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An influence of multipole plasmonic resonances, excited on the surface of the spherical metallic nanoparticles,
on van der Waals interaction between nanoparticles is investigated in this work. The relations for the size
dependences of the interaction free energy, Hamaker parameter and van der Waals force are obtained. It is shown
that the improper integral, included in the obtained expressions, is convergent, and the sum is easily calculated due
to the fast convergence of the series at increasing multipolarity. The calculations were performed for the case of
interaction between spherical nanoparticles of the different radii and different metals in air, on the surface of which
the localized plasmonic resonances are excited. It is found that the increase in the distance between the
nanoparticles results in the decrease in free energy and van der Waals force and in the increase in Hamaker
parameter. In turn, the free energy practically does not change with the change of nanoparticle material and
increases sharply with the increase in radius of nanoparticles. In contrast to the free energy, the increase in the
nanoparticle radius results in the decrease in Hamaker parameter. The decrease in Hamaker parameter at the same
distance between particles takes place when changing their composition (using metals with decreasing plasma
frequency). The distance between nanoparticles, at which the sharp decrease in van der Waals force changes to the
smooth one, has been determined. The comparison of the calculation results with the case of van der Waals
interaction between spherical nanoparticles, caused by electromagnetic fluctuations with the continuous spectrum, is
carried out. It is shown that the qualitative character of the size dependences of the free energy and Hamaker
parameter remains the same: the free energy decreases and Hamaker parameter increases with increasing distance
between interacting nanoparticles. At the same time in the case of the particles with the localized plasmons, excited
on their surfaces, the free energy is greater and Hamaker parameter is less than in the case of electromagnetic
fluctuations with the continuous spectrum.

Keywords: van der Waals interaction, surface plasmonic resonance, free energy, Hamaker parameter, spherical
metallic nanoparticles

INTRODUCTION nanodimers [9-14]. All these processes are
controlled by the localized plasmons.

The nanoparticles of plasmonic metals (Ag,
Au, Cu and the others), are widely used due to the
excitation of the surface plasmonic resonances
(SPR) on their surfaces [15], which are
determined by the chemical composition, size,
shape of the particles and by the surrounding
dielectrics [16]. When plasmonic nanoparticles
self-organise in the close proximity to each other,
surface plasmons interact, resulting in the shift of
the initial plasmonic bandwidth [17]. The
plasmonic coupling can be tuned to cover the
wide range of spectra depending on morphology
and size of the assembled structures. Such spectral

An interest in the study of the interaction
between metallic nanoparticles has increased
significantly in the recent decades. This is due to
the fact that the enhanced and locally confined
optical fields, associated with nanoparticles,
nanostructures and their aggregates, enable
nanoscale manipulation of the active devices
[1, 2], antennas [3, 4], surface-enhanced Raman
spectroscopy [5], light trapping [6] etc. This
phenomenon is obviously associated with
multipole  fields, resonances and their
hybridization [7, 8], charge accumulation in the
narrow nanogaps and quantum tunnelling inside

© N.A. Smirnova, A.V. Korotun, I.M. Titov,
E.V. Stegantsev, 2025 83



N.A. Smirnova, A.V. Korotun, I.M. Titov, E.V. Stegantsev

tuning has significant potential for many light-
related  applications [15, 18], including
colourimetric ~ sensing [19], spectroscopic
detection [20], photocatalysis [21, 22], plasmonic
rulers [23, 24], optical devices [25], nanomedicine
[26] and biosensorics [27].

It is known that the interaction between the
nanoparticles during their self-assembly is
largely determined by van der Waals force,
which depends on the polarizability of
nanoparticles. In turn, the character of the
frequency dependence of the polarizability of
nanoparticles is determined by the localized
plasmonic resonances, excited on their surface.

In connection with the above, the tasks
connected with the study of the influence of

multipole SPR on van der Waals interaction
between the spherical nanoparticles, as well as
the comparison of the obtained results with the
case of the continuous spectrum of electro-
magnetic fluctuations, considered earlier [28],
are actual.

BASIC RELATIONS

Let us consider van der Waals interaction
between two spherical metallic nanoparticles,
which are located at the distance d with the
multipole plasmonic modes excited on their
surface. Let us assume that the nanoparticles are
of same metal and have the same radius R

(Fig. 1).

Fig. 1. Geometry of the problem

The starting point for the analysis is the
following formula for the free energy of van der

Waals interaction between spherical
nanoparticles [28]
o, VR6 o
F(d)= Z( io)-
1=
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where ®, is the plasma frequency; V is the
volume of the system; k£ is the wave number;

K, (x) is the first-order McDonald function; ¢
is the dielectric permittivity of medium, in which
the nanoparticles are located; €(iw,) is the law

of dispersion of eigen (multipole) modes of the
system.
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It should be pointed out that formula (1)
follows from the more general relation for work
[28]

F(d)=

)
where the integration is carried out over the
whole spherical k-space; k; is the Boltzmann

constant, 7" is the temperature, I is the unit
operator, and operator matrix L has the form

ZAM k,iw,)

km))K

m+p+1

(kd) K,

I+p+l (kd) >
3)

if two conditions are fulfilled:
1) the distance between nanoparticles is
significantly greater than their radius R/d << 1;
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2) the wave parameter is small (kR <<
that corresponds to the quasi-static character of
the considered processes.

Taking into account the condition of
multipole surface plasmonic resonance for the
spherical particle

[+1
1 = ——
sp ) - i €no (4)
and introducing the dimensionless integration
variable x = kd , we obtain

(o

2

Fld)= hcoVR6 2y 2 +1 XK, (x)
ond 15 TR v R
6d | d

)

The expression (5) can be written down in
more compact form, which is convenient for the
numerical calculations of the size dependence
for the free energy

16ho, R® &(21+1Y_ (d
F(d)= L l—1, 6
() 3t d° ,_(HJ ’(R) ©
where
< dx
( ] j ) 12’ Q)
0 x xl (x xz)
and

’2=@(\/§i\/71+4)1. (8)
[+1 R

An important characteristic of the energy of
van der Waals interaction between nanoparticles

is Hamaker parameter, which is related to the
free energy as follows

F(d)= AoV ©

Substituting the relation (6) into (9), we

obtain the final expression for the size
dependence of Hamaker parameter
Iho, d* & 21+1)2 (dj
d | — | 10
()= 84R4“(l+1 ‘(R (19

The size dependence of van der Waals force
can be determined knowing Hamaker parameter
and using the relation

AR
12d*°

7 (d)=- (11)

Substituting (10) into (11), we finally obtain

3ho, d> & 21+1j2 (dj

- = | — . 12
167* R3,le(l+1 "\ R (12)
The relations (6), (10) and (12), taking into

account formulas (7) and (8), are used to obtain
the numerical results.

CALCULATION RESULTS AND THEIR
DISCUSSION

7 (d)=

The calculations have been performed for
the case of van der Waals interaction between
spherical nanoparticles of different metals in air
(e, =1). The parameters of materials, required

for the calculations, are given in Table 1.

Table 1. Parameters of metals (see, for example, [29, 30] and references therein)

Parametors Metals 4, Ag Cu Pd Pt Al
n,, 102 cm™ 591 5.85 17.2 2.53 9.1 18.2
€ 9.84 3.70 12.03 2.52 4.42 0.7
ho,, eV 9.07 9.17 12.6 9.7 15.2 15.4
paiis €V 0.023 0.016 0.024 0.091 0.069 0.082
v, 10° m/s 1.41 1.49 1.34 2.84 2.98 1.91

Before we start to discuss the numerical
results, let us make a remark concerning the
calculation of the improper integral and the sum
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in the expressions (6), (10) and (12). Since
I(x)—0 under x—0 and K;(x)—0 under x—o
(and, respectively, I(x)—0), then the improper
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integral is convergent and has the finite value for
the arbitrary multipolarity /. In turn, the sum will
have the finite number of addends, which are
significantly different from zero, and therefore
its calculation will not be difficult. This fact can
be explained by the significant decrease in the
contribution with increasing multipolarity.

The dependences of the free energy of van
der Waals interaction on the distance between
nanoparticles Au of the different radius and
nanoparticles of different metals and the same

radius are given in Fig. 2. The calculation results
indicate the significant decrease in the free
energy under the increase in the distance
between nanoparticles in all considered cases.
Moreover, all calculated curves are qualitatively
similar, differing strongly (by 2-3 orders of
magnitude) quantitatively for van der Waals
interaction between nanoparticles of different
radii and practically not differing for
nanoparticles of the same radius and different
metals.

F,z]
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20nm;
40nm
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d, nm
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200 400

d, nm

600 800

Fig. 2. The dependences of the free energy of van der Waals interaction between two spherical nanoparticles Au of
the different size (a) and nanoparticles of different metals with R = 20 nm () on the distance between them

The curves for the size dependences of
Hamaker parameter are given in Fig. 3. These
curves are also qualitatively similar, and
Hamaker parameter increases under the increase
in the distance between the particles. Let us point
out that for the interacting particles, at the same
distance from each other, Hamaker parameter is

increases in  the of metals
Au—Ag—Pd—Cu—Pt.

As for the size dependence of van der Waals
force (Fig. 4), we note the following: this force
in all considered cases decreases with increasing
distance between nanoparticles, and this

decrease is very sharp under 4<200nm in

sequence

greater for the particles with the smaller radius, contrast to the smooth decrease under
and in the case of the nanoparticles of the d>200 nm.
different composition Hamaker parameter
4.0 6
-
<.
- R~ 10nm; Au Ag
s , 3k d0mm. ) b
200 400 600 800 200 400 600 800
d, nm d, nm
Fig. 3. The dependences of Hamaker parameter for two spherical nanoparticle Au of the different size (a) and

nanoparticles of different metals with R = 20 nm () on the distance between them
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The dependences of van der Waals force of the interaction between two spherical nanoparticles Au of the

different size (a) and nanoparticles of different metals with R = 20 nm (b) on the distance between them
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Fig.S. The dependences of the free energy (a) and Hamaker parameter (b) on the distance between nanoparticles
Au with R =20 nm: / — discrete spectrum; 2 — continuous spectrum

The comparison of the obtained results with
the case of electromagnetic fluctuations with the
continuous spectrum, considered in [28], is of
interest. The comparison has been performed for
the case of van der Waals interaction between
nanoparticles Au. The calculation results (Fig. 5)
demonstrate that the character of the size
dependences of the free energy and Hamaker
parameter does not change qualitatively, but the
free energy is greater for any distance between
nanoparticles under the excitation of multipole
surface plasmonic resonances. In turn, Hamaker
parameter is greater when plasmonic resonances
are not excited.

CONCLUSIONS

The size dependences for the free energy,
Hamaker parameter and van der Waals force
have been obtained for the case of the interaction
between spherical metallic nanoparticles with the
localized multipole plasmonic resonances,
excited on their surface.
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The calculation results indicate the decrease
in the free energy of van der Waals interaction
under the increase in the distance between the
nanoparticles. At the same time, the value of the
free energy for nanoparticles of different radii
differs by 2-3 orders of magnitude, while the
change in the material of nanoparticles
practically does not affect the change in the free
energy.

It has been shown that, in contrast to the free
energy, Hamaker parameter increases with
increasing distance between the interacting
nanoparticles, and Hamaker parameter increases
with decreasing radius at the same distance
between particles.

It is demonstrated that van der Waals force
decreases sharply until the distance between
nanoparticles is reached d~=200nm, and
decreases more slowly under the larger distances.

The results for the continuous spectrum of
electromagnetic fluctuations, obtained -earlier,
and the results for the particles with the excited
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multipole plasmonic modes (discrete spectrum) surface, at arbitrary distance between the
have been compared. It has been found that the particles the free energy is greater and Hamaker
character of the curves for the size dependences parameter is less than for the case of
of the free energy and Hamaker parameter does electromagnetic fluctuations with the continuous
not change, but for interacting Au nanoparticles spectrum.

with the plasmonic resonances, excited on their

Ban-nep-BaaabciBebka B3aemoaisi chpepuuHUX MeTaJleBUX HAHOYACTHHOK i3 B3a€EMHO
IHIYKOBaHOI0 MOJISIPU3ALI€I0
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B pobomi docniosxceno ennue 30y0dceHux Ha NOGepXHI ChepuuHuUX Memaneéux HAHOYACMUHOK MYTbMUNOIbHUX
NIA3MOHHUX pe30HaHCié Ha Ban-dep-Baanvciecvky 63aemooiio mig nanouacmunkamu. Ompumano cnieioHOuen s
0151 pO3MIPHUX 3ajledicHocmell 8iibHOI enepeii 63aemodii, napamempa Iamaxepa ma cuiu Ban-oep-Baanvca.
THokaszano, wo Hesnacuuill iHmezpan, wo 6xXxo0UMsv 8 OMPUMAHI BUPA3U, € CXONCUM, d CYMA J1e2KO OOUUCTIOEMbCA
BHACTIOOK WBUOKOT 30idcHOCmI PAdy 31 30iNbUeHHAM MYTbMUNOIbHOCMI. Po3paxyHku npogoounucs 0as eunaoxy
83aeM00ii cheputHuUX HAHOYACIMUHOK PI3HO20 padiyca ma Pi3HUX Memaiis, Wo 3HAX005mbCs y NoGimpi, Ha NOGePXHI
AKUX 30V0HCeHO NOKANI308aHI NIA3MOHHI pe3oHaHcu. Bemanosneno, wo sinvHa enepzia ma cuna Ban-oep-Baanvca
3MeHwyomsbcs, a napamemp I amaxepa 30inbutyemubcs 3i 30iNbUleHHAM GIOCMAHT MidC HaAHOYACMUHKAMU. Y c8010
uepey, 6LIbHA €eHep2isi NPAKMUYHO He 3MIHIOEMbCA Npu 3MIHI Mmamepiany HAHOYACMUHOK [ pI3KO 3pocmae 3i
30inbuenHAM IXHb020 padiyca. Ha 6iominy 6i0 sinvHoi enepeii, napamemp I amaxepa smeHuiyemocs 3i 30 bUeHHAM
padiyca HaHOYACMUHOK. 3MeHwenns napamempa I amakepa 3a 0OHAKOBOT 8iIOCMAHI MIdC YACMUHKAMU MAE Micye
npu 3MIHI IXHbO2O CKAAOY (GUKOPUCTNAMHA Memanie i3 Nia3MO8010 YACMOMOI, Wo 3MeHuwyemscs). Busnaueno
8IOCMAHL MIJC HAHOYACMUHKAMU, 34 AKOI piske smenwienns cuiu Ban-oep-Baanvca sminoemvcs ua niage.
Ilposedeno nopisnauns pezyibmamié po3paxyHkie i3 eunaoxom Ban-oep-Baanvciecvkoi 63aemolii cghepuunux
HAHOYACUHOK, BUKIUKAHOI eIeKMPOMASHImHUMU aykmyayiamu 3 Henepepenum cnekmpom. I[loxkaszano, wo AKicHutl
xapaxmep po3MIpHUX 3anedcHocmell 6inbHOT eHepeii ma napamempa Iamaxepa 30epicacmvbcs. GilbHA eHepeis
3MeHulyemoca, a napamemp Ilamaxepa 30inbutyemsvcs 3i 3pOCMAHHAM GIOCMAHI MIdXC HAHOYACMUHKAMU, WO
83aemooitoms. Ilpu yvomy y 8uUnaoxy 4acmuHoK i3 30Y0d4CeHUMU HA IXHIX NOBEPXHAX NOKANI308AHUMU NIAZMOHAMU
8inbHa ewnepeis Ointbwia, a napamemp Il amaxepa MeHwull, HidHC Y BUNAOKY eNeKIMPOMASHIMHUX HayKkmyayin i3
HenepepeHuM CHEeKmpOM.

Knrouosi cnosa: 63aemoois Ban-dep-Baanvca, nogepxuesuil NAa3MOHHULL PE30OHAHC, GIIbHA eHepais, napamemp
Tamakepa, cpepuuni memanesi HaHOYacCMuHKU

REFERENCES

1. Taylor RW,, Lee T.-C., Scherman O.A., Esteban R., Aizpurua J., Huang F.M., Baumberg J.J., Mahajan S. Precise
subnanometer plasmonic junctions for SERS within gold nanoparticle assemblies using cucurbit[njuril “glue”.
ACS Nano. 2012. 5(5): 3878.

2. Sibug-Torres S.M., Grys D.-B., Kang G., Niihori M., Wyatt E., Spiesshofer N., Ruane A., de Nijs B., Baumberg J.J.
In situ electrochemical regeneration of nanogap hotspots for continuously reusable ultrathin SERS sensors.
Nat. Commun. 2024. 15(1): 2022.

88 ISSN 2079-1704. X®TI1. 2025. T. 16. Ne 1



Van der Waals interaction between spherical metallic nanoparticles with mutually induced polarization

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Curto A.G., Volpe G., Taminiau T.H., Kreuzer M.P., Quidant R., Hulst van N.F. Unidirectional emission of a
quantum dot coupled to a nanoantenna. Science. 2010. 329(5994): 930.

Novotny L., Hulst van N. Antennas for light. Nat. Photonics. 2011. 5: 83.

Shoup D.N., Fan S., Zapata-Herrera M., Schorr H.C., Aizpurua J., Schultz Z.D. Comparison of Gap-Enhanced
Raman Tags and Nanoparticle Aggregates with Polarization Dependent Super-Resolution Spectral SERS Imaging.
Anal. Chem.2024. 96(28): 11422.

Atwater H.A., Polman A. Plasmonics for improved photovoltaic devices. Nat. Mater.2010. 9: 205.

Prodan E., Radloff C., Halas N.J., Nordlander P. A hybridization model for the plasmon response of complex
nanostructures. Science. 2003. 302(5644): 419.

Nordlander P., Oubre C., Prodan E., Li K., Stockman M.I. Plasmon hybridization in nanoparticle dimers. Nano Lett.
2004. 4(5): 899.

Aubry A., Lei D.Y., Maier S.A., Pendry J.B. Interaction between plasmonic nanoparticles revisited with
transformation optics. Phys. Rev. 2010. 105(23): 233901.

Savage K.J., Hawkeye M.M., Esteban R., Borisov A.G., Aizpurua J., Baumberg J.J. Revealing the quantum regime in
tunnelling plasmonics. Nature. 2012. 491: 574.

Esteban R., Borisov A.G., Nordlander P., Aizpurua J. Bridging quantum and classical plasmonics with a quantum-
corrected model. Nat. Commun. 2012. 3(1-9): 825.

van Beijnum F., Retif C., Smiet C.B., Liu H., Lalanne P., Exter van M.P. Quasi-cylindrical wave contribution in
experiments on extraordinary optical transmission. Nature. 2012. 492: 411.

Scholl J.A., Koh A.L., Dionne J.A. Quantum plasmon resonances of individual metallic nanoparticles. Nature. 2012.
483: 421.

Movsisyan A., Parsamyan H. Gap-enhanced optical bistability in plasmonic core-nonlinear shell dimers. Nanoscale.
2024.16(4): 2030.

Jiang N., Zhuo X., Wang J. Active plasmonics: principles, structures, and applications. Chem. Rev. 2017. 118(6):
3054.

LiZ., Yin Y. Stimuli-responsive optical nanomaterials. Adv. Mater. 2019. 31(15): 1807061.

Jain P.K., El-Sayed M.A. Plasmonic coupling in noble metal nanostructures. Chem. Phys. Lett. 2010. 487(4-6): 153.
Li Z, Yin S., Cheng L., Yang K., Li Y., Liu Z. Magnetic targeting enhanced theranostic strategy based on
multimodal imaging for selective ablation of cancer. Adv. Funct. Mater. 2014. 24(16): 2312.

Han X., Liu Y., Yin Y. Colorimetric stress memory sensor based on disassembly of gold nanoparticle chains.
Nano Lett. 2014. 14(5): 2466.

Guerrini L., Graham D. Molecularly-mediated assemblies of plasmonic nanoparticles for surface-enhanced Raman
spectroscopy applications. Chem. Soc. Rev. 2012. 41(21): 7085.

Brongersma M.L., Halas N.J., Nordlander P. Plasmon-induced hot carrier science and technology. Nat. Nanotechnol.
2015.10: 25.

Smirnova N.A., Korotun A.V., Kulykovskyi R.A. Plasmon-induced acceleration of polymerization reactions by
spherical bimetallic nanoparticles. Him. Fiz. Tehnol. Poverhni. 2024. 15(2): 171.

Teperik T.V., Nordlander P., Aizpurua J., Borisov A.G. Robust subnanometric plasmon ruler by rescaling of the
nonlocal optical response. Phys. Rev. Lett. 2013. 110: 263901.

Liu N., Hentschel M., Weiss T., Alivisatos A.P., Giessen H. Three-dimensional plasmon rulers. Science. 2011.
332(6036): 1407.

Wong Z.J., Wang Y., O'Brien K., Rho J., Yin X., Zhang S., Fang N., Yen T.-J., Zhang X. Optical and acoustic
metamaterials: superlens, negative refractive index and invisibility cloak. J. Opt. 2017. 19: 084007.

Huang P., Lin J., Li W., Rong P., Wang Z., Wang S., Wang X., Sun X., Aronova M., Niu G., Leapman R.D., Nie Z.,
Chen X. Biodegradable gold nanovesicles with an ultrastrong plasmonic coupling effect for photoacoustic imaging
and photothermal therapy. Angew. Chem. Int. Ed. 2013. 52(52): 13958.

Wang H.N., Vo-Dinh T. Plasmonic coupling interference (PCI) nanoprobes for nucleic acid detection. Small. 2011.
7(21): 3067.

Smirnova N.A., Korotun A.V., Titov .M. Size Dependences of Hamaker’s Parameter and Free Energy of Van der
Waals Interaction for System of Two Spherical Metal Nanoparticles. Metallophys. Adv. Technol. 2022. 44(5): 587.
Pavlyshche N.I., Korotun A.V., Kurbatsky V.P. Optical absorption of composites with metallic nanosized spheroidal
particles. Him. Fiz. Tehnol. Poverhni. 2023. 14(4): 561.

Korotun A.V., Moroz H.V., Korolkov R.Yu. Q-factor of plasmonic resonances and the field enhancement in the
neighborhood of the spherical metallic nanoparticle. Funct. Mater. 2024. 31(1): 119.

Received 27.07.2024, accepted 05.03.25

ISSN 2079-1704. X®TT1. 2025. T. 16. Ne 1 89



