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Fig. 1. Molecular structure diagram and energy level dia-
gram of MB monomer and H-dimer (The horizontal arrow
indicates the direction of the dipole, S, represents the
ground state of the monomer or dimer, S; represents the
first excited state of the monomer, and S, and S represent

the two splitting states of the dimer, respectively).
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Fig. 2. Schematic diagram of the structure of a composite
system composed of MB molecular aggregates and dual
metal nanoparticles, where the molecular aggregates can be

either monomers or a composite of monomers and dimers.

TEHOCHK AT, 22 B RS 5
i n] A

H (t) = Hpol + le + Hmol—pl + Hfielq (t) . (4)
W R AR EE R R A & TR AR+, S B
SEHW TR Hy 715

le = ZENCX[CN + Z JNMC]tCMv (5)
N N,M

KX, Ey FRE N (N =1, 2) M @aekhi 7k
PR AR BT RE; Iy RN AN S Jm Aok
] 55 BOBOTIIRR G Of TR B HOT AL F
R ERERITELRT: CF = |one) (ongl, FHor on 1R
FHE, one VUL, W R BT X5 55 1F.
Horpt 27897 555 OtV G, TTE N
Hinol-pl = Humon-pl + Hdimer-pl

= > (VnBLCN + VinBmCY)
m,N

+Y (Van B Cn + VinBaCy)

d,N
K, Vian Bl Vg 430K R PR Sy . Rk 1
A B HOCHIRRG . 7RG, S5 —

R A TS Hy: V = W

oy SEBRIT a5 T 3
BB, o S5 BT R SR, Ry
ST BT o 2 LB . HE P T
AIEY

(6)

y FN

Km(@)N = €m(d) €N —3(€m(d) Mm(d)N) (Mm(a)n €N ),

(7)
K, ey Men S HIESTF m(d) FISEEHOT N
(A PE AR Ty o] B FRAL AL B, ) v AR TE SRR
H O Y B ) £
55 ST Hia(t) 75

Hpe(t) = — E(t) - deB:ﬁ —E(t)- deB:[
m d

— E(t)- Y _dnC +He.
N

m

= > Rn(t)Bj + > Ra(t)B]
d

—~

+3 Ry(H)CF + He., 8)
N

X E(t) Wkh; dy, da, dy JESAR IR 4

J& AR T ERE A Rn(t), Ra(t), Ra(t)

Ir RN AR RIS S EOTIUR Y

FEI=E=N

Rabi i, EMAIER 05N

Roa,ny(t) = —E(t) - dpa,n)
= —-n- dm(d’N)EO(t)e*i“’ot +c.c. (9)
(eSS RE ST, RIITH AR L2,
ARG E0 N

Do) = 1@ .5 (0]~ D).

FERCI 3 2 o7 AR IS 55 B OCAE P 2 4
B, Horh, Sy RERLE S oy IR AR TRERL, TS
- f)molOA = ﬁdeA

(10)

= = >389 (BuBOB By + B},BuOB,. B},

IR (BdB;OB;Bd + B;BdéBdBj),
d
(11)
Kot R0 AT ISR A5 A R AT R 45
B OTRER T R R
. 1 R .
D0 =~ %:VN([C]T[CM 0], —2050Cy),
(12)
Kb, v WEEBHOTHFERE .
%ﬁﬁ XX*% ).J—:T\ ﬁﬂl [23], %I A ‘Dm(d) = Em(d)/ﬁJr

() s vy = Evny/h+ iy /2, REILLT
FIPIE Yy

067301-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 6 (2025) 067301

;<B;>=i@m<3,;>+igl‘]’g”(1—2(3;3 ) (B) +1Z Uy 2(B; Bm)) (B,})
FISD TR (1= 2(BBw) (CF) 41732 (12 (B B)). (13)

0 (Bt =i (BY) “1; 2B () i 5 G (20580 (5)
FISD T (2B () 50 (12 (B Ba)) (14)
%<B;;B >_21mk§n Tk (B} By —QImZ Uy (B B,) QIm;‘%{(C}Bm>+QIme;n<B$>, (15)

(BB =m0 () +om S U (g By - om Y VI (0B, o (B, (16)
p#d i K
0

= iJ
ot

(B5Ba) = i@ — @5) (BfBa) + 172 ((BY B.) — (BfBo)

up> ["km (1 - 2(B}B.)) (BB - % (1-2(81B,)) <B;Bk>]

+lz[ (B B,) (1—2<B;§Bm>)—L%(B;QBP}(I—MB:BTL))}

0 [T i) (2 (8 - S (510 (- 20518
+iR£” (1 = 2(BBo)) (Ba) — 12 (1~ 2(BE B.)) (B) (17)

o (BI By) = (@~ 0p)(BY By) + 724 (BF By) — (BY Ba))
1% |- 2B BB B - T2~ 2B BB B
p#d,f

*

+i; [Ugd@ﬂfﬂl —2(By Ba)) — %<B§Bk>(1 - 2(B?Bf>)}

+ iEK: {%(CﬁBﬁ(l —2(B Ba)) - VLHIWBJCK)Q - 2<B;Bf>)}

n i%(l — 2B B))(By) — i%(l — 2(B} By))(B), (18)

O (B} Bu) = (@ — @3,) (B} Bu) iz%w;wl 2B} B)) 413 2By B (1~ 2B Ba))

i Zde<B+B > <B+Bd 712 Unp B+B>(1—2<B;§Bm>)
4 Z [ w) (1—2(BIBy)) - VT (BfCk) (1~ 2<B$Bm>)}
+ i% (Bn) (1 —2(BfB,)) - 17 (By) (1=2(B}Bn)), (19)

067301-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 6 (2025) 067301
O i .= o= IEN Vin .~ Von R%
2%<CN>:10N<CN>+1%; () + %;Aifbk+1%;gﬁf@f+k%f, (20)

<C+CM> =i(2n — 25) (CHCwm) —I—IZ {

—V (CY By }—HZ[ P (B Car) —

0

. J
+1Z—;N (CEBm

+ VT<B+B ) — R

0

JKN
+i E (CiBg) —
K

Van

PV IR i ROR) (1 - 2(B ) +

h

Kb om, n, kTGRS T d, f, p TR
TR T N, M, K T RSO,
I3 ¥ RIFEAL TR IR SR H 7~ S R 8Ok
PtE)StS) Z P(ss + Zp(ss) (24)

E*ﬁ?%ﬁmli@ﬁ?ﬁﬂ%ﬁﬁ%ﬁﬁﬁ
FiJE, PSR d A T B AR ATk B RA TS 9354
RSN, A TR A A 1 A5 A PR T LR
WA SR (241,

3 #X5i%w

W 42w A K s rh i MB 437 BRI — B AR
IFGERT G, FHESEAN A N ARIRGE d. FE
BORE Y FAMNg R S T3 1, Hp ik
TRIKECR SRR, 48 9Kk T AR S
Wik [21,25]. o1 FIrEoE 09 8h ) 2Ead R A K RDYE L,

153 SR e — TR AA ) 7 i AE N RD i, BT LA
LB R SRR EE R L, =k = 0. TE0F
% MB R TSI AE K Lo A8 fb i S 35 v 0]
MB V5 ¥ [R5 BRI A alad 5
VS E, T LAGRAS A>T R R R Lol i) A 5 —

(CECwn) —

5;C;Bm>:duzvfw;xc;Bm>—i}j—%?&c;Bmu-—ﬂB;Bm»

SO = 2B B)) + i

o J
55(CHBa) = (@ —@3)(C Ba) 712 SR (CY By (1 -2

JHK <C;CK>} + izk: {V’“N (Bt Cur)

Ry

2 (cm,)] - i (i

<CM> ,(21)

*iZ %@wpm ~2(B}B,.))

IZ Vinie (CHCOK)(1 = 2(B}B,y)) +1Z Viy (B} B,

k#m

=B ), (22

(Bf Ba) i 32 UE (OB (1 - 2(B] B))
k

S VOO (1~ 2B Ba)) +1 Y (B B)

pFd

X (5,), (23)

|
R, AR T, 15 MB ZF AR —
BIRABERFF—E (B Nuont+Naimer = 12), FH#
AN — Rt 1) B 191 R 8 7 4 TR ) VAR . VS
o MB R BRI R 3.5 D, FE4rFIRIEE A
2.67 ARIRIEE T, —RAMIEZ N 3.8 D. WK 3(a)
Fies, PSRNk i (ORI TE AR 0y = Eory =
6 ps- V/m, FRIEHKIPIERE 7, = 20 fs ) IIAE T,
1 WF-SEEOTRA IR SR

Table 1. Parameter settings for exciton plasmon
coupling research.
SRR Hufl
Ninon 12, 8,6
Nimer 0,4,6
Emon /eV 1.8721
Edimer /€V 2.03121
Ep/eV 2.60
dmon /D 3.5
dgimer /D 3.8
dyi /D 292527
v/ meV 3,5, 10, 15, 20
Yot/ meV 57
Eo/(V-m?) 10°—107
T /fs 10, 20, 50
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Fig. 3. (a) Steady-state excited state population of MB molecular clusters with different numerical ratios as a function of

wavelength; (b) absorption spectra of MB clusters at different numerical ratios, with blue arrows indicating increased dye concen-

trations(2.
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Fig. 4. (a) Steady-state excited state population of composite structures composed of dual metal nanoparticles with different spa-

cing and MB monomers as a function of wavelength; (b) scattering spectra of hybrid nanostructures composed of silver nanocubes of

different sizes and low-concentration MB solution?!.
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Fig. 5. Steady-state excited state population of MB and
dual metal nanoparticles complex with different spacing
varies with wavelength (The green and orange vertical lines
represent the optical response peaks at 610 nm and 663 nm,
respectively).
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Fig. 6. Evolution of molecular excited state population over time in the composite structure composed of MB monomer and dual

metal nanoparticles: (a) fuwo = 1.82 eV ; (b) hwo = 1.93¢eV.
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Fig. 7. Evolution of molecular excited state population of MB and dual metal nanoparticles complex over time: (a) hwo = 1.82 ¢V

(b) hwo =1.93¢eV; (¢) hwo = 2.05 ¢V . (d) Schematic diagram of hybrid energy levels in composite systems.
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Fig. 8. (a) Steady-state excited state population of the composite structure composed of MB monomer and dual metal nano-

particles as a function of wavelength under different pulse widths; (b) the steady-state excited state population of MB and dual

metal nanoparticles complex as a function of wavelength under different pulse widths.
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Fig. 9. (a) Steady-state excited state population of the composite structure composed of MB monomer and dual metal nano-
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particles as a function of photon energy at different exciton decoherence rates; (b) the steady-state excited state population of MB

and dual metal nanoparticles complex as a function of photon energy at different exciton decoherence rates.
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Fig. 10. (a) Steady-state excited state population of the composite structure composed of MB monomer and dual metal nano-

particles as a function of wavelength at different molecular spacings; (b) the steady-state excited state population of MB and dual
metal nanoparticles complex as a function of wavelength at different molecular spacings.
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Multimodal coupling effect between methylene blue
molecular clusters and dual metal nanoparticles”
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Abstract

Methylene blue (MB), as an organic dye, exhibits rich photophysical properties when interacting with
metal nanoparticles. Based on the double Rabi splitting experiment of MB molecular clusters and dual metal
nanoparticles in a silver nanocavity, a cluster model composed of MB molecular monomers and dimers is
developed and placed in a nanocavity environment consisting of two metal nanoparticles in this work. The
density matrix theory framework combined with dipole approximation is used to calculate the coupling
dynamics of the hybrid state formed between MB molecular clusters and dual metal nanoparticles. The semi-
classical model is used to deal with the coupling of external fieldsand molecules and plasmons, and the multi-
mode coupling effect caused by the interaction between multi-exciton states and plasmons is discussed. The
results are qualitatively consistent with experimental results. The research results show that under the
excitation of strong short pulse fields, single-mode coupling occurs mainly between MB monomers and
nanocavities, forming new hybrid states. When the molecular cluster is composed of a mixture of monomers and
dimers, it forms a multi-mode coupling state with the nanocavity. As the pulse width decreases, more exciton
states and plasmon states are activated, which not only enhances the coupling effect but also further expands
the excitation range of excitons. The effects of exciton decoherence rate and intermolecular distance on the
coupling process are explored. The results show that the coupling strength increases with the exciton
decoherence rate decreasing, that is, the longer the exciton decoherence time, the greater the coupling strength
will be. This is because a longer decoherence time means that the exciton state has a longer lifetime and can
more effectively couple with the plasmonic state. Meanwhile, molecular spacing is also an important factor
affecting coupling behaviors. When the intermolecular distance is small, the coupling between excitons is
enhanced, which leads to an increase of the splitting of hybrid energy levels, thereby promoting more excitons
to couple with plasmons. The study of the multi-mode coupling mechanism between MB molecular clusters and
dual metal nanoparticle structures reveals that under the interaction between multi-exciton states and
plasmons, more hybrid energy levels can be generated in the composite system, leading the optical response
peak to change accordingly. This work not only deepens our understanding of the coupling between molecules
and plasmons but also provides theoretical insights for designing efficient light harvesting and conversion
materials.

Keywords: methylene blue molecular clusters, metal nanoparticles, optical response, multimode coupling
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