate as N increases. At N = 10, where clusters
with extra bonds first appear, the absolute prob-
ability of observing these ground states is low
because of the large number of low-symmetry
states that lie at slightly higher free energy.

Second, the highest free-energy structures for
N = 6 to 10 are convex deltahedra (23), polyhedra
with a long history in the field of condensed-
matter physics (24, 3). These are not always the
most symmetric structures; at N = 8 the highest
free-energy state is the deltahedron, a snub di-
sphenoid that has lower symmetry than an eight-
sphere tetrahedral cluster. The convex deltahedra
also happen to be the same “minimal-moment”
structures that are formed in capillary-driven as-
sembly of colloidal particles (25). The optimal
packings under these nonequilibrium conditions
therefore correspond to the least-optimal pack-
ings at equilibrium.

Our results suggest that nucleation barriers
and structural motifs in attractive hard-sphere
systems such as colloidal suspensions will be
different from those in systems with longer-range
potentials, which tend to favor symmetric struc-
tures at sufficiently low temperatures. For N < 9,
all of our clusters have nearly equivalent potential

A

1.0 µmHCP
C2v

P=11%

P=21%B

HCP
Cs

HCP
C1

C1

P=12%C

HCP

C2v

FCC/HCP
D2h

HCP
Cs

non-rigid, N=9 

non-rigid, N=10 

25 bond, N=10

Fig. 3. (A) Optical micrographs and renderings of
nonrigid structures at N = 9 (see also movies S2 and
S3) and (B)N= 10 (movies S4 to S6). (C) Structures of
3N − 5 = 25 bond packings at N = 10 (movies S7 to
S9). The anharmonic vibrationalmodes of the nonrigid
structures are shown by red arrows. Experimentally
measured probabilities are listed at top. Annotations
in micrographs indicate clusters corresponding to
subsets of HCP or FCC lattices. Scale bars, 1 mm.
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Examples	  of	  clusters	  (aggrega5on+selec5on)	  

From	  G.	  Meng	  et.	  al.	  
Science	  327,	  560	  (2010)	  	  



•  Energy	  terms	  involved:	  	  
	  
	  
	  

•  Dipolar	  interac5on	  between	  the	  par5cles:	  

Stoner-‐Wohlfarth	  par5cles:	  

edd = Iij M̂i ! M̂ j "3 M̂i ! â( ) M̂ j ! â( )#
$

%
&

eS,i = !
1
2
K̂i " M̂i( )

2
! hi M̂i " ẑ

K	  

K	  

Z	  
α1	  

α2	  

V	  

V	  

M1	  

M2	  

a	  

Iij =
VjMS

4!a3HK ,i

HK ,i = 2Ki µ0MShi = H /HK ,i

Anisotropy	  	  
Energy	  

Zeeman	  
Energy	  

H	  

i =1,…, N



P !1,! 2,…,! N ; t0( )

Ini5al	  condi5on	  (satura5on):	  

Δei+	  Δei−	  	  

σi	  =	  (−)	  

σi	  =	  (+)	  

Thermal	  relaxa5on:	  Master-‐equa5on	  approach	  (symbolic):	  

Stoner	  Wohlfarth	  p.	  
Relaxa5on	  rates	  (Arrhenius):	  

wi! = f0 exp !"ei! kBT( )

wi+ = f0 exp !"ei+ kBT( )

wi = wi+ +wi!

d
dt
P !1,! 2,…,! N ; t( ) = ! wi+/! ! i( )P !1,! 2,…,! N ; t( )

i=1

N

"

+ wi!/+ !! i( )P !1,! 2,…, !! i,…,! N ; t( )
i=1

N

"



Example	  I:	  non-‐interac5ng	  (single	  par5cle)	  case:	  

e = ! 1
2
K̂ " M̂( )

2
! h M̂ " ẑ

H	  	  	  	  Z	  

Δe+	  
Δe−	  	  

σ	  =	  (−)	  

σ	  =	  (+)	  

ei	  

K	  
M	  

K	  
M	  

V	   V	  
!e± = 2

"1 1± h( )2
•  Find	  extrema,	  calculate	  En.	  barriers	  	  

•  Energy	  

•  Relaxa&on	  rates	  (Arrhenius)	  

w± = f0 exp !
KV
2kBT

1± h( )2
"

#
$

%

&
'

•  Master	  Equa&on:	  	  
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"
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=
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Example	  I:	  non-‐interac5ng	  (single	  par5cle)	  case:	  
•  Master	  Equa&on:	  Solu&on	  at	  constant	  H	  and	  T	  

p±(t) = pEQ
± 1! exp !

t
!

"

#
$

%

&
'

"

#
$

%

&
'+ p± 0( )exp !

t
!

"

#
$

%

&
'

pEQ
± =

w!
w+ +w!

! =
1

w+ +w!

Ini5al	  condi5on	  

Equilibrium	   Relaxa5on	  5me	  

•  Master	  Equa&on:	  &me	  dependent	  H	  –	  increment	  H	  +	  ΔH	  in	  &me	  steps	  Δt,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  star&ng	  from	  very	  large	  nega&ve	  H	  when	  p+(0)	  =	  0	  

p! tk( ) = exp !"t 1
! tk( )k=1

K

#
$

%
&&

'

(
)) M tk( ) MS =1! 2p! tk( )



How	  we	  compute	  hysteresis	  loops:	  itera5ve	  solu5on	  of	  
the	  master	  equa5on	  

Increment	  external	  field	  from	  H	  to	  H	  =	  H	  +	  ΔH	  

par5cle	  i,	  find	  (+),	  (-‐),	  	  calculate	  ΔEi+,	  ΔEi-‐	  and	  wi+,	  wi-‐	  for	  Hi	  

	  	  Flipping?	  	  	  Pi	  =	  Pi,eq�(1-‐exp(-‐Δt/τi))	  +	  Pi,0�exp(-‐Δt/τi)	  

…	  pass	  …	  

Iterated	  through	  all	  par5cles?	  

Repeated	  the	  “Number	  of	  MC	  moves”	  5mes?	  

No	  

No	  

Yes	  

Yes	  



Modeling	  two	  kinds	  of	  experiments:	  

•  Magne5c	  relaxa5on:	  Set	  large	  
magne5c	  field	  H,	  then	  
instantaneously	  reduce	  H	  to	  0	  
and	  let	  magne5za5on	  M	  evolve	  

	  

H	  

M	  
5me	  
t	  

t	  

M	  

=1! 2exp !
1
R

"H
! tk( )k=1

K

#
$

%
&&

'

(
))

M tk( ) MS =1! 2exp !"t 1
! tk( )k=1

K

#
$

%
&&

'

(
))

H	  

Sweep	  
rate	  R	  

M	  •  Rate-‐dependent	  hysteresis	  loop:	  rate	  R	  =	  ΔH/Δt	  



Relaxa5on	  5me:	  non-‐interac5ng	  case	  

900	  part;	  MS	  =	  400	  emu/cc	  (Magne5te),	  K	  =	  106	  erg/cc,	  d	  =	  10nm;	  T	  =	  300	  K;	  f0	  =	  10-‐9	  s-‐1	  

n  Simula5on	  
	  	  	  	  	  	  Fit	  	  

!M t( ) =1" exp "t ! fit( )
τfit	  =	  1.54×10-‐4	  s	  	  	  

! arr =
1
2 f 0

exp KV
kBT
!

"
#

$

%
& '1.55(10)4 s

H	  	  	  	  Z	  	  	  	  K	  



Hysteresis	  loop:	  	  
non-‐interac5ng	  case	  

Rate	  dH/dt	  decrease	  

HC	  =	  HK	  =	  2K/μ0MS	  

H	  	  	  	  Z	  	  	  	  K	  
900	  par5cles	  
MS	  =	  400	  emu/cc	  (Magne5te)	  
K	  =	  106	  erg/cc,	  d	  =	  10nm	  
T	  =	  300	  K,	  f0	  =	  10-‐9	  s-‐1	  	  



Hysteresis	  loop	  area	  vs	  rate:	  non-‐interac5ng	  case	  

H	  

M	  

R	  =	  ΔH/Δt	  

slow	  5mes	  
(superparam.)	  

crossover	  region	  (rate-‐dependent	  
hysteresis)	  	  

Fast	  5mes	  (rate-‐independent	  	  
hysteresis)	  

relaxa&on	  &me	  scale	  ~	  1.5�10-‐4s	  



Example	  II:	  2	  par5cle	  chain	  at	  H	  =	  0	  -‐	  Interac5ons	  

e = E
KV

= sin2!1 + sin
2!2

+ I cos !1 !!2( )!3cos!1 cos!2( )

I = MSV
4!a3HK

!e
!!1

= 0 !e
!!2

= 0

K	  

K	  

Z	  
α1	  

α2	  

V	  

V	  

M1	  

M2	  

sin !1 +!2( ) = 0 & sin !1 !!2( ) = 0

cos !1 +!2( ) = ! 1
2
I & cos !1 !!2( ) = ! 3

2
I



Saddle:	  

energy	  minima	  

energy	  barriers	  

2I	  

−2I	  

((1−2I)2	  −	  I2)/2	  

((1+2I)
2	  −	  I2)/2	  

(1+3I2)/2	  

Solu5ons:	  

full	  	  
correl-‐
a5on	  



Look	  at	  the	  energy	  surface	  when	  I	  =	  0:	  

−	  −	  +	  −	  

+	  +	   +	   −	  



−	  −	  +	  −	  

+	  +	   +	   −	  

Transi5ons	  	  
par5cle	  1	  

Transi5ons	  	  
par5cle	  2	  

Energy	  surface	  I	  =	  0:	  	  
“par5cles’	  individuality”	  



MS	  =	  0	  emu/cc	  (I	  =	  0)	   MS	  =	  400	  emu/cc	  (I	  =	  0.042)	  

MS	  =	  800	  emu/cc	  (I	  =	  0.168)	   MS	  =	  1200	  emu/cc	  (I	  =	  0.377)	  

+−

++

−−

+−
++

−−

Collec&vism	  	  

+−

++

−−

+−

+−

++

−−

+−



Do	  we	  expect	  our	  algorithm	  to	  work	  in	  the	  
interac5ng	  par5cle	  case?	  Yes	  if:	  

1.  Well	  defined	  single	  par5cle	  transi5ons	  –	  convergence	  to	  
equilibrium	  (thermodynamic)	  state	  at	  long	  ;mes	  (or	  for	  
slow	  rates)	  

2.  Energy	  barriers	  corresponding	  to	  individual	  transi5ons	  
well	  described	  by	  a	  single	  par5cle	  Stoner-‐Wohlfarth	  
theory	  –	  accuracy	  of	  physical	  descrip;on	  

	  	  	  	  	  	  	  	  	  	  1)	  &	  2)	  sa5sfied	  if	  sufficiently	  weak	  interac5ons:	  	  
	  	  	  	  	  	  	  	  	  	  Rule	  of	  thumb:	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  I	  <	  0.1	  



How	  we	  compute	  hysteresis	  loops:	  itera5ve	  solu5on	  of	  
the	  master	  equa5on	  

Increment	  external	  field	  from	  H	  to	  H	  =	  H	  +	  ΔH	  

par5cle	  i,	  find	  (+),	  (-‐),	  	  calculate	  ΔEi+,	  ΔEi-‐	  and	  wi+,	  wi-‐	  for	  Hi,eff	  

	  	  Flipping?	  Pi	  =	  Pi,eq�(1-‐exp(-‐Δt/τi))	  +	  Pi,0�exp(-‐Δt/τi)	  

Update	  Hk,eff	  on	  neighboring	  par5cles	  k	  

Iterated	  through	  all	  par5cles?	  

Repeated	  the	  “Number	  of	  MC	  moves”	  5mes?	  

No	  

No	  

Yes	  

Yes	  



Relaxa5on:	  

900	  part;	  MS	  =	  400	  emu/cc	  (Magne5te),	  K	  =	  106	  erg/cc,	  d	  =	  10nm;	  T	  =	  300	  K;	  f0	  =	  10-‐9	  s-‐1	  

n¢	  Simula5on	  
	  	  	  	  	  	  Fit	  	  

No
n-‐
in
te
ra
c5
ng
	  ca

se
	  

X	  

Y	  

Z	  



K	  

Z	  

V	  

M1	  

M2	  

a	  

Direc5onal	  dependence	  of	  dipolar	  interac5ons?	  

edd = Iij M̂i ! M̂ j "3 M̂i ! â( ) M̂ j ! â( )#
$

%
&

Iij =
VjMS

4!a3HK ,i

H	  

Z	  

K	  

V	  

M2	  
M1	  

a	  

Y	  



X	  

Y	  

Z	  

No
n-‐
in
te
ra
c5
ng
	  ca

se
	  

X	  

Y	  

Z	  

Relaxa5on:	  

n¢Δ	  Simula5on	  
	  	  	  	  	  	  Fit	  	  



X	  

Y	  

Z	  

X	  

Y	  

Z	  

X	  

Y	  

Z	  

X	  

Y	  

Z	  

X	  

Y	  

Z	  

X	  

Y	  

Z	  

X	  

Y	  

Z	  

X	  

Y	  

Z	  

H	  	  	  	  Z	  
What	  kind	  of	  mag.	  
	  par5cle	  chains?	  	  

	  
+	  ensembles	  of	  chains	  

(interac5on	  only	  within	  the	  chain)	  

	  
X	  

Y	  

Z	  

Non-‐interac5ng	  
case	  

dimers	  

dimers	  



No
n-‐
in
te
ra
c5
ng
	  ca

se
	  

Z	  

Relaxa5on:	  



No
n-‐
in
te
ra
c5
ng
	  ca

se
	  

Z	  

Y	  

Relaxa5on:	  

Not	  
exponen5al!	  	  



Relaxa5on	  5me	  from	  the	  exponen5al	  fit:	  



Hysteresis	  loop	  area	  vs	  rate:	  Z-‐oriented	  chains	  

Z	  

H	  	  	  	  K	  	  	  	  Z	  

900	  part;	  MS	  =	  400	  emu/cc	  (Magne5te),	  K	  =	  106	  erg/cc,	  d	  =	  10nm;	  T	  =	  300	  K;	  f0	  =	  10-‐9	  s-‐1	  

H	  

M	  

R	  =	  ΔH/Δt	  



Hysteresis	  loop	  area	  vs	  rate:	  Z&Y-‐oriented	  chains	  

H	  	  	  	  K	  	  	  	  Z	  

Z	  

Non-‐int	  

Y	  

900	  part;	  MS	  =	  400	  emu/cc	  (Magne5te),	  K	  =	  106	  erg/cc,	  d	  =	  10nm;	  T	  =	  300	  K;	  f0	  =	  10-‐9	  s-‐1	  



H	  	  	  	  K	  	  	  	  Z	  

Y	  

Z	  

Comparison	  with	  respect	  to	  the	  non-‐interac5ng	  case:	  

~	  20%	  reduc5on	  from	  	  
the	  non-‐int	  case	  



Conclusions:	  
•  Kine5c	  Monte-‐Carlo	  technique	  which	  allows	  computa5onal	  

inves5ga5on	  of	  the	  rate-‐dependent	  hysteresis	  behavior	  of	  
magne5c	  nanopar5cle	  structures	  

•  Dipolar	  interac5ons	  determine	  relaxa5on	  5me	  scales	  and	  
hysteresis	  losses	  =>	  dependence	  on	  	  
–  the	  orienta5ons	  of	  chains	  with	  respect	  to	  the	  external	  field	  	  
–  a	  par5cle	  number	  within	  a	  chain	  
–  a	  par5cle	  arrangement	  –	  chains/clusters	  
–  anisotropy	  axis	  orienta5on	  	  

	  
•  Op5miza5on	  of	  hysteresis	  by	  par5cle	  chain/cluster	  

selec5on	  (HGMS,	  …)	  
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Random	  anisotropy	  axis	  orienta5on	  
	  

K	  

Z	  

V	  

a	  

H	  

Z	  

K	  

V	  

a	  

Y	  

So	  far	  only:	  	  

How	  about:	  	  



Hysteresis	  loop:	  non-‐interac5ng	  case	  
random	  anisotropy	  orienta5on	  

Rate	  dH/dt	  decrease	  

HC	  =	  HK	  =	  0.96K/μ0MS	  

H	  	  	  	  Z	  	  	  	  K	  

MR	  =	  0.5	  

900	  part;	  MS	  =	  400	  emu/cc	  (Magne5te),	  K	  =	  106	  erg/cc,	  d	  =	  10nm;	  T	  =	  300	  K;	  f0	  =	  10-‐9	  s-‐1	  



Comparison	  with	  respect	  to	  the	  non-‐interac5ng	  case:	  
random	  anisotropy	  orienta5on	  

H	  	  	  	  Z	  	  	  	  K	   Z	  

Y	  

~40%	  reduc5on	  from	  	  
the	  non-‐int	  case	  



Y	  

Z	  

Relaxa5on	  characteris5cs:	  

•  Not	  so	  well	  	  
	  	  	  	  	  	  dis5nguishable	  	  
	  	  	  	  	  	  5me	  scales	  
•  Non-‐exponen5al	  


