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ON THE SCATTERING OF ELECTROMAGNETIC WAVES

The influence of the magnetic dipole moment of a mon-spherical metal nanoparticle on the
scattering of electromagnetic radiation by the particle has been studied in the framework of the
kinetic approach. Analytical expressions for the scattering cross-section of spheroidal particles
are obtained, and their dependence on the incident radiation wavelength and the nanoparticle
eccentricity is analyzed. The contribution of a magnetic moment to the scattering at frequencies
far from the plasmon resonance is shown to be comparable with that of the electric moment,
with the ratio between the magnetic and electric moment contributions being mazximum for
spherical nanoparticles. The calculations are performed for an arbitrary ratio between the par-
ticle size and the free electron path, which enables our results to be compared with the Mie

theory in the case where the electron scattering in the particle bulk dominates.
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1. Introduction

In recent years, plenty of researches were devoted to
the optical properties of nanoparticles. It is enough to
mention some of the works dealing with various as-
pects of this problem, such as the influence of surface
plasmons on the absorption and light scattering [1—-
3], nonlinear effects in the dynamics of fast electronic
processes [4, 5], generation of strong ultra-violet ra-
diation by metal nanostructures [6], optical heating
of plasmon nanoparticles [7], and so forth. A detailed
review of recent results, as well as theories which be-
came classical, can be found, e.g., in works [8,9].

If the size of a metal nanoparticle is smaller than
the electromagnetic wavelength, the optical proper-
ties of such an object considerably depend on its
shape. For example, the absorption and light scat-
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tering in metal nanoparticles are known to be mainly
governed by plasma resonances. The number of res-
onances depends on the particle shape. For instance,
there is one such resonance for a sphere, and three for
a spheroidal particle. Moreover, if the particle size be-
comes smaller than the mean free path of electrons,
the optical conductivity of an asymmetric particle is
described by a tensor [10,11], whose components de-
termine the half-widths of plasma resonances. In this
case, the Drude-Sommerfeld model has to be modi-
fied, because it does not take into account the tensor
character of the optical conductivity, and the influ-
ence of the particle shape on plasma resonances is
contained only in depolarization factors.

The authors devoted a series of works to this
topic. However, the attention was mainly paid to the
influence of the electric component on the scattering
and light absorption. The matter is that the influence
of the magnetic component of an external wave can
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be neglected in comparison with the electric one at
plasma resonance frequencies. At the same time, it
was shown in work [10] that, in the infra-red spec-
tral interval (more exactly, at frequencies close to the
frequency of a COs laser), the contribution of the
magnetic component to the absorption becomes com-
parable with that of the electric component and can
be even larger, if the particle size increases.

This work is aimed at considering the influence
of the field magnetic component on the electromag-
netic wave scattering by metal nanoparticles in the
frequency interval far from plasma resonances. In ad-
dition, the influence of the tensor character of the
optical conductivity is taken into account for non-
spherical (ellipsoidal) nanoparticles. Analytical ex-
pressions for the light scattering cross-section will be
derived with regard for the magnetic contribution,
and the dependences of the ratio between the mag-
netic and electric scatterings on the incident wave fre-
quency, sizes of spheroidal nanoparticle, and spheroid
eccentricity will be analyzed.

2. Formulation of the Problem

First, let us consider the general case of the problem
dealing with the light scattering by a metal nanopar-
ticle, when the particle is an ellipsoid with three dif-
ferent semiaxes: R, R,, and R,. Below, in order to
obtain analytical expressions, we will confine the con-
sideration to the case of an ellipsoid of revolution with
R,=R,#R..

So, let an ellipsoidal metal nanoparticle be located
in the field of a monochromatic electromagnetic wave

() = (o) .

where E and H are the electric and magnetic com-
ponents, respectively, of the electromagnetic wave; w
and k are its frequency and wave vector; and r and ¢
correspond to spatial coordinates and the time. We
assume that the electromagnetic wavelength A =
= 27/|k| is much longer than the characteristic parti-
cle size. In this case, we may consider that the particle
is in a field that is spatially uniform, but changes in
time. This model makes it possible to consider only
dipole modes and to neglect multipole contributions
of higher orders. The electric component of the ex-
ternal field induces a local potential electric field Ejo¢
inside the particle, which makes a contribution to an
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electric current with the density j. that appears in
the particle. The magnetic component of the wave
induces a vortex electric field E.q inside the metal
particle, which also gives a contribution to the cur-
rent with the density j,,.

The electric and magnetic moments of metal
nanoparticles induced by the external field generate
a scattered wave. We will consider the scattered wave
at large (in comparison with the wavelength) dis-
tances from the particle, where it can be assumed as
transverse. The notations E’' and H' will be used for
the electric and magnetic, respectively, components
of the scattered wave. The average intensity of radi-
ation emitted by the electric and magnetic moments
into the solid angle d? and at the distance Ry from
the particle equals [12]

_i 4 12 2 :i "2 2
dls = —|[E' x H'|*RjdQ = —|H'[*R3dq, (2)

where ¢ is the speed of light. In formula (2), we took
into account that |E'| = |H'|.

The magnetic component of the field created by the
scattered wave at large distances from the particle is
given by the formula [12]

2
/

w
:CQ—R(QJ{[nde—[nx M x n]]}, (3)
where the unit vector n marks the scattering direc-
tion, and the vectors d and M are the induced elec-
tric and magnetic, respectively, dipole moments of the
particle.

To find the differential scattering cross-section, the
average scattered radiation intensity has to be divided
by the energy flux density in the incident wave

C 2 c 2
Iy =—|H|I" = — |E|". 4
o= HP = B (4)

As a result, the differential scattering cross-section
equals

dls  [H']2
gy = Ms _ H]

2
7o = Epe o (5)

From expressions (3) and (5), it is clear that, in
order to determine the differential scattering cross-
section, we have to know expressions for the dipole
and magnetic moments. The latter, in turn, are re-
lated to the fields Ej,. and E¢q induced in the par-
ticle. Hence, to begin with, let us determine these
fields.
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3. Local Fields

As is known from the literature (see, e.g., [12]), the
spatially uniform external electric field E() induces
a local potential electric field Ej,. in an ellipsoidal
particle, which does not depend on the spatial coor-
dinates. The local field Ej,. can be linearly expressed
in terms of the external field E(9), by introducing the
depolarization tensor L;;. In the principal axes of the
tensor L;;, which coincide with the principal axes of
the ellipsoid, the relation between the external and
local electric fields looks like [12]
(E100>j = (6)
where L; are the principal values of the depolarization
tensor L;;, and € is the dielectric permittivity of the
metal of the particle.

In formula (6), the dielectric permittivity ¢ is a
scalar. As was shown in work [10], for asymmetric
particles smaller than the electron mean free path, the
dielectric permittivity is a tensor ¢;;, since the high-
frequency conductivity also is a tensor, of;. Those two
quantities are related by the well-known formula [13]

47
gij(r,w) = ;5 + Tafj(ruw)v (7)
where §;; is the Kronecker symbol, and of; the com-
plex conductivity tensor. In view of the tensor char-
acter of the dielectric permittivity, expression (6) ac-
quires the form

(Broc)j = v———— (8)

— 1) ’
where ¢;; stands for the diagonal component of the
dielectric permittivity tensor along the axis j.

It should be noted that expressions (6) and (8) cor-
respond to the situation where a metal nanoparticle
is located in a medium with the dielectric permittiv-
ity &, = 1. The transition to the case of a medium
with the dielectric permittivity e, # 1 is made by
changing ¢ — ¢/e,, (or €;; = €j;/€m in formula (8))
[12]. Then formula (6) reads

15 E(-O)
Eoc j — il .
(Bloc); em + Lj(e —em)

(9)

It should also be noted that, in the case of an en-
semble consisting of many particles, the polarization
vector in a separate particle is induced not only by
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the external field, but also the dipoles induced by
the external field in other particles belonging to the
ensemble [14]. This effect will be neglected here, but
it can be taken into consideration in the interaction
scenario [15].

Let us proceed to the determination of a form of
the vortex local field Eqq. This field has to satisfy
Maxwell’s equations

rotEeq = EH(O),
c
divE¢q = 0.

As for the right-hand side of Eq. (10), we interpret the
external magnetic field as a field in the particle. This
approximation is valid, if the thickness of the skin
layer is much larger than the characteristic size of
the particle [12]

5= (CImvE) > R, (12)

where 0y is the skin layer thickness, and Ry, is the
largest ellipsoid semiaxis.

By integrating Eq. (11) over the particle volume
and using the Ostrogradskii-Gauss theorem, we ob-
tain a condition for the vortex local field at the surface
of a metal particle,

Eeq ng =0, (13)

where ng is a unit vector normal to the particle
surface. Equations (10), (11), and (13) completely
determine the field Eoq. Taking inequality (12) into
account, the expression on the right-hand side of
Eq. (10) is constant. Therefore, the field Eoq has to
be a linear function of the coordinates. In the general
form, this conclusion can be expressed as follows:
3

(Bea)j = Y ajpa. (14)

k=1
Using Eq. (11) and the boundary conditions (13), we
obtain the following analytical expressions for the co-
efficients

iw R? iw R?
oy = T H(O) .= — Y H(O)
G T R R YT R R
iw RS iw RZ
L= HO o, =—=—2__HO
% cRZ+RZT T U RIL R
2 . 2
S R -y Y () R Lo R Ly 1)
c RZ+R2 YV c RZ+RZ Y
(15)
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where R;, R,, and R, are the semiaxes of the ellipsoid
directed along the axes x, y, and z, respectively.

Formulas (14) and (15) give explicit analytic ex-
pressions for the vortex electric field in the particle. It
is easy to verify that, in the spherical case, we obtain
the expression

- v (0)
Eoq = QiC[r x H™. (16)

From whence, one can see that the vortex local field
is perpendicular to the external magnetic field in the
case of spherical particle.

Having determined the local fields that arise in a
metal nanoparticle under the action of an external
electromagnetic field [see formulas (6), (8), (14), and
(15)], it is possible to calculate the electric and mag-
netic dipole moments induced in the particle.

4. Electric and Magnetic Dipole Moments

The electric and magnetic dipole moments that arise
under the influence of an external electromagnetic
field are related to the current density j(r,¢) by the
following relations [12]:

%d(t):/d?’r’j(r’,t), (17)
1%

M(t) = %/d‘n’r’[r' x j], (18)
1%

where d(t) and M(t) are the electric and magnetic,
respectively, dipole moments, and the integration is
carried out over the nanoparticle volume V. The cur-
rent density j(r,t), in turn, can be determined, if we
know the distribution of electrons in the nanoparticle
over their velocities. More precisely, we should find
a nonequilibrium correction to the Fermi function,
which describes the action of the local fields E,. and
Eeq in the particle.

In the linear approximation, the distribution func-
tion of electron velocities can be written in the form

f(rvvvt) = fO(E) + fl(rav)e_iwtv

where fo(¢) is the Fermi distribution function, and
fi(r,v) is the nonequilibrium term in the linear
approximation. In this case, the Boltzmann kinetic
equation looks like

(19)

(v —iw) fi(r,v) + viaflé? v) +
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9o
Eioc + Ee —— =0,
+e(Eioc + Eeq)V 9

and the collision integral is calculated in the relaxa-
tion-time approximation,

ohy __h __1
ot )1 T’ v

Equation (20) should be supplemented with bound-
ary conditions at the nanoparticle surface. Both the
diffusion and specular boundary conditions are con-
sidered in the literature (see, e.g., work [16]). For non-
planar boundaries (in our case, the boundary is de-
scribed by the equation of ellipsoid), we may confine
the model to the diffusion conditions at the particle
surface:

(20)

(21)

fi(r,v)|s =0, v, <0, (22)

where v, is the velocity component normal to the
particle surface.

We will not dwell in detail here on the solution
procedure for Eq. (20) with the boundary conditions
(22). The corresponding details can be found, e.g.,
in work [17]. We would like only to note that it is
convenient to find a solution after changing to a new
coordinate system

, R=(R.R,R.)'3.
(23)

' N i
T = Yi&i, Uy = Yili, %fﬁ
i

Then the solution of Eq. (20) with the boundary con-
ditions (22) looks like

dfo
= — €= E oc
fi(r,v) e 9% {v loc +
3 / eyl

x O\ 1—e 7

+ E Qi V; (j +Uj~>}~, (24)
bt V4 ov 1
where the notation 7 = v — iw is introduced, and
1

tl(r/’vl) _ v? [r'v’—i— \/(RQ— r/2)v/2+ (r/v/)Q (25)

is the characteristic of Eq. (20).

Now, on the basis of the distribution function (24),
we can calculate the electric current density, by using
the formula

i) =2 (55) [ [ [vhtwwie,
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where e and m are the electron charge and mass, re-
spectively, and A Planck’s constant. Hence, expres-
sions (17), (18), and (24)—(26) completely determine
the electric and magnetic dipole moments that arise
in the metal nanoparticle under the action of an
external electromagnetic field. Nevertheless, the fur-
ther calculations are convenient to be carried out in
terms of the polarizability, x;;, and magnetic suscep-
tibility, x;;, tensors. They are introduced by the re-
lations

3

= 2 W, =
i

Similar expressions for the tensors introduced
above can be found by calculating the Fourier trans-
forms of Egs. (17) and (18) and comparing them with
expressions (27) and (28). The formula for the polar-
izability tensor x;; was obtained in previous works
(see work [10]). Therefore, we will not reproduce the
derivation completely. Instead, we present only the

final expression, which is necessary for further calcu-
lations:

(of:)

i =1V ———
M idm L (o)

(29)
where V' is the volume of a metal nanoparticle, and
(0, are the diagonal components of the complex
conductivity tensor averaged over the particle vol-
ume. The expression for this tensor can be found from
Ohm’s law in the differential form

3

Gilr,w) = Y (05(@)) (Broc);,

1,j=1

(30)

by using relations (24)—(26).
We omit the details of calculations, which can be

found, e.g., in works [10, 11]. The final expression for
<ij (w)) looks like

32e2 [ d3r!
—_— d3 iV X
p / % / VU5

x 8(e — ) (1 - e*f’t,),
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(08 )) = (==

(31)

where ep is the Fermi energy. It is easy to see that,
in the case i # j, the integration over the whole ve-
locity space gives zero. Therefore, the complex con-
ductivity tensor <U§] (w)> and, as a consequence, the
polarizability tensor x;;(w) are diagonal.

In order to find the tensor of magnetic susceptibil-
ity xij(w), let us substitute expression (26) for the
current density into formula (18) and use the expres-
sion for the distribution function f;(r,v). We obtain

2

._3£31 3ud(e —ex) [dPr (1 — e
Ml—C 5T ~/clvé(zs sF)/dr(l e )x

Z‘ x Ukvl
X § EijkOlm ——————

(32)
’YJ’Yk’YWm

7,k,l,m

It should be noted that expression (24) for the dis-
tribution function f; contains two terms which are
absent from Eq. (32). However, it is easy to see that
one of them (with vEj,.) vanishes at the integration
over the spatial coordinates, and the other one (with
V05 Bu) at the integration over the whole velocity
space.

From Eq. (32), taking expressions (11A), (13A),
and (TA) (see Appendix) into account and making
the corresponding changes in the notations, we obtain

TR%e2 / m \3
M' == 7) d3 6 - X
T o0 \on / vo(e —er)
€ijk QU VU] €ijkQUmVj VLV Uy,
x> | AL (g) + Ua(q) |,
kb YiVEN YiVEYIYm

where the following notations are introduced:

15 ¢ ¢ ¢ ¢

1 32 36 200 8
\112((]): —t o5 3t 2@'

¢ 32 @ ¢ ¢

8 1 4 24 8 3 3\ _

8 25 25\ _,
+*+72+73 e 7,
q g q

(35)
2UR

e

q= (36)

v
The second term in Eq. (33) evidently disappears at
the summation over j and k. In the first term, when
integrating over the whole velocity space, only the
terms with & = [ survive. Therefore, for the magnetic
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moment components, taking the coefficients a;; into
account, we obtain

3,2
M:WR@Z(:J ﬁ)/d%&z—:—ep 1(q) x
14

2 p2
RIE+RR2 (vi 4w )H(O)

2
X RIE_;’_RRz (U +v )H(O) .

R@;RRz (02 +v2)H

(37)

The integration over the velocities in Eq. (37) can
be done analytically, only if the particle is spheri-
cal. In this case, from Eq. (37), we obtain

2 5
2m° RO v} iw (ﬂ3\1’1 (QVR) HO
27 VR

M = —
3mc? 1

(38)
This formula coincides with the result obtained in
work [18].

It should be noted that expressions (37) and (38)
have a general value in the meaning that they are
applicable irrespective of whether the particle size is
larger or smaller than the electron mean free path. It
is easy to demonstrate that, in the case where the
particle size exceeds the electron mean free path, the
expressions for the magnetic moment can be simpli-
fied. For this purpose, we note that the dimensionless
quantity g together with the magnetic moment vector
M depend on the relations among the frequencies v,
Vs, and w, where the frequency

UF

o (39)

Vs =
has a sense of the frequency of collisions of an elec-
tron with particle walls, whereas the frequency v is
a quantity reciprocal to the relaxation time and has
a sense of the frequency of collisions of an electron
in the particle bulk. If v > v, the electron scatter-
ing in the particle bulk dominates; whereas, in the
inverse case v < vg, the scattering of electrons ow-
ing to their collisions with the particle surface plays
the key role. In the limiting case of bulk scattering,
expression (38) transforms into the known result [12]

(kR)?

- RPHO
30

M= (40)
The formula for the magnetic susceptibility tensor
Xi; can be derived from expressions (28) and (37). For

the polarizability x;;, it can be done from relations
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(29) and (31). We note that the integration over the
spatial coordinates in formula (31) can be executed,
as was made for the magnetic moment. As a result,
for the conductivity tensor, we obtain

¢ 362 m\3 3
05D = 5 (o) [ duble = =) v (o), (1)
where L9 A 4 1
V(g ==z—-—"4+—=——(1l+-)e "

In the spherical case, the calculation of the integral
in Eq. (41) brings about the formula

(42)

¢ 3 wh
<Uij(w)>0 = 1677‘1’(6])|v:vp5ij7 (43)
where the notations for the plasma frequency,
4mne?
Wpl = m ) (44)
and free charge carrier concentration,
8 3
45
"T3 (277 (45)

are introduced. It is easy to see that, in the case ¢ >
> 1, Eq. (43) leads to the known Drude formula for
the high-frequency optical conductivity

1 ng
— 5;i. 4
drv —iw 7 (46)

(oj(w)) =

Expression (46) is applicable, if the bulk electron
scattering dominates over the surface one, i.e. when
V> Vg

5. Scattering Cross-Section

As was indicated above, the differential scattering
cross-section is determined by the ratio between the
average (over the period) intensity of a scattered wave
at the distance Ry from the nanoparticle into the solid
angle df2 to the energy density in the incident flux,
ie.

wh

= gt o o
+2Re(n x d] - [n x [M x n]])}dQ (47)

Expression (47) describes the cross-section of light
scattering by a single metal nanoparticle. Although
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the experiments, in which the interaction of light with
a single nanoparticle is studied, are already available
nowadays, an ensemble of particles is a much more
convenient object for the analysis. Therefore, let us
consider an ensemble of metal nanoparticles with the
same volume and shape. Let the distance between the
particles in the ensemble be much larger than their
size. In this case, the interaction between the par-
ticles can be neglected. All expressions obtained till
now are applicable to the general case of three-axial
ellipsoid. Below, to simplify calculations, we choose
the particle shape as an ellipsoid of revolution (a
spheroid), for which R, = R, = R, and R, = R).
Let us introduce a unit vector qu directed along
the spheroid rotation axis. The vectors E(®) and H()
describing the external electromagnetic wave can be
decomposed into the components parallel and perpen-
dicular to the rotation axis, as is shown in Fig. 1:

E© = E|(|O) + E(f) = (B qg)qo + E(f), (48)
HO =1 +HY = H" - qp)q, +H.  (49)

Expressions (27) and (28) give us the components of
the electric and magnetic moments along the field
components of the incident wave in the spheroidal
case:

d=rE +r EY, (50)
M = y,H” H” 51
X+ =L (51)

Here, ), x1 and x|, x. are the components of
the polarizability and magnetic susceptibility, respec-
tively, tensors along the rotation axis (]|) of the
spheroid and perpendicularly to it (L).

All expressions, which are required to find the
differential scattering cross-section (47), were deter-
mined above. We are interested in the case where the
wave is not scattered by a single particle, but by
an ensemble of chaotically oriented spheroidal metal
nanoparticles. Every spheroid in this ensemble has its
own vector qg directed along the rotation axis. The-
refore, in order to find the cross-section of scattering
by such an ensemble, expression (47) has to be av-
eraged over all possible directions of the vector qg.
As a result of the averaging over the directions of
nanospheroid orientations, we obtain the following
expression for the differential scattering cross-section:

wt 1

0)2 2
(d¥)q, = 1504|H(0)2{2E( Ples = myl +
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Fig. 1. Decomposition of the vectors E(®©) and H(® taking
the symmetry of the problem into account

1 2
+3 ‘[n x E(O)]‘ (31261 + iy 22|k L P+ |k [2) +
1 2
+2HO [ —x) > + 5 ‘[HXH(O)]‘ (312xL+xg1* +
_|_2|Xl|2+|X”\2)+2Re(5E(O)[H(O)>< n(k X1 +rLX]) +

+7n x E@].[n x H ij)}cm. (52)
The analysis of this expression is complicated, be-
cause the angle between the direction of the obser-
vation vector n and the electric component of an in-
cident wave E(®), on the one hand, and the angle
between n and H(® on the other hand, are not con-
nected with each other. Therefore, in order to avoid
the analysis of the dependence of the differential scat-
tering cross-section on those angles, let us integrate
expression (52) over all scattering directions. In other
words, let us determine the total scattering cross-
section. The result takes the following form:

4
1
2 2
1
+ 20k Pk ?) + Al —xg P + §(3|2XL+X|||2+
(53)

+2|xl|2+|x|2>}.
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Fig. 2. Dependences of the ratio between the cross-sections of
magnetic and electric scatterings, (X,,)/ (Xe) on the incident
wavelength A normalized by the length Rmax of the larger semi-
axis of a spheroid for a copper nanoparticle with R = 20 nm
and various ratios R /R) = 1.5 (solid curve) and 0.67 (dashed
curve)

<Ip>/<Ze>

I
5 10 15

R

Fig. 3. Dependence of the ratio (3,,)/ (3¢) between the
cross-sections of magnetic and electric scatterings on the ratio
R,/ R between the spheroid semiaxes for a copper nanopar-
ticle with R = 20 nm at the frequency w = 2 x 101% g1
(A &~ 942.5 nm)

Two comments should be made concerning the re-
sult obtained. First, while integrating over the co-
ordinates of the vector n, the cross term includ-
ing the product of the fields E® and H® van-
ishes. Second, although the dependences of the total
scattering cross-section (¥), on | (w)and x| (w)
are functionally identical, the frequency dependences
of the electric and magnetic responses are different,
because £, |(w) and x| j(w) differently depend on
the frequency.

Our task consists in comparing the contributions
of the electric and magnetic components to the scat-
tering cross-section at frequencies far from the fre-
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quencies of plasma resonances. For this purpose, let
us numerically calculate the ratio between those two
components,

(S _ A —xq 2+ 35 B12xa +xy P +2xa P+ %)
<Ee> 4|I€L71€‘||2+%(3‘21€l+l€” |2+2‘RL|2+|HH ‘2)
(54)

In Fig. 2, the dependence of expression (54) on
the incident wavelength divided by the length of the
longest spheroid axis is shown. The wavelength nor-
malization was done, because the developed theory is
valid only if the particle size is much smaller than the
wavelength, and, hence, the shorter waves cannot be
considered. From Fig. 2, one can see that, at wave-
lengths far from the plasma resonances, the magnetic
component of the scattering is of the same order as
the electric one and, therefore cannot be neglected.

Figure 3 demonstrates the dependence of expres-
sion (54) on the ratio between the spheroid axes
R /R). As is seen, there is a peak at a point, where
R, = Rj. This means that the contribution of the
magnetic component is maximum, if the particle is a
sphere.

6. Conclusions

To summarize, the contribution of the magnetic
dipole scattering to the scattering cross-section of
an electromagnetic wave by the ensemble of chaoti-
cally oriented spheroidal nanoparticles has been stud-
ied for an arbitrary relation between the particle size
and the electron mean free path. It is shown that,
at frequencies far from those of plasma resonances,
the cross-sections of magnetic and electric scatterings
are of the same order. On the contrary, at frequen-
cies close to plasma resonances, the magnetic compo-
nent can be neglected in comparison with the elec-
tric one. In addition, the influence of the nanopar-
ticle shape on the ratio between the cross-sections
of electric and magnetic scatterings is analyzed. The
magnetic scattering contribution is shown to be max-
imum if the nanoparticle has spherical shape. The
analytical expression for the magnetic moment of a
metal nanoellipsoid is derived for the first time within
the kinetic approach. The formula transforms into
the classical result for a sphere, if the mean free
path of electrons is much longer than the particle
size.
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APPENDIX

Let us calculate the magnetic moment of a metal nanoparticle
given by the formula:
2

M; = - (%)3% /d3v5(6 — EF)/dST‘/ (1 - eif’t/> X

! . !
Ty, UL V)
X E EijkQm —

J)k,lm

. (1A)
YiVEYL Ym
First, let us integrate over the spatial coordinates r’. For this
purpose, we orient the axis 2z’ along the vector v. In this case,
the characteristic does not depend on the angle ¢’, and we
should calculate the integral

27 27
[ aagen = [ ae'te; - ¥)ien 1), (24)
0 0

Here, we introduced the unit vectors in the coordinate system
associated with the ellipsoid semiaxes:

ej = (sint; cos pj,sin; sin @, cos ), (3A)

where 1); is the angle between the vectors e; and v’, and ¢;
is the polar angle in a plane perpendicular to the vector v’.
Additionally introducing the angle §’ between the vectors r’
and v, as well as the polar angle ¢’ in a plane perpendicular

to the vector v, we can expand expression (2A) in the form

27
/dgo’x;-a:;n = 27r'? {cos ;oS Pm, + sin? 6’ x
0

X {% sin 1 sin Ym cos(@; —@m) — cosh; cos wm]} (4A)

From Eq. (4A) with regard for the relations

sin; sin ;ncos(wj — @m) + cosP; cos Ym = €; -em = djm,
(5A)

/

!
e v em -V
cosw]fiv,2

COS Py, = ———
I K
’IJ/2

(6A)
we obtain finally
2w ;o

v vh!
/dcp/xgx;n = 27rr/2{ i/2m Z),;n]} (7A)
0

Substituting this result into Eq. (1A), we obtain two terms,

1
+ ESiHQ 0’ [6j -3

™ R

I, = /dO’ sin@'/dr’r’4 <1 — eiﬂt’>, (8A)
0 0
T R

I, = /dG' sin® ¢’ /dr'r'4 (1 - eﬂ_’t/). (9A)
0 0

which are to be integrated over §’ and r’. They can be calcu-

lated, if we make the substitutions
r = 't
R~ R’
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n= (10A)

Then, for I, we obtain

1 14n 52 9 1 R
_ p5 4 —-n"+ v _
n=re [t [ e [i-eo (556)] -
0 1-n

2 1
d 1%
= éRS/ﬁ |:1—exp (_§§>:| /dnn3(£2_n2+1) =
0

[§—1]

2 1 8 6 32 2 5 16 16
:R5[———+———+——q—2(1+;+—+—)e—4},

5 q¢ 3¢ ¢ ¢ ¢ ¢
(11A)
where
20R
=== (12A)

Analogously, for Iz, we obtain

41 2 12+4<1+3+3)_q]
——— 4t =+ 5 |-+ 5+ =)
15 2¢ ¢ ¢ ¢ \¢ ¢ ¢

(13A)

I, = R?
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BIIJINB MATHITHOI CKJIAJTOBOI ITOJIA

HA PO3CISIHHS EJIEKTPOMATHITHOI XBUJII
METAJIEBYM HAHOEJIIIICOIIOM

Pesmome

Y paMKax KIHETHYHOIO IIiIXO/y JOCJIi?KEHO BIJIMB MAarHiTHOIO
JUIIOJIBHOIO MOMEHTY aCUMETPUYHOI MeTaJIeBOT HAHOYACTUHKY
Ha PO3CiSIHHS €JIEKTPOMArHITHOIO BUIIPOMiHIOBaHHsS. Jljis1 va-

264

CTUHOK cdepoinanbHol popMH OTpUMaHi aHAJITUYHI BUpPaA3U
ISl TIepepi3y PO3CisHHS Ta MpPOaHaJI30BaHa IXHS 3aJI€XKHICTh
BiJl TOB2KMHU XBUJII 13Jal090I0 BUIIPOMIHIOBAHHS 1 €KCIIEHTPHU-
curery ccepoina. [lokazaHno, mo B jiammas3oHi 4acToT, gaJie-
KHX BiJI IIJIA3MOBUX PE30HAHCIB, BHECOK MArHiTHOIO MOMEHTY B
PO3CisiHHSI OJIHOT'O MOPSJIKY BEJIMYUHU 3 €JIEKTPUYHUM, [IPUYIO-
My BiJTHOIIEHHSI MArHiTHOIO PO3CIiSIHHSI 10 €JIEKTPUYHOIO CTA€
MaKCHMAaJILHUM, KOJIU JacTHHKa Mae dopmy cdepu. Kpim To-
ro, BCi po3paxyHKHU BUKOHAHI JJIsI JJOBIJIBHOIO CIIiBBiIHOIIIEHHS
Mi>K PO3MIpOM YACTHHKH 1 JIOBXKUHOI BIJIBHOIO IPOOIry eJie-
KTPOHA, IO JIa€ MOXKJIUBICTH IOPIBHATH PE3YJIbTATH 3 TEOPIEIO
Mi y Bunagxy ToMiHyI09I0l pOJIi PO3CISIHHSI €JIEKTPOHIB B 06’ eMi

HaHOYaCTHHKMH.
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