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Quantum Kinetics of the Electronic Energy Transformation
in Molecular Nanostructures

A quantum theory of electronic energy transfer in a layered nanostructure with molecular J-aggregates of
polymethine dyes was proposed. An expression for the exciton-plasmon bond energy depending on various
parameters of the system was given. The rate of non-radiative Fdrster resonance energy transfer (FRET) from
surface plasmon polaritons (SPPs) of a metal substrate to Frenkel excitons of J-aggregates was determined
and dispersion dependences for hybrid states were obtained. It was established that the energy transfer rate
can reach values of 10'2-10'3 s7!, and the value of the Rabi splitting is up to 100 MeV. The Kinetics of the
process under strong exciton-plasmon interaction was investigated. The time dependence of the energy ex-
change between the system components had the form of damped oscillations depending on the relaxation pa-
rameters, the Rabi frequency, and the response to resonance. In addition, the exciton FRET between two par-
allel monolayers of J-aggregates of polymethine dyes separated by a nanometer-thick metal film was investi-
gated. It was found that the presence of the metal layer increases:the ERET rate. The spin evolution of a pair
of two triplet (T) molecules localized in the nano-cell region under:the over-barrier jumps regime in a mag-
netic field was studied. The influence of the parameters of the two-dimensional potential on the frequency of
inter-dimensional motions and the population of triplets was considered. The spin dynamics of molecular T-T
pairs in the magnetic field of a ferromagnetic globular nanoparticle under free surface diffusion of a spin-
carrying molecule was investigated.

Keywords: non-radiative energy transfer, surface plasmon, J-aggregate, Frenkel exciton, triplet-triplet annihi-
lation, dispersion curves, spin dynamics, globular nanoparticle, Rabi splitting.
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1. Plasmon-exciton dynamics and relaxation in a planar system with a monolayer of J-aggregates
of polymethine dyes

A number of papers [1-3] consider the strong coupling of exciton and plasmon states in nanostructures
with J—aggregates, which leads to the formation of hybrid quasiparticles. In [3], the plasmon-exciton interac-
tion was studied in a nanostructure of parallel layers: a metal substrate and two non-conducting layers with
different electrical constants. In a dielectric medium, a monolayer of J-aggregates of polymethine dye mole-
cules is located at the interface. Upon photoexcitation of the sandwich structure, Frenkel excitons appear in
the quasi-two-dimensional layer of molecular J-aggregates that interact with surface plasmon polari-
tons (SPPs) of the metal base.

The configuration of the system under study is shown in Figure 1. In the case of weak coupling of exci-
ton and plasmon (EP) states, calculations of the energy transfer rate from the surface plasmon polariton to
molecular J-aggregates were carried out within the framework of quantum mechanical perturbation theory.
In the case of a strong coupling of excitons and plasmons, the effect of the dielectric medium and the thick-
ness of the layer / on the Rabi splitting (EP interaction energy) at strict resonance was investigated.
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The hybrid EP state occurs at the intersection of the dispersion curves in Figure 2, and its energy is [3]
as

E(k)= %(E (k) +ho(k)+ \/(Eex (k)- hm(k))2 + 4V 0 (k)|2 j (1)

where E, (k) is the energy of the 2d exciton, ho(k) is the energy of the 2d polariton, ¥}, (k) is the ma-
trix element of the EP-coupling, k is the wave vector of the EP hybrid, &k = |k| .
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Figure 1. Mutual arrangement of the layers of the hybrid Figure 2. Dispersion curves of hybrid exciton-plasmon
JDM system quasiparticles. for different permittivity values ¢,

It is convenient to represent the EP-interaction in the formalism of secondary quantization. In [4, 5] the
quasi-static approximation was used, in which the potential of the SPP field was determined on the basis of
the Laplace equation. But already in [3] the intensity of the field created by the SPP was determined from
Maxwell’s equations. In the approach [6] the time-average field energy of the SPP was quantized by replac-
ing the field strengths with the operators of destruction and generation of SPP with the wave vector k.

The electric field strength operators of the SPP in metal z <0

~ 21ho k
E 5 9t = —i—
)= (G (e
in the dielectric layer 0 <z </

~ 2mh . k . k i(kr—of
Edl(r,z,t)zg SZ(/?) {(ek—i—lggez]ch(kjlz) —(gek+zpezjsh(kjlz)}e(k )ak+H.c. 3)

z

k' e"(krfw’)ak +H.c. 2)

Q

in a half — space z >/, filled with a dielectric

A 27'57;1(,0 a d2 . k _k9%;  i(kr-o
E, (r,z,t)zg SL(k) 7 et (ek —HkZTezje K7 gilkr t)ak +H.c., 4

where S is the surface area of the metal-dielectric interface, L(k) is the area of localization of the surface
plasmon along the normal to the substrate surface. Here e, and e_ are unit vectors directed respectively

along and perpendicular to the surface; k = |k| is the longitudinal wave number through which the real coef-

ficients are expressed k” =\/k2 —g,(0) -0/, k'O =\/k2 —€ @’ /c* , characterizing the rate of de-

cay of fields at a distance from the metal surface; c is the speed of light, Also in formulas (3)—(5) the notation
is introduced: / is the thickness of the intermediate layer; a=¢,k"*, b=¢ k"', d= ach(kz‘“l)+bsh(kz‘”l)

and f = bch(kj”l ) +ash(kjll ) . An expression for the localization region L(k) of the surface plasmon has

been obtained, from which it follows that the function L (k) decreases monotonically with an increase in the
longitudinal wave number k.
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The frequency o (k) of the surface plasmon-polariton is the solution of the dispersion equation
£, (@)K g0k"ch (k') +e,ksh (k1) )
£ k" g0k 'sh (k1) + &,k ch (k1)
The operator describing the interaction of molecular aggregates with a metal substrate is written as [7]

‘}=—Zf’m -E(n),

where p,, =N"l/22(p10Bge"’°“+pleQe’°“) is the operator of the dipole moment of transition in a
Q

J-aggregate molecule located at a node with a radius vector n [8], p,, is the electric dipole moment of the
quantum transition of the molecule from the ground to the first excited state; N is the number of molecules in
a two-dimensional lattice, B, and B, are the operators of the generation and destruction of excitons with

the wave vector Q.
The matrix element of the EP-interaction operator between the state of a system with one exciton

1

ing form:

0 p,> (without a plasmon), and the state with one plasmon (without an exciton) |ng,1 P,> has the follow-

_ 21hm a @ ‘
Vigo (K) = Q/S. 20 b Kz =D) J(e, i) (6)

where s is the area of the unit cell of a two-dimensional monolayer, z is the distance from the metal surface
to the monolayer.

ex?

In the case of weak EP-coupling, the rate of transition from state

ex,” pl

0.1 > to state

lex,0p1> 1s written as

U(k) =%’T\Vwm(k)|26(Eex(k)—hm(k)). )

As can be seen from (7), the dependence of the transition rate on the wave number has a delta-like peak
when the exciton energy and the SPP coincide E, (k)= hw(k).

IfU'<r,,

tons of the J-aggregate to the metal substrate. According to the calculations performed, the quenching rate is
at a maximum of ~10'* s’ with a layerthickness of 15 nm, which is significantly higher than the rates of oth-
er processes leading to the death of excitons.

A numerical study of the dependence of the Rabi splitting on the system parameters was carried out for
a strong EP-coupling. Figure 2 shows the dispersion laws (1) of hybrid plasmon-exciton states for different
values of the dielectric constant of the second medium at fixed values of thickness / = 10 nm and the dielec-
tric constant g, =2 of the first medium. The dotted lines correspond to unrelated excitonic and SPP-modes.

this is effectively the quenching of excitons, i.e. the energy transfer from the Frenkel exci-

With increasing permeability €, , the intersection point of the exciton and SPP dispersion curves shifts to-
wards large k, and the value of the Rabi splitting decreases from AG, =84 meV at ¢, =2 to AG, =46 meV
ateg,=5.

Thus, the study carried out in [3] showed that the geometric and dielectric characteristics of the consid-
ered three-layer structure significantly affect the magnitude of the plasmon-exciton interaction energy.
Therefore, depending on the system parameters, the value of Rabi splitting can reach ~100 MeV, which is
consistent with the experimental data of other authors [8-9]. In addition, varying the permeability and thick-
ness of the interlayer between the metal substrate and the film of J-aggregates, it is possible to change the
rate of energy exchange between surface plasmons and Frenkel excitons and achieve unilateral energy trans-
fer to J-aggregates, which is necessary for the development of new organic light emitters.

With a strong exciton-plasmon interaction, it is necessary to describe the energy transformation on the
basis of a more general quantum mechanical formalism using a paired density matrix p(z) of quantum sub-

systems interacting both with each other and with a thermostat [10—11].
In [11], the kinetics of energy exchange between plasma and exciton subsystems in a planar composite
nanostructure with strong exciton-plasmon interaction was investigated. It was shown that the energy trans-
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fer between the system components occurs non-monotonically in time, but has the form of damped oscilla-
tions depending on the relaxation parameters, the Rabi frequency and the detuning from resonance.
The density operator p(z) of a multilayer system satisfies a kinetic equation written on the basis of the

Neumann equation with a relaxation term — drain

Sp=—[A,+7.5]-R'p. ®)

Operator I-?O in eq. (8) is the Hamiltonian of the combined 1+2 system (exciton + plasmon subsystems)
in the absence of exciton-plasmon interaction; R' is a relaxation superoperator. In the simplest case of
equality of the exciton and plasmon lifetimes t,=71, =7, an autonomous equation for inversion
Ap(?)=p,,(t) —p,, (1) was obtained on the basis of (8) at an arbitrary phase relaxation time 7, and under
conditions of zero detuning from resonance AE =0

Ap'(t)+{l+ijAp(t)+(Qz +LjAp(t) =0, Q= 2|V12|/h. 9)
Tt T 1T

2 2

Calculations based on equation (9) at equal times t,, =1, ~107?c and zero detuning from resonance
AE =0 showed that with a decrease in the transverse relaxation time 7, from 0.8t, t0:0.05t,  at the Rabi
frequency of Q=15+20-10" s, a decrease in the depth of population modulation was observed p,,(¢) and

P,,(¢) up to its almost complete disappearance. When increased to Q to 30410 s, the modulation became
clearly pronounced again.

In the general case of arbitrary relations between times © T, and non-zero detuning AE from res-

pl> szc 2
onance, the kinetics of populations of states 1 and 2 is analyzed on the basis of the modified Johnson-
Merrifield equation [12] proposed to describe spin-selective exciton annihilation

d _ itTrs oy ~1 lz(a- 1~ (5 i~

Ep = _%[(HO + V)’p} _Ekl {Pl’p}+ - Ekz {PZ*p}+ - T2 P (10)
where {13],43} =P -p+p- P, is the anti-commutator, .P_=| /)(j| is the projection operator on state j, k, K,

are additives to scalar rates of deactivation of the system through plasmon and exciton decay channels. The
solution of the operator equation.. (10) can be represented using matrix exponentials

p(1) =exp(—t/ T,) - exp(K )p(0)exp(K¢) , and the kinetic matrix K7 is

i 1~ i
ig(hm(k)"'Vn)_Ek] $?V;2
Kj= l. ) (1
$Er/ﬂ i%(E'exc-’_l/22)_5k2

with eigenvalues of matrices K ;J_“) in the form of
- j 1 -~ _ 1 _ _ 5
Ky = (¢)§[@(k) tE )=+ k)T 5{[:‘(;)&5 I (h -k 2]~}

In particular, the population kinetics of the exciton state |2> =

1.0 p,> is determined by the following
set of exponents with complex-valued indicators as combinations of the Kfz) eigenvalues
KK
X
(i =1, )0 —1y"”) L(12)
X [exp ((Kf’) +x” )t) + exp((K(? +xl )t) —exp ((Kf’) + K(;))t) —exp ((K(;) +xk )t)]

Based on models (9) and (10)—(12), the parametric dependences of population kinetics p,,(¢) and

P (0)=(2[p(1)|2)=

p,, (¢) an activated planar system with an exciton-bearing J-aggregate layer on a conductive substrate were

investigated.
Figures 3 and 4 show the time dependences of the populations of the plasmon and exciton subsystems
calculated on the basis of model (10)—(12). At significant differences (up to the order of magnitude and high-
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T ., characteristic modulations with the Rabi fre-

exc® " pl >

er) in the proper lifetimes of excitons and plasmons 1
quency €2 not only of partial densities p,,(¢) and p,,(#) quasiparticles, but also of the total excitation densi-
ty n(t) =p,,(t)+ p,,(¢), with noticeable deviations from the trend exponent, were observed. Increasing the
Rabi frequency from 20-10" to 80-10" s resulted in a significant increase in the depth of modulation of
the plasmon density p,,(z) at the ratio of relaxation rates l:q =55-T;", lgz =0.1-T;". At the same time, the
modulation of the exciton density p,,(#) at the Rabi frequency was carried out almost to zero values over
time 1~ Q.

n n
1.0 1.0
0.8} 0.8}
0.6¢ 0.6}
0.4} 0.4}
0.2} 0.2t
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Figure 3. Kinetics of partial populations of plasmon Figure 4. Population kinetics of the exciton p,, (¢)
Py (1) — (1) and exciton p,,(#) — (2) subsystems, subsystem at the initial settlement of the partial plasmon
as well as the total population n(¢) =p,, +p,, state p;,(0) =1 — (1), the pure initial state of the equal-

(envelope curve 3) of the excited state of the system,at  amplitude superposition — (2); the mixed initial state with

various additional decay rates k, =5.5-7;',k, =0.1.T;1,  thesame weight coefficients — (4), as well as the total

transverse relaxation time 7, =1 ps and Rabi frequency p?pulatlon n(t) = p,, +p,, (envelope curve 3) of the
excited state of the system. The parameter values are the

a0 T T . .
Q=40-7," . Time t is expressed in ps. The amount same as for Figure 3

of detuning from the resonance AE/h=20-T,"

1.1 Transfer of exciton excitation energy between two monolayers of J-aggregates

In addition to the energy transfer to the plasmon resurvoir in the system of Figure 1, the non-radiative
transfer of exciton excitation energy between monolayers A and B of molecules of polymetine dyes forming
J-aggregates was investigated (Fig. 5). It was assumed that such a distant transfer could be carried out by
means of surface plasmons of a nanometer-thick metal film located between the monolayers. The study of
multilayered systems containing J-aggregates (JA) of two varieties is important for understanding the pro-
cesses of energy transfer in biological light-harvesting complexes, as well as for the creation of artificial pho-
tosynthesis systems[13].

A number of experimental papers report on the registration of this process. Thus, the authors of [14-15]
observed energy transfer between JA layers formed by molecules of various polymethine dyes in a polymer
film. As a result of the EP interaction, non-radiative energy transfer J>SPP—>J occurs with the appearance
of the Frenkel exciton in the initially inactive molecular layer. At weak PE-coupling, the energy transfer rate
PP->]J can be calculated on the basis of quantum mechanical perturbation theory [16].
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Figure 5. Location of the metal film Figure 6. Dependence of the square of a composite
between two monolayers of J-aggregates matrix element on the wave number for different wave

vectors: 1 — q || qe, 2 —q || Qa+qs, 3 —q || qu — q5

The exciton excitation energy transfer rate from one monolayer to another using surface plasmons of
the metal film can be determined in the second order of quantum mechanical perturbation theory

U =25 R (0 o(E, (0)- (). (13

where M(q, q') is a composite matrix element of EP-interaction deﬁned by the expression

(@37 s [RYK] )
M " — pl-ex pl—ex . 14
R O .

k,j

The following designations are introduced in formulas (13) and (14): the initial state of the system
02,1%,0

ex?ex? "~ pl

12,0°,0 pl> is the exciton state of monolayer A; the final state |q > > is the exciton state of

A B
> Oex s Oex > pl
tion by j takes into account the possibility of excitation in a thin film of two types of surface plasmons: anti-

symmetric (high-frequency () and symmetric (o)’ low-frequency), E4(q) and Ex(q') are exciton excita-

tion energies in monolayers A‘and B, P, is the population of exciton states described by the Boltzmann dis-
tribution.

|q)=

> is an intermediate plasmon state characterized by a wave vector k. Summa-

To calculate the matrix elements of the plasmon-exciton interaction operator Vlf,’ )= —Zd )-EV(

included in (14), it is convenient to use the secondary quantization formalism. The operator d(n) of the di-
pole moment of transition JA to the exciton state is written in this formalism as

1 i —iqn p+
qu;(dme“‘“Bq +d, e Bq), (15)

where diois'the dipole moment of transition in a J-aggregate molecule between its ground and first excited
states, m is the vector specifying the position of the molecule in JA, N is the number of molecules in JA, B,

d(n) =

and B, are the exciton destruction and generation operators. The electric field strength operators of the sur-

face plasmon mode j can be found in the same way as in [3]. In a dielectric medium at z<0 (Fig. 5), the
intensity decreases exponentially with distance from the metal film

2nhel” kU (), k n-olr
EY (n,z,7) Z “() k ( Te "f‘"”)ekd: e, —i— e, )y L He (16)
SIO( kY

In the area of metal 0 <z </, the tension has the complicated form

2nho Ck iU, k (D)5 n-o\t
E(” nzt Z L(’) —k ek+zmez e ek—zmez e ) e(k ‘ )k+H.c. a7
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At the same time z >/, an exponential decrease of field strength with distance is observed
27’[771(0(” Y gD (2= k i(kn—o')s
0 LRAOF (kP k(=) .k (kn—of )
EY (n,z,¢) Z L(’) ( e )e e, ka/) e |e a +Hec., (18)
where the sign refers to the antlsymmetrlc, the "+" sign refers to the symmetric plasmon. In formulas
(16)—(18), the surface area of the film is indicated by S; ax is the plasmon destruction operator. The frequen-

cy o of the surface plasmon is the solution of the following dispersion equation [16]
L Sm ((0) kdz - Sdkmz
4oz
g, (0)k,. +e,k

mz

where are the coefficients k,. =k’ —¢,®*/c*, and k,. = \/kz —¢, (w) @’ /c® as in the single-layer case,

the rate of decrease in the field strength of the surface plasmon is determined as it moves away from the met-

n_n

(19)

al-dielectric interface; ¢, (w)=g, -, /" is the dielectric constant of the metal in the generalized Drude
model, €4 is the frequency—independent dielectric constant of the medium surroundingthe metal film, ¢_ is
the high-frequency dielectric constant of the metal, m,; is the plasma frequency of the metal.

The function L (k) , as in the single-layer case, has a length dimension and characterizes the width of
the localization region of the surface plasmon in the direction normal to the surface of the metal film [16]. In
the quasi-static approximation, when ¢ >, k, _, k,. — k , the coefficient L'’ (k) is greatly simplified

mz?

2

L(j)(k)zgm—’_’l(l—e’”’)

()2
k o/
and the frequencies of antisymmetric and symmetric plasmons can be written explicitly
2 Kkl 2 ki
o (1+e o (1-e
(D;cl)Z — )z ( ) (2)2 I’( ) (20)

e (l+e) e, (1=") " e (1me) e, (14"

Formulas (16)—(18) for the electric field strengths of the surface plasmon pass into the expressions ob-
tained and used in [4].

Matrix elements of the EP interaction operator V' have the following form:

pl—ex
(/) j J
<k|V1flj)oc > % (d]AO ‘e, )(1 T e*k,(,,:)l )e—k((zzm Sk,q , (21)
A
(/) J Dy
< |V(/)ex |k> % (dOBl e, )(1 F o )e kil (b l)gk’q, , (22)
B

where sa) is the unit cell area of monolayer A(B), /i(/») is the distance from the lower surface of the film to
monolayer A(B)..The Kronecker symbol 4%

. 10 the operator expresses the equality of the exciton wave
vectors and the intermediate surface plasmon, which, in turn, leads to the equality of the exciton wave vec-
tors q-and ¢’ in monolayers A and B.

Substitution (21), (22) in (14) gives the following expression for a composite matrix element:
— ki ? —k§D (h+1,~1)
h (/) (1 Fe e

——d’d" cosocosp .
oo Z L(”(q) E,(q) - ho)

M(q.q)= (23)
A /S ASB

where o and [ are the angles between the exciton wave vector and the dipole transition moments in the mol-

ecules of J-aggregates A and B.

It should be noted that the rate of direct transfer of exciton excitation energy from monolayer A to
monolayer B due to the dipole-dipole interaction between monolayer molecules can also be found by formu-
la (13), in which the matrix element Mi(q, q') of the dipole-dipole interaction energy operator is used instead
of a composite matrix element, taking into account delocalization molecular excitation
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dOAldFO _3(rm“d0Al)(rm"d?0) iqn _—iq'm

M (q.q')=> |5 ; gltneTiam

n,m Sd l"“m gd h

nm

where rum is the distance between molecules position of which is given by the vector n in one monolayer and
the vector m in the other. If we consider the number of molecules forming each monolayer N — oo, then the
matrix element Mi(q, q') will be diagonal. Also in this case, a continuum approximation can be used, in
which summation is replaced by integration. Then, provided that d =d;, =d,,, the following expression for
a matrix element is obtained [16].

M, (q.q9)= o dge " cos’a, (24)
PN
where /43 is the distance between monolayers.

To make the energy transfer efficient, monolayers of J-aggregates with the closest-possible positions of
absorption and Iuminescence spectra were selected as energy donors and acceptors. In particular,
J-aggregates of pseudoisocyanine (PIC) and the dye 5,5',6,6'-tetrachloro-1,1'-diethyl-3,3'-bis(4-sulfopropyl)-
benzimidazolocarbocyanine (TDBC), absorption spectra maxima of which are located at =590 nm (2.1 eV),
satisfy this condition [16]. In another variant, the same JA can be considered as.an energy.donor and accep-
tor. During the calculations, it was assumed that both the donor and the acceptor were J-aggregates of the
TDBC dye, and in both monolayers there were N = 500 molecules in each direction of the elementary vec-
tors. The dipole moment of the transition in the TDBC molecule is co-directional with the elementary vector

a and is equal to |d10| ~10D. The width of the Lorentz contour at half the height was assumed to be equal to

['=0.05 eV. In all calculations, the temperature was considered equal to'Z = 300 K. Silver was chosen as the
material of the conductive film, for which the plasma frequeney is 2o, =9.1 eV and the high-frequency

dielectric permittivity is &» = 3.7. The dielectric constant of the medium surrounding the film was g; = 2.

Figure 6 shows the results of calculations of the square of a composite matrix element according to
formula (23) for different values and directions of the wave vector ¢. Calculations were carried out for a film
with a thickness of /=10 nm and the distances from the donor monolayer A and the acceptor monolayer B to
the lower surface of the film /; = 5 nm and /; = 20 nm, respectively. It should be noted that the distance /,
remained unchanged in all calculations. As can be seen from the figure, the matrix element reaches the high-
est values in the region of small quantum'numbers g ~ 10° cm™, since the energy difference between exciton
and plasmon is minimal in this region: In-addition, the values of the matrix element are small (points 3) if the
exciton propagates almost perpendicular to the direction of the dipole moment of transition, which follows
from formula (23).

Table

Dependence of the energy transfer rate on the distance between monolayers

Distance between surfactant The rate of energy transfer The rate of energy transfer
monolayers /45, nm through the film Uyp, s°! in the dielectric U4z, ™!
15 3.85-10"2 3.98-10°
20 2.19-10"2 1.70-10°
25 1.24-10"2 8.32-108
30 7.07-10" 4.52:10%

The dependences of the rate of non-radiative energy transfer on the distance h between the monolayer B
and the film surface at different film thicknesses were determined. Calculations showed that energy transfer
occurs mainly due to symmetric plasmons. The field strength of plasmons of this type decreases with in-
creasing film thickness.

Table presents data illustrating the effect of a 5 nm thick conductive film on the energy transfer rate be-
tween JA monolayers. The distance from monolayer B to the surface of the film varied. The table shows that
in the presence of a metal film, energy transfer is more efficient than directly in a dielectric at the same dis-
tance.

Thus, in [16] there was constructed and numerically implemented a mathematical model of the energy
transfer of a two-dimensional Frenkel exciton from one JA monolayer to another by means of surface plas-

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 47



M.G. Kucherenko, T.M. Chmereva

mons of a metal film placed between the monolayers. It was shown that the presence of a conductive film
significantly increases the rate of non-radiative energy transfer. In addition, the distance over which the en-
ergy can be efficiently transmitted increases several times compared to transmission in a dielectric. This cir-
cumstance may be useful in the development of modern optoelectronic devices based on new physical prin-
ciples of operation.

1.2 Energy transfer in a cylindrical nanostructure consisting of a metal core and a coaxial shell with
phosphor molecules

Light absorption and non-radiative exchange of electron excitation energy between a circular metal
nanowire and phosphor molecules surrounding it were investigated on the basis of the above concepts [17].
In the case of molecules not interacting with each other, calculations of the energy transfer rate from a single
excited molecule to a nanowire and the decay kinetics of the excited state of the phosphor were. carried out.
For molecules combined in J-aggregate complexes, the energy transfer rate from a coaxial monolayer formed
by J-aggregates to a nanowire was calculated and the possibility of a hybrid exciton-plasmon state was
shown. A significant influence of the geometric characteristics of the considered systems on the rate of trans-
formation of the energy of electronic excitation was revealed.

For the rate of energy transfer from the excited phosphor molecule to the nanowire, it‘is possible to ob-
tain

5(r) ol f[0olh) BaRE o, ) e {0, (k). 120,R) .
J.{ S, (k) K? ((]dR)|: Ky (q,r)+ K, (qdr)i|G((Do (k))+2,,=1 5 ) Kf(qdR)G(m" (k))

o, (k)nf

q.r

5 5 (25)
Kn(qdr)J +[¢Kn(qdr)+MK;(qdr>] +K3(qdr)} dk,
q."

X [LK:: (g,r)+
44 4,
where po: is the matrix element of the electric dipole moment of the quantum transition of the molecule from
the first excited state to the ground state, » is the distance between the molecule and the axis of the nanowire,
G(w) is the emission spectrum of the phosphor molecule. In formula (25), the averaging is performed along
the directions of the dipole moment of the transition of the molecule. In the case when the nanowire is sur-
rounded by a monolayer of organic molecules in the J-aggregate state, an energy exchange between the
Frenkel excitons of the monolayer and the surface plasmons of the nanowire is possible. The matrix element

Vioo1 of the operator V= —Zf)m E(n) of interaction of J-aggregate molecules with the electric field of a

surface plasmon between the states |1ex,0 p,> of the system under consideration (with one exciton and without

plasmons) and

0,.1 p,> (with one plasmon and without excitons) takes the form

4rhra, (k) I, (g,R) nk o, (k) f
yi —_ 4 AL =K — L g K 5, 8,026
10,01 SSn (k) Kn (qdR) x q;r n(qdr)+ qd n(qdr) (pOI )¢ + n (qdr)(pm) k..q, " n,q,r ( )

where s is the area of the unit cell of the monolayer. As can be seen from the obtained formula, axisymmetric
(n = 0) surface plasmons interact only with excitons propagating along the axis of the nanowire (¢> = 0). In
other  cases, the .exciton wave vector has a component along the circumference of the cylinder.

I, (qu),Kn (qdR ) are Bessel functions of an imaginary argument.

In the case of strong plasmon-exciton coupling, the conditions for the applicability of the perturbation
theory are not fulfilled, and it is necessary to use the density matrix formalism to describe the kinetics of en-
ergy exchange as in papers [10-11].

2. Magnetic field modulation of the rate of triplet-triplet annihilation of electronic excitations in
nanostructures

The course of spin-selective reactions involving the annihilation of triplet (T) excitons or T-electron ex-
citations localized on molecules is carried out in different ways, depending on how the migration of reagents
occurs in a coherent T-T pair [18-20]. In nanostructured systems, the mobility of molecules involved in the
reaction depends significantly on the structural features of such systems, and the mechanism of spatial
movement of reagent particles reflects either the dynamics of conformational rearrangements of structural
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subunits (in the case of “soft-systems”) [18], or the shape of the potential field [19] formed by the system, or
both together.

In nanostructures with bistable spatial states, depending on which spatial configuration the T-T pair is
in (in a “dense” or “loose” state), we introduce the corresponding density operators p,(z) and p, (7). Thus,

the subscript will indicate that the mobile T-molecule belongs to a potential well 1 or 2. The frequencies of
jumps I'; and I'; between the pits will be assumed to be different and constant. Then we can write the follow-
ing system of equations [19]:

gpl(t) = —i[H,p] (t)] - l{plA + Apl } - K—lpl(t) _Flpl(t) + szz (t)
t h 2 , 27)
%pz(t) = _é[Ho*pz(t)] =K ,p, (@) +T'p, (1) =T',p, ()

where the spin-Hamiltonian H,, of a “loose” T-T-pair does not contain an exchange interaction. The annihi-
lation operator A in (27) is determined through the projector on the singlet state of the T-T-pair:
A=K |00><00| and a fixed rate U(r,,, )= K. For the density operator p, () we obtain (U (¢)=exp(K?),
K=—iH/h-A/2)

nn

p.()= exp(—out)U(r){pl(O) +T, [Iexp(—alt')v(—mpz (r')U*(—z')dt'HU*(r) . (28)

0

We can write a similar equation for the density operator p, ()

p,(#) = exp(-a,))U, (1){92 O)+T, Uexp(—azf W ()p YW, (¢')dt HU 0 (1) (29)

0
The unitary operators U, (¢) = exp(—iH ¢t/ h) and U, (t) = exp(iH ¢/ h) introduced in (29) are related to
the Hamiltonian H,, determining the evolution of the T-T pair in its “loose” configuration (coherent T exci-

tations are spaced in different pits 1 and 2).
Substituting (29) into (28) we obtain an exact integral equation for the density operator p,(¢)

(Ao=0a,-a,)

1

U(=0p (U (1) = exp(~oyt ){Pl O+, (Iexp(Aotl VW (=tYU,(t)p,(O)Ug (YU (')t J +

0

t | (30)
+I' T, J’exp(Aoct')U (-t")\U, (t')[ f exp(o,t" U, (t")p, (", (t")dt”JUg (U (~t"dt'

To construct. approximations of solutions of the basic integral equation (30), an iterative procedure can
be organized following one of two paths:

1).For the integral term, the first term p” (¢) of the right part (30) can be used as the zero approximation
operator

p” (1) = exp(~e, N U(1)p, (VU (1) . 31)

2) Thesum of the first two terms of the right part (30) can be used as the zero approximation operator
(1)

In another typical variant of the initial condition p,(0)=0, in the approximation of one-time returns to
pit 1, we obtain a closed solution. The matrix element p(¢) = <00|p1 (t)|00> determining the population dy-
namics of a paired singlet state can be calculated based on Sylvester’s theorem for matrix exponentials.

It can be seen from the matrix <J |K |J '> structure that the mixing of spin states |00> and |10> is a con-
sequence of the difference in the g-factors of excitations and, in addition, the relationship between spin states
|OO> and |20> appears as a result of intramolecular spin-spin interaction.
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In [20] the effect of a magnetic field generated by a ferromagnetic nanoparticle on the annihilation of
triplet-excited organic molecules or triplet excitons in a near-surface particle layer was studied. A detailed
mathematical model has been presented that accounts for electron excitation diffusive mobility and geometry
of the system.

We define the coordinate-spin density operator f)(r],rz,t | 1‘1',1'2’,B(rI ),B(r2 )) determining the popula-
tion growth rate of the state |JM > optimal for the reaction (here J, M are the total spin moment and its

z-projection correspondingly). For the rate constant K (rl',rz' ) of the spin-selective triplet (T) states annihila-

tion the following holds

’ ’ K 1 ~ 1 !
KOt = [ [ [ U5 5,2 Te [ Rpn b ot BB | ', (32)
O AV,

where Tr{P,,p} =D (JM|(Pp+pP;)|JM)=(00]p|00), because P; =|00)(00| is the operator performing
J.M

a projection of the T-T pair singlet state; r/,r, are the initial positions of the mobile particles. AV, is integra-

tion volume (volume of the layer between the ferromagnetic particle and the inner surface of the nanoreac-

tor); U (r) is the distance-dependent rate of an annihilation act. The kinetic operator is given in the complete

9x9 basis of triplet- triplet pair spin states. Time dependencies of the singlet spin state population of the tri-
plet-triplet pair and the dependence of the triplet-triplet annihilation magnetic response profile (magnetic re-
action effect) from the magnetic field induction were obtained. It was found that the influence of a magnetic
field gradient on the reaction yield dominates over the other known mechanisms of spin-dynamics in triplet-
triplet pairs.

Conclusions

A series of works by the authors [3-5, 10, 11 and 16-20] laid the foundations for a general quantum de-
scription of the features of exciton-plasmon ‘and exciton-exciton interaction in hybrid organometallic
nanosystems, as well as the kinetics of photo-transformations of quasiparticles, taking into account the
mesoscopic specificity inherent in such nanosystems.
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