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Magnetic properties of nanoparticle composites, consisting of aligned ferromagnetic nanoparticles
embedded in a nonmagnetic matrix, have been determined using a model based on
phenomenological approaches. Input materials parameters for this model include the saturation
magnetization 1), the crystal anisotropy fieldH,), a damping parametét) that describes the
magnetic losses in the particles, and the conductiwiyof the particles; all particles are assumed

to have identical properties. Control of the physical characteristics of the composite system—such
as the particle size, shape, volume fraction, and orientation—is necessary in order to achieve
optimal magnetic propertie®.g., the magnetic permeabilitat GHz frequencies. The degree to
which the physical attributes need to be controlled has been determined by analysis of the
ferromagnetic resonancd-MR) and eddy current losses at varying particle volume fractions.
Composites with approximately spherical particles with radii smaller than 10@arrthe materials
parameters chosen hgreacked to achieve a thin film geometwyith the easy magnetization axes

of all particles aligned parallel to each other and to the surface of the thindierexpected to have

low eddy current losses, and optimal magnetic permeability and FMR behavia200@ American
Institute of Physics.[DOI: 10.1063/1.1759073

I. INTRODUCTION relationships between the physical attributes of the compos-
ite (viz, particle size and shape, and type of packiagd its
Size reduction and performance increase of on-chip inhigh frequency(GHz) magnetic properties. Practical high
ductors and transformers are believed to be essential for cufrequency applications are enabled by large values of the
rent radio frequency/intermediate frequen@yF/IF) tech- magnetic permeability and FMR frequency; physical at-
nologies to remain competitive* While integration of these tributes of the composites that lead to such optimal magnetic
devices with high permeability soft magnetic materialsbehavior will be identified.
should allow a substantial inductance density increase, ac- This paper is organized a follows. Section Il provides
complishing this without introducing additional significant details about the level of theory used here. The impact of the
losses appears to be a challenge. Recent efforts to developingagnetic particle volume fraction on the effective permeabil-
soft magnetic materials for high frequency applications havéty of the composite is discussed in Sec. Ill. Section IV de-
focused on nanostructured materials sputter deposited as théaribes the FMR losses of magnetic media, and their influ-
films.>=° Thin films (~1 um, or smalley, or multilayers, ence on the magnetic nanoparticle composite properties.
rather than thick films or bulklike realizations, are usually Eddy current losses of isolated and nonisolated particles are
necessary to decrease ferromagnetic resonance and eddy atiscussed next in Sec. V. Results and discussion are pre-
rent related losses in the GHz frequency range. sented in Sec. VI. Finally, the conclusions of this work are
An alternative to the nanostructured thin film approach issummarized in Sec. VII.
the utilization of SOIE Tsagnetic nanoparticles embedded in a
nonmagnetic matrix:~~°Such nanoparticle composites have
the added benefits ofi) lower resistivity(controlled by the Il. DETAILS OF THEORETICAL FRAMEWORK
interparticle distange and hence, reduced eddy current All calculations presented here use phenomenological
losses, andiii) the ability to tailor the magnetic properties of theories that use the following four materials properties as
the composite system by control of the physical propertiesnput: the saturation magnetizatiovig, the crystal anisot-
(such as the size, shape, orientation, volume fraction, @fc. ropy field H,, a damping parametex, and the electrical
the nanoparticles. conductivity o. The saturation magnetization is defined as
This paper will focus on the nanoparticle approach, withthe maximum attainable magnetization per unit volume, and
our system of interest being a composite material consistings related to the number of spin unpaired electrons in the
of metallic ferromagnetic nanoparticles embedded in a nonmaterial. The anisotropy field is a measure of the extent to
magnetic matrix. Special attention will be paid to the mag-which magnetization is preferred along one directitime
netic particle volume fraction, ferromagnetic resonance‘easy” axis) versus othergthe “hard” axe9. The damping
(FMR) and eddy current losses, via phenomenological apparametera is related to magnetic losses in the material.
proaches. It will be shown that these three aspects lead t©amping is practically absent either in insulating materials,
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TABLE I. Bulk magnetic properties for a few relevant materials. is the tive permeability. Thus, in generaﬁl,b“'kzﬂp>ueﬁ, where

permeability of free spaceM and H, parameters chosen in the present eff . .
work are listed in the last row, and correspond to a low frequency bulk™ and .~ are the permeability of the particles and that of

relative permeability of 50 along a hard axis direction. the composite, respectively. It should be noted that while
uPU'%is determined b, Hy, anda, uP is determined by
Material oMs (T) moHi (T) u*(w~0) Mg, Hy, a, and particle shape, and®™ is determined by
Co 1.72 0.569 4.02 Ms, Hy, «, particle shape, and volume fraction.
Fe 2.22 0.057 39.9 In this work, analytical expressions derived elsewhere
FeCo(20% Co 2.45 0.041 59.8 that describe the FMRRefs. 14—16 and eddy curreAt
This work 2.40 0.049 50.0

losses in isolated particles have been used. These formalisms
have been generalized to describe the losses in nonisolated
particle systemgi.e., when the magnetic particle volume

or in specimens that have attained saturation magnetizatiof@ction is greater than zeroAssumptions implicit in this

in a single-domain structuté.M, H,, anda together de- Work are that all particles have identical properties, and are
termine the complex permeability as a function ofall aligned so that their easy axes are parallel to each other.
frequency-*~*°as will be described in Sec. IV. The electrical

conductivity of the particles determines additional losses due

to eddy currents induced at the surface of particles by time IIl. VOLUME FRACTION

dependent magnetic fieldSec. V.

Results reported in Sec. VI are for particular choices of  The effective medium theoffEMT) provides a prescrip-
the four input quantitiesM; andH, values were chosen so tion for calculating the effective properties of the composite
that they correspond to a material intermediate between puigystem(also called the effective mediymMany flavors of
Fe and a FeCo alloy with 20% Co. Table | lists e, H,,  EMTs have been discussed in the literattfré’ these theo-
and the low frequency bulk relative permeabilitf"'“ along  ries attempt to determine the properties of the effective me-
directions orthogonal to théeasy magnetization axis for a dium (such as the effective permeability or the effective per-
few relevant materials and those chosen hémst row of  mittivity) in terms of the properties of the components for
Table |); the relative permeability along the easy axis is as-given component volume fractions. In the present work, we
sumed to be equal to 1. Hereafter, directions perpendicular tare interested in the effective permeabilities of two-
the easy axis will be referred to as hard aX¥ea”"'“ at low  component systems for the most part;deandb be the two
frequencies is given aBl /H,+1, as will be shown rigor- components, with permeabilitieg, and u,, respectively,
ously in Sec. IV, thusM¢ andH, values chosen here corre- and volume fractiong, andcy,, respectively, withc,+ cy
spond to a bulk hard axis relative permeability of 50. The=1.
origins of the damping parametearare not well understood. The microstructure of the composite has been shown to
As mentioned above, nonzero conductivity of the particlegplay a major role in determining the effective properfiei
and multidomain regions within a particle could contribute tothe general case when the microstructure is unknown, rigor-
a of each individual particle. Nonuniformities of the system ous lower and upper bounds for the effective properties have
such as particle size and shape distributions, particle allopeen derived? For instance, the Maxwell-Garneit(MG a)
composition variations, etc., could contribute to the effectiveEMT (Ref. 25 provides the lower bound given by
a of the composite as a whole. These latter factors are not
explicitly considered in the present work; we have assumed p— _ MaT M
that e is a well d_efined property of each ind_ividual particle, w20, _CaMaJr 2up’
and that all particles have same value w@f(in the 0-0.3
range. The electrical conductivity is assumed to be 1.0which corresponds to a situation when spherical component
x 10’ S/m, close to that of Fe. a particles are completely embeddeddnand the Maxwell-

The magnetic permeability is in general a tensor, dis-Garnettb EMT (Ref. 25 provides the upper bound given by
playing different values in different directiorie.g., the easy
and hard axis permeabilities mentioned abowénless oth- wo— g _ Mb— Ma
erwise stated, “permeability” in the present work refers to p&+ 2, _Cb,ub+2M ' @
the diagonal component of the relative permeability tensor 2 2
along an appropriate hard axis directidras will be clarified  which corresponds to the complementary situation when
further in Sec. IV. spherical componerit particles are completely embedded in

As mentioned above, the low frequency bulk relativea. Thus, we anticipate the M@ theory to be valid at small
permeability is simply related tM andH,. In the case of c, (or largecy), and the MGb theory to be valid at large,
finite systems, such as particles or thin films, the relativegor smallc,). Since at intermediate volume fractions, neither
permeability is in general smaller than or equal to its bulkcomponent is entirely embedded in the other, Bruggéfnan
counterpartdue to a shape anisotropy field that gets addedgroposed that the particles should be considered to be em-
to theH,); for instance, spherical particles have permeabilitybedded in the effective medium itself, and obtained the fol-
identical to that of the bulk, but other types of particles dis-lowing relationship(symmetric with respect ta andb) be-
play smaller permeabilities. When particles are embedded itween the permeability of the effective medium and that of
a nonmagnetic matrix, there is a further reduction in the relathe componentg¢for spherical particles

()
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100 T ' determined by (smallera implies a smaller width Perme-
— Maxwell-Garnett a ability with a large imaginary part is undesirable as it results
—-— Maxwell-Garnett b in a decreased material quality factdiefined as the ratio of
——— Bruggeman e / the real to the imaginary parts of the permeabjlifthe FMR
e / behavior arises due to the precesion of the magnetization
T / axis about the applied field direction, as described by the
7 / Landau-Lifshitz equation discussed below. In the absence of
. damping (a=0), the magnetization axis precesses indefi-
P / nitely (ideal behavior, damping causes the magnetization
e / direction to spiral in and align with that of the applied field.
- Most of the conclusions in this work were reached by focus-
/ - ing on just the low frequency permeability and the value of
; _— the FMR frequency.

effective permeability
=
N
\

0 0.2 0.4 0.6 0.8 1 A. Isolated particles with no damping  (a=0)
magnetic particle volume fraction, ¢
The Landau-Lifshitz equation, given by
FIG. 1. Predictions by the Maxwell-Garnett and the Bruggeman theories of -
the low frequency effective permeability of a composite made up of spheres dM

(with low frequency particle permeability of 5@mbedded in a nonmag- W =—poYMXH, (5
netic matrix.

governs the relationship between the total magnetization
off off and theinternal field H; here, y is a constant called the
Ha™ M~ " Mo— K 3) gyromagnetic ratidthe ratio of the electronic spin magnetic
a,ua+2,ueff b,ub+ 2u° ' moment to the spin angular momentynand is equal to
1.759< 10" C/Kg. Under the assumption that the easy axis

In the above, particles could be either isotrofgiermeability . o . ) _
constant along all directiohsor anisotropic with all their of the particle comm_des Wlth _the axis, U_HethA" M:
easy axes aligned parallel to each other. Figure 1 compardd€ré the external field is given by Hey=H,x+H,y
the Maxwell-Garnett and Bruggeman theories for a systemi” k2 the magnetization is given bM=M,x+M,y

of spherical particles with low frequency particle permeabil-+Msz, and A=(Ac,Ay,A;), in case of isolated particles,
ity of 50. Since one of our components is composed of magare equal to the demagnetizatiofshape factors N
netic particles ¢;=c, the magnetic particle volume frac- =(Nx,Ny,N,) tabulated widely for isolated particles of vari-
tion), and the other is nonmagnetic,/=1—c), wa=uP  OUS shape¥>*Thus, it is implicitly assumed that the exter-
=50 andu,= 1. Also, particles are assumed to have all pos-nal (frequency dependentield is transverse to the axis.
sible radii, which is the reason the volume fraction spans thé&olution of the Landau-Lifshitz equatidiq. (5)] results in
entire 0—1 range. For spherical particles of identical radiusthe frequency dependent permeability tengofdefined by
the maximum attainable volume fraction is O(&¢jual to the M= (u—U)H¢,, whereU is the unit matriy, whose diag-
packing density of cubic close packed structures of conenal componentévhich are relevant to the present wpeke
densed matter systejns given by

Details of the derivation of these expressions can be

found elsewheré~2’In the present work, we have used the @m(@ot OmAy)

. . . /‘LXX: 2 2 2 + 1! (6)
Bruggeman EMT, which is supported by experimental data. 0y~ 0+ 0own(ActA)) + o AA,
In the case of nonspherical particles, the above equation can
be generalized 8 B wm(wot wmAy) 1 7
Myy_wz—wz—i-ww (A +A,)+ w2AA T @
) (1—c)(1—p) @ o 0@mLAT Ay T OmixBy
o (P Ny S (1= p N, Pz=1, ®)

whereN, is the shape factor of the particles along the direc:\Where wo=uoy(Hi=AMs), on=wuoyMs, and o is the
tion of the magnetic fieldi.e.,k=x ory, the hard axasWe  angular frequency of the external RF fiejd,, and u., are
will have more to say about this factor in the Sec. IVv; for the hard axes permeabilities, and,, is the easy axis

spherical particlesiN, ,= 1/3. permeability.® _ _
At low frequencieq w~0), Egs.(6) and(7) can be sim-
IV. FMR LOSSES plified to
As mentioned in Sec. lIMg, H,, and« determine the (0~0)= s 1 ©)
complex permeability as a function of frequertéy®at low Foxx H+tMg(A—A,)
frequencies, the permeability is a real constant, but in the
vicinity of the FMR frequency, the real part decreases to zero Ms 1. (10)

w~0)= +
while the imaginary part displays a peak whose width is ol ) Hi+Ms(Ay—A,)
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In the case of bulk materials and spherical partic@s,o Landau-Lifshitz equation
and A= (X+ Y+ 2)/3, respectively, and in both these cases, (witlyM; Hick especified)
Egs.(9) and(10) simplify t0 uy= myy=Mg/Hy+1, as was N
alluded to earlier.

The FMR frequency is defined by the well known Kittel A
expressiofr° '

_ 2 2
O = 05+ WA+ Ay) + 0 AA

:lu‘O'y\/[Hk"'(Ax_Az)Ms][Hk+(Ay_Az)Ms],

11 i W -u?) 5
(1) M =1

peff
Bruggeman EMT

(with N, , specified)

bulk

when u,, and uyy go through a singularityabove the FMR

frequency,,uxx and,uyy approach zero FIG. 2. Flowchart describing the process of self-consistently determining

the particle and effective permeability at a nonzero particle volume fraction.

B. Isolated particles with damping  (a#0) V. EDDY CURRENT LOSSES

All real materials display some magnetic loss mecha-  Materials with nonzero conductivity display eddsur-

nisms that smooth out the singularity mentioned above at thffC® current losses in addition to the FMR losses described
FMR frequency. In addition, damping results in a complex@P0ve. Eddy currents, set up due to a frequency dependent

permeability tensofas opposed to the purely real quantities €xtérnal magnetic field, shield the magnetic field from pen-
of Egs. (6) and (7)]. In the present treatment, damping is etratlng into the particle, t_hereby reducing the particle per-
assumed to be contained in theparameter, and is accounted Meability at high frequencies.

for by making the transformatidn A. Isolated particles

wy— wotiaw (12) In the case of isolated spherical particles, teedy cur-

rend reduced particle permeabiliy?,y, is given by%?
in Egs. (6) and(7), wherei=+—1. The imaginary part of o A eddy
the permeability, which is close to zero at low frequencies,  Meddy™ é(R,w) uP, (14

displays a maximum at the FMR frequency. where the (complex eddy current factore(R,w) for a
spherical particle of radiuR, and giveno, o, and u” is

kRcoskR—sinkR
sinkR— kR coskR—k?R? sinkR’

C. Nonisolated particles  (volume fraction >0) e(Rw)=2 (15

As the volume fraction of the magnetic nanoparticles _ .
increases from zero, each particle finds itself in an environwhere k= —icwuP=(1-i)Jowu’/2. The above rela-
ment of effective permeability.®" (rather than the nonmag- tionship follows from well known Mie scattering resiffts
netic environment In such circumstances, the demagnetiz-and analytical solutions to Maxwell equatioitsAs kR
ing factorA of Egs. (6)—(11) is given by32 —», €—0, and so, largRR and o will result in large eddy
current induced lossesesulting in smallugyqy) -
it N
p(uP—1)

In the case of particles considered héspheres and cylin-
drical rods with the easy axis along the rod axjgP=
=My, ang,ueff is given by the solution to Ed4). It can be
seen thatA given by the above equation has the expecte

(13 B. Nonisolated particles  (volume fraction >0)

One of the important manifestations in composites with
nonzero particle volume fractions is the statitical effect of
clustering—particles physically, or electrically, start touching

ach other, resulting in effective particles much larger than
o X ) o he actual particles at large particle volume fractions. This
limiting b(_ehav!or_. Foif:nsta_nce, ?t low vplume.fractl(neo— could have an adverse effect on the particle pemeability, as
lated particle limif, u®"~1, implying A~N; at high volume o hermeability degradation increases with particle size.
fraction (bulk limit), M%ﬁ’“ﬂﬁ implying A~0, as one would Assuming that identical particles are distributed ran-

expect for bulk materials. o domly in the host medium, the relationship between the total

It should be noted that determination @f"(=uyx  particle volume fractionc and the volume fractiorc,, of
= pyy) requires a knowledge &, which in turn requires the  cjusters composed ah physically (or electrically touching
knowledge ofuP and . Thus, Eqs(4), (6), (7), and(13) particles is given by
need to be solved self-consistently for given magnetic par- 5
ticle volume fraction and particle shape. The solution process Sm=mc"(1—=¢)%. (16)
is heuristically depicted in Fig. 2. Once the self-consistentEquation(16) is proved rigorously in Appendix A. Equation
solution (uP, u®", and A) is determined?® the FMR fre-  (16) was also numerically verified, details of which are pro-
guency can be calculated using Efl). vided in Appendix B.
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50 . frequency = 10 GHz
~ 100 ‘ :
—— R = 100 nm
—— R =500nm .
y s == R =100 nm (insulated)
40 | \ R = 1000 nm —— R =100 nm (clustered)
real —-— R =500 nm (insulated)
2 —— R =500 nm (clustered)
B 2 —-— R =1000 nm (insulated)
g 30 r 5 —— R =1000 nm (clustered)
£ \ 5 T
& £ -
o jy
5 \\ a 10y /‘/-/ .
8 201 — s N - 7 [] -7 -]
5 |magmary \ > - e
: 5 ]
= i - P
A [ - - —
10 | // K \ 1 S
/ Vi AN ’”, ‘7//
s ’ // -
P ‘/‘/ P p // //
- __, : -
o p— = i o — 1 1 ) —
10° 10° 10" 10" 10" 10" ] -
frequency (Hz) 0 0.2 0.4 0.6

volume fraction
FIG. 3. Relative permeability degradation due to eddy current losses in
spherical particles of three different sizes; solid and dot-dashed lines indiFIG. 4. Influence of eddy current losses on the effective permeability of
cate the real and imaginary parts, respectively, of the particle permeabilitycomposites at 10 GHz as a function of the volume fraction for three different
spherical particle radii; particles are either allowed to physically or electri-
cally touch each othefindicated as “no ligand} or not (indicated as

If we make the further assumption that clusters of size ‘figand”).

behave like effective particles with volume equalntdimes

the volume of each individual particles, we will have a com-

posite with a size distribution of particles. Particles with dif- are negligible below 10 GHz, if the particle radii are smaller
ferent sizes will display varying degrees of eddy currentthan 100 nm. We then move on to studying the FMR losses
losses. The effective permeability of this composite systenin such small particle systemghence eddy current losses
can be obtained from the following generalized Bruggemarcan be ignored This latter analysis will help us identify the
equation: dependence of the particle shape and packing type on the
frequency dependent effective permeability. We will con-
clude this section with some comments about effective me-

§ (R, @) uP— u®"
dium theories.

1Ry, ) P+ 2"

=0=f(p°". 17

The above equation is for spherical particles, and is the gen- Figure 3 displays the relative permeability of spherical
eralized form of Eq(3) for a composite with more than two pamcles of three different sizes, calculated using Bd),
components. The summation runs over particles of clustefith uP=Ms/H,+1. Here, we have used the low frequency
size uptoQ (with Q chosen sufficiently large the second Value of uP [Eq. (9)] rather than its frequency dependent
term of Eq.(17) represents the contribution due to the non-analog[Eq. (6)]; this helps us focus on just the eddy current
magnetic matrix. losses in the absence of FMR losses. We do this primarily to
Although Eq.(3) can be solved analyticallfas it results ~ identify those circumstances when eddy current losses can be
in a quadratic equation fqu®™), Eq. (17) needs to be solved neglected. We do mention though that in frequency ranges
numerica”y_ Here, we have used a Newton_Raphson typ@/here both FMR and eddy current losses are Significant, the
algorithm™ to solve for x®", which requires the following frequency dependent®, given by Eq.(6), should be used in
first derivative: Eq. (14).
o As can be seen in Fig. 3, the real part of the permeability
, decreases to zer@vith a concomitant peaking of the imagi-
f (,u 2 nar . .
= y parj at lower frequencies for larger particles. In the
0.1-10 GHz frequency range, the trend seen in Fig. 3 indi-
3 cates that particles with radii smaller than 100 nm are ex-
m (18) pected to encounter negligible eddy current losses.

The effective permeability.®*" of a composite at a given
frequency will depend on the size of the particles, and
whether the particles are allowed to physically touch each

We now use the theories outlined above for our magnetiother (thereby creating larger effective particle¥he effec-
nanoparticle composite system, with particle material proptive permeability when physical touching of particles is al-
erties listed in the last row of Table I. We first explore the lowed is given by the solution to E¢L7). Some nanopatrticle
impact of eddy current losses alofie the absence of FMR synthesis techniques result in particles with a coating of or-
losses on our system, and will find that eddy current lossesganic ligands? in such cases, particles are prevented from

A. Optimal particle size

36( I:2i 1w)1u'p
(R, 0) uP+2u°M?

Te
Q
1-2> ¢

=1

VI. RESULTS AND DISCUSSION
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TABLE Il. Analytical expressions for the low frequency relative permeability along the two hard axes, and the
FMR frequency for particles with different geometries; the easy axis is assumed to be parallet &xitheand

M>H, .
Shape Ny Ny N, Mxx Myy Wfmr
Bulk 0 0 0 Mo/Hy) +1 (Mg/Hy) +1 ovHy
Thin film 12 0 0 1 ~0 ~0 ~ oYMy
Thin film 2° 1 0 0 ~2 (Mg/HY)+1 ~ oy VM gH
Infinite roc® 0.5 0.5 0 ~3 ~3 ~ moyM2
Sphere 1/3 1/3 1/3 Mo/H)+1 (Mg/Hy) +1 ovH

#Film normal parallel taz axis.
PFilm normal parallel tax axis.
‘Rod axis parallel t@ axis.

touching each other, and the effective permeability is giververy reasonable low frequency permeabiligibeit along

by the solution to Eq(17) with only the first term in the first only one directiohand FMR frequency. It is for this reason
summation retainechere, it is assumed that the ligand shell that magnetic thin film approaches involve thin films grown
thickness is much smaller than the particle radius, when theo achieve the thin film 2 type of configurati8f.Infinite or
Bruggeman EMT is still valid; see Sec. VIC belpwrigure  finite rods or cylindergwith the eazy axis parallel to the

4 delineatesw®" as a function of the magnetic particle vol- cylinder axig have even higher FMR frequencies than the
ume fractionc, at 10 GHz for the three particle radii of Fig. thin film 2 case, but low permeabilities. Spheres have prop-
3 both when the particles are allowed and not allowed terties identical to that of the bulk. Rods or cylinders with the
touch each other. Understandably, physical touching of pareasy axis along the radial direction are not considered here,
ticles has an adverse effect at large volume fractions, due tgs practical growth of such structures are not expected to be
larger number of large clustefas can be inferred from Fig. easy. From Tables Il and IIl, it is clear that approximately
11). Even when physical touching of particles is allowed, wegpherical particlegbetween spherical and rod with aspect

see that composites with particles of radius 100 (@n  (atio 2) are desired, in order to have optimal particle perme-
smallej do not suffer from eddy current losses at 10 GHz, jjity and FMR frequency.

while composites with larger particles display significarit Another important factor to consider is the manner in

degradation. Under the assumption that our nanoparticleghich the particles are packed to achieve a final desired geo-

have radii smaller than 100 nfiwe can ignore effects due  merric structure: assuming that the particles are all aligned so

to eddy current losse®elow 10 GHz, as we will in the rest ¢ thejr magnetizatioteasy axes are parallel to each other,

of this paper. particles could be packed to acheive either the bulk or the

_ ) _ thin film final geometry limits. Here, the “bulk limit” is

B. Optimal particle shape and packing type defined as the situation wheamly the interior of the com-

1. a=0 posite system occupies the space with appreciable magnetic
The shape factorsNy,N,,N,), the low frequency per- field, i.e., the surfaces or boundaries, of the composite sys-

meability[determined using Eq¢9) and(10)], and the FMR  tem are located in regions of negligible magnetic field,

frequency[determined using Eq11)] for a few representa- thereby generating negligible demagnetizing fields in any di-

tive cases are listed in Tables Il and lll. The FMR frequencyrection. The “thin film limit” is defined as the situation when

is smallest for the bulkand the sphejeconfiguration. The the thin film surfacegbut not the edgesare located in re-

“thin film 1" configuration (with the easy axis coincident gions of appreciable magnetic field, thereby generating de-

with the film surface normalhas very high FMR frequency, magnetizing field®nly along the film normaf® Clearly, (ap-

but negligible permeability, while the “thin film 2” configu- proximately sphericalparticles packed to achieve the thin

ration (with the easy axis along the surface of the jilhas film 2 limit (hereafter referred to simply as the thin film

TABLE lll. Same as Table IlI, except that the numerical values listed in the last row of Table | were udéd for
andH, ; an additional entry for a finite rod with aspect ratio 2 has also been incldgge: w,,/27.

Shape Ny Ny N, Mxx Myy fimr (GHZ)
Bulk 0 0 0 50 50 1.4
Thin film 12 0 0 1 ~0 ~0 67.2
Thin film 2° 1 0 0 2 50 9.7
Infinite rocf 0.5 0.5 0 2.9 2.9 33.6
Finite rod! 0.43 0.43 0.14 4.2 4.2 20.9
Sphere 1/3 1/3 1/3 50 50 1.4

#Film normal parallel taz axis.

PFilm normal parallel tax axis.

‘Rod axis parallel t@ axis.

YRod axis parallel t@ axis; aspect ratie 2.
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FIG. 5. Arrangement of short rods to achieve thin film(&, or circular _///‘ . . ‘
sleeve(b) packing. The easy magnetization axes of rods are assumed tc 1 0 ! 0.2 ! 0.4 ‘ 06 : 0.8 : p

coincide with thez (or rod) axis. If a current carrying conductor is present at

the core of the circular sleeve, the magnetic field direction coincides with

the direction(indicated by the arrowof maximum permeability. FIG. 6. Effective low frequency permeability®™ vs magnetic particle vol-
ume fraction for spherical and finite rqdspect ratio Rparticle composites
determined by self-consistently solving E@4), (6), and(13); the packing

. . . . _ type does not have an effect on thé".
limit), with the particle easy axes oriented along the film

surface, is a desired configuration, a schematic of which is
shown in Fig. %a). Another realization of this limit is shown

schematically in Fig. &), for the case of a coaxial circular aicles packed to achieve the bulk and the thin film 2 lim-
sleeve around acurre_:nt carrymg_conductqr. Each short_p_leqf-s’ calculated using the procedure described in Sec. IVC
of the sleeve approximates a thin film, with demagnetizing, i, the modification identified above for the thin film limit.
fields set up only along the radial directiGand not along the The impact of the packing limit is felt in the FMR frequency
tangential directionof the circular sleeve. Thus, the perme- but not in x°. Consistent with expectationg®" of the
ability is small along the radial direction and maximum goperical particle composite is higher than that of the finite
along the tangential direction. The latter direction in the caseyq composite. The FMR frequency, for the bulk limit pack-
of the circular sleeve of Fig.(b) coincides with the direction j,, qoes not change with volume fraction for the spherical
of the magnetic field, which will result in the desired induc- particle composite(as isolated spherical particles already

tanc'e enhancement; in the case of the thin film type paCkinﬂave properties identical to that of the bylkut falls for the
of Fig. Xa), inductors can be suitably designed so that MOSkinite rod particle composite. For the thin film packirfg,,

of the generated magnetic field is directed alongytheis, in - yises yery fast for the spherical particle composite, and

order to achieve enhanced inductance. o _ reaches the saturation value of about 10 GHz at a volume
It should be mentioned that the properties listed ing,ction of ~0.4, whereas for the finite rod particle compos-

Tables Il and il for the rods and sphere are for isolatedye jt tais relatively slowly to the 10 GHz value. Assuming

part.icles Ny N,V’ NZ, are the demagnetizing shape factorsyat achievablehin film packing densities o&pproximately
for isolatedparticles in a nonmagnetic environmgrtorre- sphericalparticles are in the 0.45-0.55 range" values in

sponding to low magnetic particle volume fractions. Increasgna 3_1g range, ant},,, values in the 18—10 GHz range can
’ mr

in particle volume fraction implies that particles are no be expectedfor the materials parameters chosen here
longer in a nonmagnetic environment but embedded in an

effective medium with permeability.®, and so the self-
consistent procedure described in Sec. IVC should be
adopted to determing.®® and A as a function of volume
fraction. It should be noted that the bulk and thin film limits
are characterized by the demagnetizing factarsl low fre- Thus far, we have focused our attention on the low fre-
quency permeability andyy,,) listed in the first and third quency permeability. The complex effective permeability as
rows of Tables Il and Ill, and so, these results must be rea function of frequency can also be calculated for various
covered ag— 1. Adopting the solution procedure outlined in choices of the damping parametet, as described in Sec.
Sec. IV C automatically ensures achieving the bulk litas 1V B. Figure 8 shows the complex®™ calculated using the
the A—0 asc—1). The thin film limit is achieved by using self-consistent procedure of Sec. IV C as a function of fre-
Eq. (13) for calculatingA, andA, (both of which go to zero quency for a spherical particlghin film packed composite
asc—1), and requiring thah,=1—(A,+A,), so that the at a volume fraction of 0.45. As the value @fincreases, the
thin film demagnetizing factors are recoveredcas1. peaking of the imaginary part gi*" broadens, as expected.
Figures 6 and 7 display the low frequency effective per-For smalle, ff,, that can be determined from Fig.(810
meability and the FMR frequency as functions of the particleGHz) is consistent with that from Fig. 7. Large tends to
volume fraction for spherical and finite rgdspect ratio 2 shift f,, to lower frequencies, as can be seen in Fig. 8.

volume fraction

a¥0
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10 . .
—— sphere (thin film)
rod (thin film)
—-— sphere (bulk)
— - — rod (bulk)
isolatedrod  [==7 “‘\\
—_ BRI \\\ FIG. 7. The FMR frequency, vs magnetic particle
N S — . - . .
10" | ~. — 2 thin fitm limit volume fraction for sperical and finite rqdspect ratio
3 - 2) particle composites determined by self-consistently
w solving Egs.(4), (6), and (13). “Thin film 2" and
“bulk” limit final geometry cases are both shown.
isolated sphere bulk fimit
10° . s . .
0 0.2 04 0.6 0.8 1
volume fraction
C. Comments on EMTs which is essentially the Maxwell-Garnett equatidtg. (1)]

ith the appropriate substitutiona! can now be used in the
ruggeman EMT equatiofEq. (3)] to yield the dependence
of the effective permeability of the composite system as a
unction of volume fraction for various choices bfR. This
E/(esults in curves of the type shown in Fig. 9. As before, it is
ssumed that particles of various rathiut with the same
/R ratio) are present in the system in order to completely
fill up the volume. The maximum achievable particle volume
ﬁactlon is given byR%/(R+L)3. This is the reason the
curves for varioud /R ratios in Fig. 9 do not go all the way
to volume fractions of 1. As can be seen from Fig. 9, at the
énaX|mum allowed particle volume fractions, all curves ter-
minate at the MGa curve, and as the/R ratio increases, the
behavior is increasingly like the M@ behavior.

Small L/R ratios are thus generally preferred. We also

Some comments regarding the effective medium theorieg
are in order. As was mentioned in Sec. VI A, some nanopar-
ticle synthesis techniques could result in particles with af
ligand shell coatind® It was also alluded to in Sec. Ill that
the microstructure of the composites could play a major rol
in determining the effective properties of the system, and thaL
the lower bound foru®™ is provided by the MGa theory.
Here, we show that these considerations may become re
evant when the ligand shell thickness is very large compare
to the particle radius.

Let L be the ligand shell thickness, aiRdbe the radius
of the particles. Assuming that the ligand is nonmagnetic, th
ligand coated particle has a permeabilitygiven in terms of
the particle permeability.? by?®

w'—1 R \3uP-1 wish to emphasize that there is no single unique curve that
L5 ' (19 describes the dependence of the effective permeability on the
w'+2 \R+L) 4P+2 ; :
volume fraction, but aange of allowed values of effective
20
alpha = 0.01 100 A ' ' '
~~~~~ alpha = 0.05 Bruggeman EMT
-—— a|pha=0_1 """""" L/R = 0.01
-~ —=- alpha =0.3 ---LUR=0.05
> —- LIR=0.1
£ —-— LUR=03 e
] 2 —— Maxweli-Gamnett a EMT]| T /
g real g o /
% g 10¢ / 1
o) 2 P
k7 8 e
= ST
[}] / /
imaginary -
T
1 1 I ] 1

frequency (Hz) 0 0.2 0.4 0.6 0.8 1
volume fraction
FIG. 8. The complex effective permeabiliy®® vs frequency for a few
choices of the damping parameterthin film packing of spherical particles ~ FIG. 9. The effective medium theofEMT) predictions ofu®" for various
with volume fraction 0.45 is assumed. ligand shell thicknes$lL) to particle radiugR) ratios.
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permeabilities, depending on the details of the microstructuréy of 50), composites consisting of approximately spherical
of the composite. particles packed to achieve the thin film limit with a volume
fraction in the 0.45—-0.55 range are expected to display a low
frequencyu®™ and f,, values in the 3—18 and 18-10 GHz
VIIl. SUMMARY ranges, respectively.

A phenomenological model that helps us understand the
properties of magnetic nanoparticle composites, consisting of

particles with identical properties embedded in a nonmagACKNOWLEDGMENT

netic matrix, has been developed. The input parameters for  \ye wish to acknowledge interactions and numerous dis-
.thIS mode_l include the sa_turatlon magnetizathg, t_he an-  cyssions with Dr. Roland Stumpf.
isotropy fieldH,, a damping parameter that describes the
magnetic losses in the particles, and the conducttiyityf the
particles. Three aspects that have peen investigate(_j include>pENDIX A: PROOE OF EQ. (16)
the effects due to the volume fraction, ferromagnetic reso-
nance (FMR), and eddy current losses. Relationships be-  We first give a rigorous proof of Eq16) in one dimen-
tween key magnetic properties such as the effective permesion (1D), in the spirit of Statistical Mechanic®,followed
ability and the FMR frequency, and the physical attributes ofoy a much simpler heuristic proof, that helps us generalize
the particles(such as size, shape, and packing jypave the 1D solution to any number of dimensions.
been identified. The Bruggeman effective medium theory hai_ Proof 1
been used to relate the particle permeability to the effective
permeability of the composite for a given magnetic particle ~ Consider a set of 1D particles, all of the same unit
volume fraction. The conclusions of this work can be sum-ength, distributed randomly in a 1D grid of unit periodicity.
marized as follows. Particles are free to touch each other, but do not overlap, and
(1) Particles with radius smaller than 100 nm experiencehe center of each particle coincides with some gridpoint.
negligible permeability degradation due to eddy currentlThe unoccupied portions are assumed to be occupied by
losses below 10 GH#for the present choices dfl5, Hy, “host” elements. At any given situation, we thus haig
and o). This is true even at high particle volume fraction, particles andNy, host elements, with the particle volume frac-
when clustering of particles could result in effective particlestion c=Npy/(N,+Np).
much larger than the actual particles. If m particles are contiguougphysically touching we
(2) The particle shape plays a dominant role in deterhave a particle cluster of size, with nf, representing the
mining the ferromagnetic resonance behavior. Spherical papumber of particle clusters of sizg likewise,n/, represents
ticles display the highest low frequency permeability but lowthe number of host clusters of sine Let S, and S, denote
FMR frequency(equal to the intrinsic bulk valugswhereas the total number of particle and host clusters, respectively.
cylindrical rods with the easy magnetization axis parallel toWe then have the following four constitutive relations:

the rod axis display low particle permeability but high FMR Np

frequency. Approximately spherical particles, between a N,= E nPm, (A1)

sphere and a rod with aspect ratio 2, are expected to have m=1

optimal low frequency particle permeability and FMR fre- N,

quency. _— _ _ Sp= 2 nh, (A2)
(3) The manner in which particles are packed to achieve m=1

a certain final geometry will determine the properties of the Ny

composite. Two examples of packing types are the bulk limit N, = 2 ngqm (A3)

and thin film limit packing, and in each case the properties =

are determined by the demagnetizing factors characteristic of N,

the final geometry. => nn (A%)
(4) Assuming particles are arranged so that their easy m=1

axes are all parallel to each other, bulk type packing W|II.|_he total number of ways), of arranging this system is

result in a composite with properties identical to that of the

bulk—low frequency permeability given bW /H,+1 given by
along directions normal to the easy axis, and a low FMR Sp! S,
frequency proportional téd,. On the other hand, thin film Q (A5)

_Prope ; e % e e
type packing with the particle easy axis aligned parallel to m=1"m “"m=1"m

the film surface will result in thin film like properties—low The system will gravitate towards that arrangement that
frequency permeability given byls/H,+1 only along the maximizes(.3® Recognizing that in the case of 1D systems,
direction normal to both the easy axis and the film normals,=S;(=S), we attempt to determine the maximum of the
and a high FMR frequency proportional tdM¢H,. Thin objective function defined as
film type packing is thus preferred. Np

(5) _For the ma_LtenaIs parame_ters chosen here for_the ]—‘:InQ—a( 2 nﬁ]m—Np
magnetic nanoparticle&orresponding to a bulk permeabil- m=1
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Total = S$/I-c)=N,

FIG. 10. Diagramatic representation of the salient features of Proof 2.

Nh
—B( 2, npm- Nh) (AB)
Np Nj,
—A( > nP— nr,}])
m=1 m=1

wherea, B, and\ are Lagrangian multipliers, by requiring
that 9./ onf = 9Fl anp=0. This results in

nf=Sée ke, (A7)

nf=Se e k. (A8)

The four unknowns in Eq$A7) and (A8) (viz, S, «, B, and
\) can be obtained using Eq&1)—(A4). After some alge-
braic manipulations, we have

S=Ny(1-c), (A9)
(A10)

from which the volume fraction of particle clusters of size
can be calculated asi= knE/(Ner N;,) =kcX(1-c)?, prov-
ing Eq. (16) for the 1D case. Needless to say,should sum
to ¢, and it does, as can be easily verified. O

2. Proof 2

np=N,c“ 1(1-c)?

We now proceed to provide a heuristic proof of Etp),
which is valid for any dimensionality. Again, |I&denote the
total number of particle clustefthe particles themselves can
be of any shape and dimensionalitfhe number of clusters
with atleastl particle is obvioushs, the number of clusters
with atleast2 particles isSc, the number of particles with
atleast3 particles isS, the number of clusters witatleast
4 particles isSc, and so on. This is diagramatically repre-
sented in Fig. 10. It can be reasoned that the S#5c
+Sc&+- -+ should equal the total number of particlds, .
Thus,S/(1-c)=N,=S=N,(1-c), identical to Eq.(A9).

Now, the number of clusters witbxactlyl particle,n,
is S—Sc=5(1—c), the number of clusters witkxactly 2
particles,n8, is Sc— SZ=Sq1—c), the number of clusters
with exactly3 particles,n, is S¢—SE=Sd(1-c), and
the number of clusters witlexactly m particles, nf,, is
Sc"(1-c)=N,c™ *(1—c)2. This expression is identical
to Eq. (A10).

Equations(A9) and (A10) have thus been proved with

Ramprasad et al.

0.15 T ; T

\ & ¢ = 0.2 (numerical)
¢ = 0.2 (analytical)
® ¢ = 0.4 (numerical)
——- ¢ =0.4 (analytical)
© ¢ = 0.6 (numerical)
---- ¢ =0.6 (analytical)
O ¢ = 0.8 (numerical)
v —-— ¢ = 0.8 (analytical)

(=]

Py

S
L

volume fraction, ¢,

o
=3
o

/

12

cluster size, m

FIG. 11. Comparison between the numerical and analytical results of the
cluster size distribution for different total particle volume fractions.

hence, we conclude that these and Edf) are general re-
sults. O

APPENDIX B: NUMERICAL VERIFICATION OF EQ.
(16)

We have also verified the validity of E¢L6) by using a
1D numerical model, based on ensemble averaging. A total
of 10000 ensembles, each with 100 gridpoints of the type
described in Appendix A Proof 1, were considered. For a
given volume fraction, the occupancy of each grid point with
a particle was determined stochastically using a Monte Carlo
proceduré’’ The number of clusters of a particular size was
then determined for each ensemble, and its average over all
ensembles calculated to yield the cluster volume fraatjgn
Figure 11 shows a plot af,, as a function of cluster sizea
for four different particle volume fractions, and is compared
with that predicted using the analytical result. The agreement
is quite good for smaller particle volume fractions; for larger
¢, the small discrepancies between numerical and analytical
results can be attributed to the finiteness of the number of
ensembles and the system size.
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