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Mie scattering of magnetic spheres
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The Mie scattering intensity of a magnetic sphere has been derived by extending the classical Mie scattering
approach to a media where the dielectric constant is no more a real number but a tensor with a gyrotropic form.
Using a perturbation method the propagation equations of the electromagnetic field are derived. For an incident
plane wave the magnetization effect could be detectable. The Mie scattering intensity is analyzed for special
incident wave configurations, in particular, for the case where the magnetic field of the incident plane wave is
polarized along the magnetization direction. This magnetization effect is most important for the finger pattern
of the backscattering intensity. Magnetic Mie scattering is still significant for a magnetic sphere of radius larger

than 10 nm.
DOI: 10.1103/PhysReVvE.69.026606 PACS nuniderd1.20—q
[. INTRODUCTION Let us recall briefly the method developed by Mie to solve

the scattering problem. We introduce the incident electro-

Magnetic nanostructures are of growing interest, in parmagnetic wave E; ,B;), the scattered fieldsE.,Bs), and
ticular due to their potential industrial applications to high o inner fields E,.,B,.). These fields have to obey Ed8)
. . . . . mn»s»~in/-
density magnetic recording media. The conventional magznq (). At the boundary between the metallic sphere and the

netic characterization techniqugl| are limited to the study surrounding media we apply the continuity conditions
of large clusters or to large ensembles of parti¢®8s Then

the interpretation of the data is not trivial due the shape and 2 2 > > _ 2

! T : . i +Esc—Ein) Xe =
cluster size distribution. A recent experiment on the magnetic (Ei+Esc—Ein) X e =0, ()]
anisotropy of a single cobalt nanocluster used a hew micro— - - - - =
superconducting quantum interference  devi¢eicro- (Hi+Hsc—Hin) X & =0, (4)

SQUID) set up[3]. .
The determination of the magnetization of clusters hagvheree, is a vector perpendicular to the sphere .

been the subject of many theoretiddl] and experimental We assume now that the medium displays a magnetization

studies5] . The experimental studies are based on Stern an@long thez axis. Then, the dielectric constants no more a

Gerlach deflection measurements. The aim of the present a¥calar, but a tensor which has a gyrotropic form

ticle is to show that magnetic effects can be detected by Mie

scattering experiments. This would provide then an alterna- € &y O

tive way to determine the magnetization. It is well known e=| —&y e 0. (5)

that the interaction of an electromagnetic wave with a mag- 0 0 e

netic sphere is weak. However, as our calculations show the 0

malgngtlzatlllon eggcts arehdetecéal_?le. din Sec. Iil From symmetry consideratiofi7] one gets that the off-

n Sec. Il we discuss the model and in Sec. Il we repo_rtdiagonal terms ire are linear functions of the magnetization
on the.mfllljence.of the.magnetlzatlon direction on the M'eM. They represent the magneto-optical Kerr effect contribu-
scattering intensity profile. tion to e and are derived from polar Kerr ellipticity and

rotation measuremei8]. Note, formally we could write
Il. THE MODEL

Of course the classical Mie scatterifg] of an electro- Exy= Ahs oM+ -, ©6)

magnetic wave by a metaljlc nonmagnetic sphere 1S .Con\'/vhere)\S_O is the spin-orbit coupling constant. In small clus-
trolled by the Maxwell equations of the electromagnetic field . ;
- : ) ) - ters\g, may be larger than in bulk materigd].
(E, I—!). For a linear, isotropic, and homogeneous medi&im Applying a coordinate axis transformation of Hd) to a
andH are solutions of the following equations: laboratory framege can be rewritten for any arbitrary mag-
. .. netization direction as
V2E+k2E=0, (1)
e=¢€gl +€'. (7)
V2H+k?H=0, )

Here, €' is a matrix proportional to the magnetization M.
wherek? is equal tow?eu. Here, is the wave frequency Moreover, e’ is different from zero only in the inner sphere
and € and u are, respectively, the dielectric and magneticregion. Therefore, the wave equations for the electromag-
constants of the media which are both scalar numbers.  netic fields are written as
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V2E+ w?eouE=— w?ue'E, (8)

V2H + w?equH = — w?ue H. 9

Here, €’ can be regarded as a perturbationetoThus, it
seems natural to apply a perturbation approach. Helce,
andH are written as

(10
(1D

E° andH? are the fields without the magnetization and given
by Egs.(1) and (2) as in the classical Mie approach. The
termsE' andH' result from the magnetization of the sphere
in ith order perturbation theory.

Let us investigate the first-order field correctidas H?*
(the higher corrections are obtained similarly follows that

V2E 4+ wlequEl= — w?ue'E°, (12

V2H1+ w260MH1= —

wzue’ﬁo. (13

In Egs.(12) and(13), the termsw?ue’ E® andw?ue’HO can
be regarded as source terms. Thereférk,and H! can be
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FIG. 1. Mie Scattering geometry of a magnetic spherical cluster.

obtained with the Green function method. Let us denote by'he incident plane wave is propagating along feis, the electric

GEM(r,r') the Green function foE andH if M=0:

V2GEM (1,1 + w?PuGEN(r,r) = —4ma(r ).
(14

Due to the spherical symmetry it is convenient to expand

GEM(r,r') in terms of spherical harmonics. Thus,
G =G (r,6,4:1',60',6")
=2 G r)Yin(6'.6)Yin(0,4). (19)
From Eq.(13) it follows thatg,(r,r’) is a solution of

d2

ar?

2d

+
r dr

I+ . 1 )
2 gi(r,r ):—r—zé(r—r ).

(16)

+6w2,u—

Let a be the radius of the spherical cluster. T@(’r,r ") has
formally three different solutions:

(1) If r<a andr’<a,
gi(r,r)=ji(kro)[Ahf(kr-)+Bh(kr-)].  (17)

(2) If r>a andr’>a,

and magnetic fields are polarized along #handy axis. The mag-
netizationM has an unspecified direction.

gi(r,r)=hi(k'ro)[Cji(k'r-)+Dyj(kro)]. (18
(3) For all other cases,
gi(r,r)=EhH(K'ro)ji(kro). (19

The coefficientsA, B, C, D, and E are derived from the
boundary conditions. Thus, the first-order contributions to
the fields due to the magnetization are

El(F)szfD € w?uENL(rGR(rrdr’, (20)
S

A= [ | e ot @i @
S

Dgis the inner volume of the sphere. Higher order perturba-
tion contributions to the fields are obtained straightforwardly
in a similar way.

Ill. RESULTS

We apply our model to a cobalt sphere. Note, for radius
larger than a critical radius,, the sphere is no more a mono-
magnetic domair(for cobalta;, =30 nm). Nevertheless an
applied magnetic field may cause a single domain structure
and will control the direction of the magnetization. The di-
electric tensor is dependent on the frequency of the electro-
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FIG. 2. Without the magnetization effect, the backscattering in-
tensity |, pack in the —Z direction vs the cluster radius(A) for
different wavelengtHenergyE,,=1 eV (solid line), E,=3.5 eV
(dashed ling andE_,=5 eV (long-dashed ling, respectively,e,
worth —29.76+i140.00, —4.592+17.778, and—1.569+i5.58.
magnetic wave. We use the optical constant obtained by o
Johnsonet al. [10] and derive the off-diagonal part of the 5 ©
dielectric tensor from the bulk measurement of Kerr elliptic-
ity and rotation done by Zepeat al. [11]. The bulk value 160 ©
used are a good first guess for answering if the magnetization 17 o
effect on the Mie scattering is significant or not. Note, our g
guess gets better for larger cluster.

The incident electromagnetic fieldE(,B;) is a plane

OD

FIG. 3. Results for the angle-dependent magnetic Mie scattering

. S - e intensity using a first-order calculation. The wave energyEjs
wave propagating along treaxis with an electric field po- =5 eV (1 eV). The angle refers to the polar coordinate in #e

larized along thex axis and the magnetic field 3'0”9 tye plane and the axis units are arbitrary. The cobalt sphere has a radius
axis (see Fig. 1 The direction of the magnetizatiod is  of 2600 A. The long-dashe@tashed curve is for a magnetization
assumed to be arbitrary. From Ed80) and (21), we note  along the positivenegative y axis. The solid curve refers to the
that the field correctiong® andH?! involve only integrations ~case when no magnetization is present. We u&ge —29.76
over a small volume of the sphere. As a consequence th&i40.00 (~1.569+i5.58) and €,=-1.92+i0.41 (-0.059
corrections are weak. Therefore, generally the magnetizatiof 10-122) in(b) [(@] for E,=1 eV (5 eV).

has a weak effect on the value of the electromagnetic field

and on the total Mie scattering cross sectin Now let us discuss the effect of the magnetization on the
1 ) Mie scattering. We investigate first the case where the cluster
W= ERefo fo dad ¢r2sin 9)2(Ei¢H§c9_ = aH§c¢ radius is of the order of the magnitude of the wavelength. We

choose a value of the radius of 2600 A such that Egy

=5 eV the backscattering intensity is small. Our calculation
shows that the effect of the magnetization is small. But it is
However, the magnetization effect could be detected for spé110re i”?po.”a”t and.detectable_for special d'irec.tion_s of the
cial directions of the differential cross section for which the magnetlzanon. :I'h|_s is the case if the magnetization is essen-
contributions given bE® andHP are small. This is the case tally along theB; (i.e., along the y axis o _
for the classical Mie scattering when the size of the cluster is " Fi9. 3, we report results for the Mie scattering intensity
of the same order as the wavelength. Then the backscatterizgjr different wave energies in the half plare (X>0), i.e.,
spectra displays some finger pattern. In Fig. 2, the backscal? the plane containin andk. We use the polar represen-
tered intensityt , paci in the — Z direction has been plotted vs tation and the axis units are arbitrary. The solid line is the
the cluster radius(A) for different wavelengths or energies classical Mie scattering curvgor H=0). We plot also the

E,, of the electromagnetic wavels, 5.« iS sensitive to these first-order changes due to the magnetization, wivknis

two parameters. FOE,=5 eV, |, pack iS very small for a  along the positivey axis (long-dashed curyeand when it is
radius of 2400 A. along the negativg axis (dashed curve

~ EgeoHiy+ EscyHip). (22
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120 © %0 ° 60 © FIG. 5. First order calculation of the angle-dependent magnetic
Mie scattering intensity for a wave ener@,=5 eV. The angle
\ ‘ X refers to the polar coordinate in tzex plane and the axis units are
b/ arbitrary. The cobalt sphere has a radius of 260 A. The long-dashed
I (dashed curve refers to the case where the magnetization is along
the positive(negative y axis. The solid curve refers gl =0. We
usee,= —1.569+i15.58 ande,,= —0.059+i0.122.
For smaller cluster radius the finger pattern disappears.
150 © 30 © The spectra for a radius of 260 A display a significant effect
of the magnetization fo¥= /4 or 3w/4 with changes of
25% forE,=5 eV (Fig. 5. For a radius of 150 A the effect
amounts is only to 8% and for 100 A only to 4%.
I IV. CONCLUSION
180 ° 0°

The present calculation has shown that the Mie scattering
FIG. 4. Finger pattern of the first order calculation of the angle-from a magnetic sphere results most significantly in the mag-
dependent magnetic Mie backscattering Intensity for a wave energgietization when the incident wave is a planar electromag-

E,=5 eV (3.5 eV).The angle refers to the polar coordinate in the patic wave withM along the incident magnetic field axis and

z-x.plane and the axis units are arbitrary. The cobalt sphere has @ o qetection plane is determined by the incident electric
radius of 2600 A. The long-dashédashedl curve refers to the case . - . . .

where the magnetization is along the positisegative y axis. The ~ f1€/d andk. To control experimentally the direction of the
solid curve refers to the case ®fl=0. We usee,=—4.592 Magnetization an applied magnetic field can be applied.
+i7.778 (- 1.569+15.58) ande,,=—0.1613-i0.0733 (-0.059 For a cluster radius of the same order of magnitude as the

+i0.122) in(b) [(@)] for E,=3.5 eV (5 eV). light wavelength, the finger pattern of the intensity profile is
more affected than the forward lobe shape wheiis paral-
lel or antiparallel to the incident magnetic field . Even for
smaller cluster, this effect is still detectable for a radius
larger than 100 A. For smaller cluster size, it would be in-
%eresting to investigate the nonlinear optical properties.

We have seen that for small magnetic spheres magnetism
affects the Mie scattering. An important problem is to deter-
mine the magnetization from Mie scattering intensity profile.
Note, for small clusters the magnetization is size dependent.
Hence, for known cluster sizes it is possible to determine the
magnetization by fitting the experimental Mie scattering

The effect of the magnetization is maximal whbh is
parallel to they axis: in fact the boundary conditions E®)
and(4) give some relations on the normal components of th
fields which are more affected for thid direction. The for-
ward intensity displays a lobe shape which is increasiteg
creasing whenM is along the positivénegative y axis. The
spectra is essentially modified fé= 7/4: for E,=5 eV the
largest effect is nearly 10% as fé&r,=1 eV it is 25%. For
=0 (or ) the M effect does not occur, the corrections to
the field are very _weak. The f_ingering pattern of the baCk'spectra to the calculated ones by usiag. The analysis
scattered spectra is more modified and compfeg. 4. The should be repeated for different wavelem.rfgth energies.
zeroth-order spectra is no more always located between the
ones obtained wittM parallel or antiparallel to thg axis.
Note that for6= 7/2 andE_ =5 eV the zeroth-order inten-
sity is very small, but the first order one due to magnetization The authors thank the Procope-Egide program for finan-
is large. cial help.
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