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Abstract—Spectral dependences of the light extinction and absorption efficiency coefficients are calculated
for silver, gold, nickel, and aluminum nanoparticles within the framework of the Mie theory. It is demon-
strated that narrow plasmon bands are observed for small (with a radius of less than 50 nm) nanoparticles of
noble metals, whereas broad bands in the spectral dependences of the extinction and absorption efficiencies
are typical for nickel and aluminum nanoparticles. It is concluded that using spectral dependences of extinc-
tion for estimating the radius of nanoparticles is correct only for noble metals. The results are interpreted
based on wavelength dependences of complex refractive indices of metals.
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INTRODUCTION

Currently, there is a great interest in the investiga-
tion of the optical properties of nanoparticles, because
they are used in a large number of technical applica-
tions. It has been suggested to use metal nanoparticles
in nonlinear optical devices [1—7]. It has been shown
that introduction of noble metal nanoparticles (gold
[1, 2], silver [3—5], and copper [3, 6, 7]) into different
matrices leads to the index of refraction and coeffi-
cient of absorption becoming dependent on laser radi-
ation power. It was noted in [3] that the introduction
of metal nanoparticles improves nonlinear optical
properties of such materials as lithium niobate.
Enhancement of an oscillating electromagnetic field
in the vicinity of nanoparticles or nanoscale irregular-
ities of surface relief as a result of their interaction with
the electromagnetic wave [8, 9] can be used for detect-
ing trace amounts of substances by means of Raman
spectroscopy [9]. It was proposed to introduce metal
nanoparticles into solar cells for increasing their effi-
ciency by reducing reflectivity [10]. Introduction of
nanoscale carbon particles allows increasing effi-
ciency of solar heaters due to increased coefficient of
absorption [11]. Using metal nanoparticles for hyper-
thermal cancer therapy, wherein nanoparticles are
introduced into the body, decorate tumors and are
subsequently heated by laser radiation, thus Kkilling
cancer cells, is currently under investigation [12, 13].
Introduction of metal nanoparticles for increasing the
sensitivity of brisant explosives to laser radiation was
reported in [14—18]. It has been concluded that such

nanocomposites are promising materials that can be
used in capsules of optical detonators [18].

In all above cases, the operational efficiency of a
device is determined by optical properties of nanopar-
ticles, which depend on their composition, size,
shape, and radiation wavelength. In most cases, when
discussing experimental results and predicting the
efficiency of operation of a specific device, the con-
cept of plasmon resonance associated with local max-
imum in the spectral dependence of the extinction
coefficient of the substance containing nanoparticles
is used. Spectral dependences of extinction of noble
metal nanoparticles in the vicinity of plasmon reso-
nance band were measured experimentally in a large
number of studies, although the question about speci-
ficities of plasmon resonance in other metals remains
open.

This work aims at studying plasmon resonance in
nanoparticles of different metals. We set the goal of
calculating coefficients of extinction, absorption, and
scattering efficiency for gold, silver, nickel, and alumi-
num nanoparticles as functions of their radius and
radiation wavelength. Selection of metals was dictated
by the fact that silver and gold represent typical noble
metals exhibiting high conductivity and chemical
resistivity, whereas nickel belongs to metals of the iron
subgroup exhibiting lower conductivity. Aluminum
occupies an intermediate position, combining high
conductivity with chemical activity.
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Table 1. Calculated position and amplitude of peaks in the spectral dependence of absorption, scattering, and extinction
efficiency coefficients for silver and gold nanoparticles of different radii

Silver Gold
R, nm
A, Nm 0, Ay, nm 0, A3, nm 0s A, Nm 0, Ay, NM 0, | A, nm 0;
10.0 425.1 16.44 425.3 3.15 425.2 19.58 527.7 236 | 5342 | 0.04 | 527.8 2.39
12.5 428.6 15.85 428.9 6.03 428.7 21.87 528.8 | 2.97 | 5352 | 0.10 529.0 | 3.06
15.0 | 432.8 13.51 433.1 9.08 4329 | 22.58 | 530.2 | 3.58 | 536.5 | 0.20 | 530.6 | 3.77
17.5 437.6 10.54 438.1 11.50 437.9 22.04 531.8 4.14 538.0 | 0.38 | 5324 | 4.50
20.0 443.0 7.78 443.6 12.95 443.4 20.72 533.7 | 4.62 | 539.8 | 0.66 | 534.5 | 5.24
22.5 448.9 5.57 449.8 13.50 449.5 19.06 535.8 | 4.97 | 542.0 1.05 537.0 5.97
25.0 455.3 3.95 456.4 13.41 456.2 17.34 538.1 5.16 | 544.5 1.56 539.7 | 6.64
27.5 462.1 2.81 463.6 12.90 463.3 15.70 540.5 5.16 547.4 2.16 542.7 | 7.22
30.0 469.3 2.03 471.1 12.20 470.9 14.22 543.2 | 498 | 550.8 | 2.82 | 546.1 7.67
325 476.8 1.49 479.1 11.44 478.9 12.92 5459 | 4.64 | 5547 | 3.49 | 550.0 | 7.99
35.0 485.2 1.11 487.4 10.67 487.2 11.78 548.8 | 4.21 559.4 4.12 554.3 8.16
37.5 494.1 0.85 496.0 9.94 495.9 10.79 551.5 3.72 | 564.9 | 4.69 | 559.2 | 8.21
40.0 504.0 0.67 504.9 9.26 504.9 9.93 553.8 | 3.24 | 5709 5.18 564.8 8.17
42.5 417.4 2.90 514.2 8.65 514.2 9.18 555.0 | 2.79 577.4 | 5.56 | 570.9 | 8.06
45 420.9 2.71 523.9 8.10 524.0 8.54 529.3 | 2.40 | 584.1 5.84 | 577.4 7.89
475 | 424.7 2.46 534.3 7.61 425.3 8.28 524.6 | 2.27 | 5909 | 6.00 | 584.4 | 7.68
50 428.7 2.18 545.3 7.18 429.4 8.40 523.2 2.19 597.4 | 6.07 5915 7.43
METHOD OF.CALCULATION Flbw _ (2/p2)(2l +1) |b,|2, (3b)
It was demonstrated in [19] that the concept of
. . ; . 5
bry. Therefore, we conducted all caleulations within Fliw = G/0D) QI+ 1)Tme ()
the framework of the latter, wherein the coefficients of szs ==/ pz) (2 +1)Imb, (3d)

extinction efficiency (Q.,) and scattering efficiency
(Q,.) of light with a given wavelength A by spherical
inclusion of radius R are calculated straightforward.
These quantities are defined as the ratio of the corre-
sponding cross section to the geometrical cross section
of the sphere mR?. For convenience of analysis of the
results, expressions for extinction and scattering effi-
ciency coefficients are presented in the form

o

Qext = Z<Ecext + Ebext)3

=1

(1)

Qsca = Z(Ecsca + F}l)sca)'

=1
The coefficient of light absorption (Q,,,) is calcu-
lated as the difference of the coefficients of extinction

and scattering efficiency: Q,y; = Q. — Osca [16, 17,
19—21]. The quantities in parentheses corresponding

()

to the contributions of electric, F,, and magnetic, F,”,
oscillations to each of the efficiency coefficients are
given by

Flow = /0 (2 +1)e,, (3a)
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where p = 2t Rm, / A is the dimensionless radius of the
nanoparticle and m, is the refractive index of the
medium. In the simulation, we assumed that m, = 1.5,
because this is a typical value for dielectric media. In
addition, the refractive index of hexogen is 1.5. There-
fore, some of the results can be used for predicting
properties of optical detonators based on hexogen with
metal nanoparticles. Coefficients ¢, and b, in (3) are
determined from the boundary conditions at the
nanoparticle surface, similar to [16, 17, 20, 21].

The main parameter in the simulation is the com-
plex index of refraction of the metal. Its values were
adopted from [22].

RESULTS OF CALCULATIONS

The dependences of extinction efficiency Q.,, on
radius R calculated from expressions (1)—(3) forsilver,
gold, nickel, and aluminum nanoparticles in a trans-
parent matrix with m, = 1.5 are illustrated in Fig. 1.
The spectral dependences of the extinction and
absorption efficiencies of silver, gold, nickel, and alu-
minum nanoparticles are presented in Figs. 2 and 3,
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Table 2. Calculated position and amplitude of peaks in the spectral dependence of absorption, scattering, and extinction
efficiency coefficients for nickel and aluminum nanoparticles of different radii

Nickel Aluminum
R, nm

A, NmM 0, Ay, nm 0, A3, nm 0; A, Nm 0, Ay, NM 0, A3, nm O
50 521.8 1.89 515.3 1.94 517.6 3.83 512.0 0.63 465.1 4.20 468.1 4.82
55 564.2 1.75 540.2 2.10 545.7 3.84 587.7 0.60 500.6 3.97 505.5 4.51
60 371.5 1.71 593.6 2.22 596.8 3.85 619.8 0.58 535.5 3.79 543.3 4.29
65 391.7 1.69 636.9 2.35 635.8 3.86 804.7 | 0.60 563.2 3.61 574.8 4.09
70 408.3 1.65 664.7 | 2.44 667.1 3.85 820.9 0.64 | 594.5 3.45 607.5 3.92
75 423.8 1.61 697.6 2.49 705.2 3.81 835.1 0.66 628.2 3.30 643.3 3.77
80 441.4 1.56 734.8 2.53 745.6 3.78 846.8 0.67 657.9 3.17 686.4 3.64
85 461.4 1.51 766.7 2.55 783.2 3.74 855.2 0.67 702.0 3.06 736.7 3.56
90 371.7 1.47 800.6 2.55 821.3 3.70 860.5 0.65 745.5 2.98 788.7 3.51
95 381.4 1.45 841.0 2.55 864.1 3.66 863.7 0.62 775.5 2.90 871.3 3.50
100 391.0 1.43 894.9 2.55 912.3 3.63 865.2 0.59 936.3 2.96 890.0 3.50

respectively. Position of peaks and their amplitudes,
including scattering efficiencies for silver and gold, are
also listed in Table 1. For nickel and aluminum,
parameters of the first local maximum on the curves,
appearing with decreasing the wavelength of light, are
listed in Table 2. The following notations were used in
Tables 1 and 2: A;, A,, and A; are the wavelengths cor-
responding to the peaks in the Q,(A), O..(A), and
0O.«(») dependences, respectively; Q,, O,, and Q5 are
the amplitudes of the peaks of the absorption, scatter-
ing and extinction efficiency coefficients for nanopar-
ticles of radius R, respectively.

Silver

It follows from the calculated dependences of the
extinction efficiency on radius of silver nanoparticles
(Fig. la) that each dependence QO.(R) has a peak
(Oext max)» the position of which (R, ay) 1S determined
by the wavelength of light. At smaller values of radius
(R € R may), the curve descends to zero, while, at
larger values of radius, it levels off, exhibiting decaying
oscillations. In the case of silver nanoparticles, the
highest amplitude of 10.96 is reached for nanoparticles
with a radius of 36 nm on the curve calculated for the
wavelength of 500 nm. An increase in the wavelength
of light causes the peak to shift toward larger values of
radius, e.g., a peak with amplitude of 3.72 for the
wavelength of 950 nm is observed for nanoparticles
with a radius of 105 nm. Note that the amplitude of the
global maximum at the wavelength of 500 nm exceeds
those of local peaks by more than a factor of 2, while,
at other wavelengths, the amplitudes of all peaks in
0. (R) dependence are comparable.

Calculated spectral dependences of the coefficients
of extinction and absorption efficiency for silver
nanoparticles are presented in Figs. 2a and 3a, respec-
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tively. For particles with a radius of 10 nm, the spectral
band of extinction has full width at half maximum of
20 nm. With increasing radius of silver nanoparticles,
the peak experiences a red shift and broadens. For
instance, for particle radius of 30 nm, the extinction
bandwidth exceeds 60 nm. At R = 50 nm, the depen-
dence Q.,()) reveals two peaks of comparable ampli-
tude. Positions of peaks of absorption, scattering, and
extinction efficiency coefficients in spectral depen-
dences are listed in Table 1. It follows from the pre-
sented data that absorption dominates over scattering
for nanoparticles with a radius of 15 nm and smaller.
With increasing radius, the wavelength at which the
scattering efficiency attains maximum for a given type
of nanoparticles monotonically increases. In contrast,
the dependence of position of the peaks of absorption
and scattering efficiencies in the spectrum on radius of
nanoparticles is not monotonic: the wavelength, at
which absorption efficiency reaches maximum, drasti-
cally decreases at 40—42 nm. A similar decrease in the
wavelength, at which coefficient of extinction effi-
ciency attains maximum, occurs later, for nanoparti-
cles with a radius of 45—47 nm. To explain the nature
of the drastic change in the position of peaks of
absorption and extinction efficiency coefficients with
an increase in the silver nanoparticles’ radius, we cal-
culated contributions of the main harmonics to
extinction and scattering efficiencies for silver
nanoparticles of radius 10 and 50 nm from Egs. (3) and
(4). The results are presented in Figs. 4a, 4b and 4c,
4d, respectively. The diagrams show that only the first
electric oscillation, ¢,, is relevant for small nanoparti-
cles. In the case of nanoparticles of 50-nm radius, the
two first electric oscillations, ¢; and c¢,, already make
comparable contributions to light scattering and
extinction. As a result, there appears an additional
maximum in the blue spectral region. The difference

No. 6 2015
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Fig. 1. Calculated dependences of light extinction efficiency on nanoparticle radius for nanoparticles of (a) silver, (b) gold, (c)
nickel, and (d) aluminum. The corresponding wavelengths (nm) are (a) 400 (solid line), 500 (dashed line), 700 (dash-dotted line),

and 950 (dotted line); (b) 450 (solid line), 500 (dashed line), 550 (dash-dotted line), and 600 (dotted line); and (c, d) 400 (solid
line), 600 (dashed line), 800 (dash-dotted line), and 1100 (dotted line).

of spectral dependences F,,, and F/, yields the
spectral dependence of harmonic contributions to the
absorption efficiency. It can be seen from Figs. 3a, 4c,
and 4d that light absorption by silver nanoparticles of
50-nm radius is caused by two plasmon electric oscil-
lations, ¢, and ¢,, simultaneously, which explains the
shift of maximum in the spectral dependence of the

absorption and extinction efficiency coefficients to the
blue spectral region.

Gold

The calculated dependence Q..(R) for gold
nanoparticles is illustrated in Fig. 1b. The character of
dependences calculated for the wavelengths of 400 and
450 nm differs from those obtained for 550 and
600 nm. In the first case, the dependence reveals a
very flat maximum (a plateau), while, in the second
case, the first maximum dominates on the curves,
similarly to the results obtained for silver nanoparticles
(Fig. 1a). At the wavelength of 450 nm, the peak with
amplitude of 2.96 corresponds to nanoparticle radius
of 83 nm, while, at 550 nm, the peak amplitude

OPTICS AND SPECTROSCOPY  Vol. 118

No.6 2015

increases to 8.07, and the peak itself shifts to the posi-
tion corresponding to nanoparticle radius of 34 nm.
With increasing wavelength, the position of the global
maximum changes nonmonotonically, shifting first to
the area corresponding to smaller values of radius and

then to the area corresponding to larger values of
radius.

Spectral dependences of the extinction and absorp-
tion efficiency coefficients calculated for gold
nanoparticles are presented in Figs. 2b and 3b, respec-
tively. For each of the studied values of radius, there
are narrow bands of extinction and absorption with a
typical width of about 50 nm. With increasing radius,
the peaks experience a red shift. For larger values of
nanoparticle radius, the spectral dependence of the
extinction efficiency broadens, while the correspond-
ing dependence for the absorption efficiency loses its
structure (Figs. 2b and 3b, the curve corresponding to
50 nm). The positions of peaks of the absorption, scat-
tering, and extinction efficiency coefficients in spec-
tral dependences are presented in Table 1. It follows
from Table 1 that absorption dominates over scattering
for nanoparticles with a radius smaller than 35 nm.
With increasing radius, the wavelength, at which
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Fig. 2. Calculated spectral dependences of light extinction efficiency for nanoparticles of (a) silver, (b) gold, (c) nickel, and
(d) aluminum. The corresponding values of nanoparticle radius (nm) are (a, b) 10 (solid line), 20 (dashed line), 30 (dash-dotted
line), and 50 (dotted line); and (c, d) 15 (solid line), 30 (dashed line), 50 (dash-dotted line), and 100 (dotted line).

extinction and scattering efficiency coefficients attain
maximum for given nanoparticles, monotonically
increases. In contrast, the dependence of the absorp-
tion efficiency peak position in the spectrum on radius
of nanoparticles is nonmonotonic, revealing a drastic
drop in the interval between 42.5 and 45.0 nm. This
drop, similarly to in the case of silver nanoparticles, is
explained by the fact that the contribution of the sec-
ond electric oscillation c, to light extinction increases
with increasing nanoparticle radius. Since the peak
positions in the dependences of the first harmonic
contribution to absorption and extinction coincide,
their difference turns out to be a slow varying function.
The contribution of electric oscillation ¢, to light
extinction, which does not reveal itself in scattering,
becomes visible against the background of this slow
dependence. The discussed contribution leads to the
appearance of an additional maximum in the spectral
dependence of the absorption efficiency, which is
blue-shifted relative to the maximum of the extinction
efficiency. In addition, the light absorption band of
50-nm gold nanoparticles becomes structureless
(Fig. 3b), which was explained above.

OPTICS AND SPECTROSCOPY  Vol. 118

Nickel

The Q.(R) dependence calculated for nickel
nanoparticles is depicted in Fig. 1c. The first local
maximum has the highest amplitude on all curves.
After the peak, the extinction efficiency decreases. For
wavelengths of 600 nm and longer, the descending part
ofthe curve reveals damped oscillations, which are less
pronounced at the wavelength of 400 nm. The peak
amplitude weakly depends on wavelength, varying in
the interval from 3.47 to 3.85. With increasing wave-
length, the peak shifts toward larger values of the
radius approximately as R., max ~ A-

The calculated dependences of extinction and
absorption efficiency coefficients for nickel nanopar-
ticles imbedded in a matrix with an index of refraction
equal to 1.5 are presented in Figs. 2c and 3c, respec-
tively. Calculations were made for the wavelength
interval from 260 to 1200 nm. The dependences for
nickel nanoparticles with a radius of 15 nm show
mainly a decrease in absorption and extinction effi-
ciencies. There is a small local maximum at 342 nm in
the wavelength dependence of the absorption effi-
ciency. In this interval of nanoparticle radii, absorp-
tion dominates in the entire studied wavelength range.

No. 6 2015
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Fig. 3. Calculated spectral dependences of light absorption efficiency for nanoparticles of (a) silver, (b) gold, (c) nickel, and (d)
aluminum. The corresponding values of nanoparticle radius are the same as in Fig. 2.

An absorption band with a maximum at 522 nm and
characteristic bandwidth of 250 nm is observed in the
wavelength dependence of the absorption efficiency
corresponding to nickel nanoparticles with a radius of
50 nm. The peak in the dependence of extinction effi-
ciency is shifted relative to the peak of absorption effi-
ciency and lies at 517.6 nm. With increasing nanopar-
ticle radius, the value of O, ..x Shifts to the red spec-
tral region. In so doing, there appear additional high-
amplitude peaks in the blue spectral region. The peak
of scattering efficiency also experiences a red shift with
increasing nanoparticle radius. Comparison of the
position of the first maximum located in the red spec-
tral region with wavelength allows drawing a conclu-
sion that the following relation holds approximately:

Amax (R)/R = const.

To interpret the nature of the peaks, we calculated
contributions of electric and magnetic oscillations to
light absorption and extinction by nickel nanoparti-
cles. The sample dependences calculated for nickel
nanoparticles of a radius of 50 nm are presented in
Figs. 4e and 4f. The contribution of the first electric
oscillation ¢, attains a maximum the position of which
coincides with that of the peaks of extinction and

OPTICS AND SPECTROSCOPY  Vol. 118
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absorption. In the vicinity of the maximum, the con-
tribution of this oscillation exceeds contributions of all
other electric and magnetic oscillations by approxi-
mately a factor of 10.

Aluminum

The dependences of the light extinction efficiency
on radius of nanoparticles for several wavelengths are
presented in Fig. 1d. With increasing wavelength, the
peak amplitude decreases from 5.87 (A = 400 nm) to
3.30 (A= 1100 nm). Simultaneously, the peak position
as a function of nanoparticle radius shifts from 36 to
126 nm.

Spectral dependences of the extinction and absorp-
tion efficiency coefficients calculated for aluminum
nanoparticles are presented in Figs. 2d and 3d, respec-
tively. For smaller values of nanoparticle radius, 15
and 30 nm, the extinction and absorption efficiency
coefficients monotonically decrease with increasing
wavelength. For nanoparticles with a radius of 50 nm,
spectral dependence of the extinction efficiency
reveals one maximum, while that for nanoparticles
with a radius of 100 nm has two maxima. The appear-
ance of maximum in the blue spectral region is related
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Fig. 4. Calculated spectral dependences of contributions of harmonics to light extinction (a, c, e) and scattering (b, d, f) by
nanoparticles of silver with a radius of (a, b) 10 and (c, d) 50 nm and nickel with a radius of 50 nm (e, f): ¢; (thin solid line), ¢, (thin
dashed line), c; (thin dash-dotted line), b (thick solid line), b, (thick dashed line), and b5 (thick dash-dotted line).

to contribution of several electric and magnetic oscil-
lations, whereas, for nanoparticles of small radius, the
dependence is determined solely by the first electric
oscillation ¢;. According to Table 2, the first local
maximum in spectral dependences of the extinction
and absorption efficiency coefficients shifts to the red
spectral region, which is approximately proportional
to the nanoparticle radius.

Hence, several specific features of light absorption
by metal nanoparticles of different nature can be
noted. The studied metals can be divided into two
groups.

OPTICS AND SPECTROSCOPY  Vol. 118

1. Silver and gold, for which a relatively narrow
band in the spectral dependences of their optical char-
acteristics is observed (Figs. 2a, 2b and 3a, 3b) for
nanoparticles with a given radius. The peak of extinc-
tion shifts to the red spectral region with increasing
radius of nanoparticles.

2. Nickel and aluminum, for which a very broad
band is observed in the spectral dependences of optical
characteristics (Figs. 2¢, 2d and 3c, 3d). The first local
minimum of extinction shifts to the red spectral
region, so that A, (R)/R = const. Deviations from
this approximate relation for the studied metals do not
exceed 5%.

No. 6 2015
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DISCUSSION

It should be noted that oscillation ¢, is mainly
responsible for light extinction in the region of the first
maximum in spectral dependence for both cases
(Fig. 4). Let us formally write the expression for the
extinction coefficient retaining only the first domi-
nant term in the sum,

O = (6/p°)Im e, = (3/2)(M/mmR)’ Ime,.  (4)

Calculating the total derivative of (4) with respect
to wavelength and taking into consideration spectral
dependence of the complex index of refraction of a
metal, we have

dQ.y, _ 3( A Hlmcl 1
tm R A 2

d\
_2nmyRJImc, s
X( A odp ©)
N Blmcla_n_almcla_xﬂ
on oh ok oAl

The minus sign before the last term in parentheses
is related to the sign in expression m = n —ix. Let us
analyze two limiting cases.

(i) The last two terms in parentheses in (5), which
are related to spectral dependence of the complex
index of refraction of a metal, are dominant. This
effect takes place when real and imaginary parts rap-
idly change upon increase in wavelength. The effect
can also reveal itself if derivatives dn/dA and dx/0oA
have opposite signs. In this case, the first term in
parentheses can be omitted, and position of peak in
the spectral dependence of the extinction efficiency
can be found from the approximate expression

Ay = 2[_81n1mc1@+81n1mc18_1<]_1.
on O\ Jk  JA

In this limiting case, peak position is determined
mainly by spectral dependence of the complex index
of refraction. It also implicitly depends on nanoparti-
cle radius through partial derivatives of quantity
Ime,(p). As an example, we can mention gold
nanoparticles, for which the real part of the index of
refraction decreases from 1.2543 to 0.1667 in the spec-
tral interval between 480 and 640 nm. Simultaneously,
the imaginary part of its index of refraction increases
from 1.7301 to 3.6902 [22]. For gold nanopatrticles, the
peak in the spectral dependence of the extinction effi-
ciency for nanoparticles the radius of which falls into
the interval from 10 to 50 nm is observed in the spec-
tral region between 527.8 and 591.5 nm; for silver
nanoparticles, the peak is observed in the spectral
interval between 425.2 and 524.0 nm.

In general, the results of calculation for silver agree
with those found in [23]. The difference in the posi-
tions of the peaks is caused by the difference in dielec-
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tric permittivity of the medium into which nanoparti-
cles are imbedded. The effects of variation of peak
position in the spectral dependence of the extinction
and absorption efficiency coefficients obtained in the
present work were noted in [23]. An earlier shift of the
peak of absorption efficiency to the blue spectral
region relative to that of the extinction efficiency
agrees with the experimental dependences obtained in
[23].

(ii) Assume that the first term in parentheses on the
right-hand side of (5) is dominant. Such situation can
take place in the case of weak spectral dependence of
the complex index of refraction. A simultaneous
increase in both real and imaginary parts of the com-
plex index of refraction of a metal, which leads to par-
tial compensation of the last two terms in (5), also
facilitates the occurrence of such situation. In this
case, the position of the peak in the spectral depen-
dence of the extinction efficiency is determined by the
expression

Ay/R =mmydInIme,/dp. (6)

The right-hand side of Eq. (6) is weakly dependent
on wavelength through spectral dependence of m()).
Therefore, the position of the peak in the spectral
dependence of absorption efficiency will be approxi-
mately proportional to nanoparticle radius. Of course,
all the above discussions are valid only for the interval
of wavelengths in which contribution of the first elec-
tric oscillation ¢, i.e., the first local maximum
encountered when moving from the red to the blue
spectral region, is dominant. Of the studied metals,
nickel and aluminum belong to the second group. In
particular, for nickel, the absolute value of the real part
of the index of refraction in the spectral region from
260 to 1200 nm increases from 1.89 to 2.79, while the
absolute value of the imaginary part increases from
2.30 to 6.35. It should be noted that, in the studied
spectral region, the peak appears only if the radius of
nanoparticles exceeds 50 nm. Otherwise, the peak
should appear at shorter wavelengths. Extinction spec-
tra of colloidal solutions of nickel were obtained in
[24]. It was concluded that nickel nanoparticles 6—
30 nm in size give rise to a weak extinction band
(shoulder) at 350 nm [24], which agrees with the
results of the calculations. Interestingly, for small-
radius nickel nanoparticles, the position of the local
peak of extinction is almost independent of their
radius, being the same, e.g., for nanoparticles with a
radius of 5, 10, and 15 nm. Hence, the above-men-
tioned spectral band cannot be used for determining
the size of nanoparticles. This specific feature can be
explained by the fact that the limiting case of the
Rayleigh law can be used for nickel nanoparticles of
small radius. According to this law, the extinction effi-
ciency coefficient is described by the expression
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In the Rayleigh limit, the presence of the peak of
O« (M) can be related exclusively to specific features of
the m()\) dependence.

Let us analyze the obtained results from the point
of view of the concept of plasmon resonance of surface
oscillations of electron density in nanoparticles. There
are several approaches to determining plasmon reso-
nance. One of them consists in defining contributions
of different electric and magnetic oscillations to the
effect and selecting the one with the largest contribu-
tion. The presence of the local maximum in the Q,,(A\)
dependence does not necessarily correspond to one
type of oscillation. It can be seen from Fig. 3b that the
first maximum in the red spectral region corresponds
to nearly pure oscillation c¢;, whereas the peak in the
blue spectral region forms due to comparable with
each other contributions of several oscillations. The
second approach proposed in [19] is based on finding
the conditions that make the denominator zero in
expressions (4) with the help of frequency dependence
of the complex index of refraction of the metal, which
follows from Drude model. In this approach, the fre-
quency turns out to be complex. Since we used the
experimental dependence of the index of refraction on
wavelength, we can use only the first approach. Within
the framework of this approach, both cases analyzed
above can be associated with plasmon resonance.
Both cases clearly show the dominance of one type of
eigenoscillation (c;) in absorption, despite different
structure of the spectral dependences and the range of
radii of nanoparticles in which they appear.

Simultaneous presence of several electric and mag-
netic oscillations can be seen in the dependences of
extinction efficiency on radius of nanoparticles at con-
stant wavelength of light (Fig. 1). As a rule, oscillation
¢, dominates before the first maximum. In the case of
silver nanoparticles, at the wavelength of 500 nm, this
oscillation forms the first peak due to fulfillment of the
plasmon resonance conditions, which explains the
higher amplitude of global maximum relative to other
local maxima in the Q.(R) dependence. The contri-
butions of a large number of harmonics to light extinc-
tion by gold nanoparticles at the wavelengths of 450
and 500 nm and radius R > 70 nm become compara-
ble, causing the appearance of a broader maximum
that is close to a plateau.

In addition, the obtained dependences allow draw-
ing a conclusion regarding the applicability of spectral
measurements for finding the radius of nanoparticles
of different metals. Obtaining the radius of noble
metal nanoparticles from the spectral dependence of
the extinction coefficient is a classical technique.
However, the results obtained in the present work sug-
gest that the variety of metals to which such an
approach is applicable is limited. The radius of
nanoparticles of such metals as nickel and aluminum
cannot be measured if it is smaller than 50 nm. The
applicability of the technique to particles of larger
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radius for such metals is also doubtful due to the large
spectral bandwidth, which reduces the correctness of
formulation of the inverse problem.

CONCLUSIONS

In the present work, we calculated spectral depen-
dences of the light extinction and absorption effi-
ciency coefficients for silver, gold, nickel, and alumi-
num nanoparticles. We demonstrated that, for
nanoparticles of small radius, the contribution of the
first electric oscillation associated with plasmon reso-
nance to extinction and absorption efficiency is dom-
inant. At large values of nanoparticle radius, the con-
tribution of higher-order oscillations becomes evident.
The differences between plasmon resonance the bands
of nanoparticles of noble metals, nickel, and alumi-
num are revealed. In the case of noble metals, narrow
plasmon resonances are observed for nanoparticles of
small radius (less than 50 nm), while, for nickel and
aluminum nanoparticles, broad bands in the spectral
dependences of extinction and absorption efficiency
coefficients are typical. The obtained results show that
using the spectral dependences of the extinction coef-
ficient for estimating radius of nanoparticles is correct
only in the case of noble metals. The observed differ-
ences are related to the character and rate of changes
in the real and imaginary parts of the index of refrac-
tion with increasing wavelength.
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