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Abstract. In the paper the properties of Triplet Charge Transfer Excitons
(TCTEs) in a linear stack with inversion of Donor and Acceptor (DA) molecules
are analyzed. On the basis of two-electron approximation and spin Hamiltonian,
the expressions for transfer parameters and energy levels of the three branches
of TCTEs are calculated. The dispersion and the width of the excitonic bands
are obtained. The vibronic spectra of TCTEs with intramolecular phonons are
studied using vibronic approach. The coupling of TCTEs with triplet Frenkel
excitons is described. The model of TCTEs in DA media confirms their weak
coupling with other electronic excitations and can be useful in applications con-
nected with their big relaxation time.

KEY WORDS: triplet and singlet excitations, charge transfer excitons, vibronic
spectra, coupling of molecular excitations.

1 Introduction

In this paper we study some peculiarities of Triplet Charge Transfer Excitons
(TCTEs) in one-dimensional stack with inversion of perfectly ordered Donor
and Acceptor (DA) molecules. The most studied quasi-one-dimensional DA
crystal with inversion symmetry is An-PMDA [1-5]. The main subject of those
papers are singlet CTEs which are well represented in absorption, reflection,
etc. spectra due to their transition dipole moment. Our attention now is on
TCTEs because of their large relaxation time and the more visible impact of
electron spins on their spectra. Especially, DA systems are promising potential
candidates for quantum information science using possibility to create spin qubit
pairs [6].

Triplet Frenkel Excitons (TFEs) and TCTEs are studied since several decades
(see Refs. [7-12] and [1]). The theoretical treatment and experimental methods
including Electron Paramagnetic Resonance (EPR) have been used to observe
the spectra, diffusion, the role of triplet excitons for transfer of energy in molec-
ular crystals, their coupling with singlet excitations, etc. The most interesting
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subjects are one-component molecular crystals but DA systems are intriguing
topics also.

Our study concerns some details of the energy spectrum and transfers of TCTEs
in a centrosymmetric DA stack. We use two-electron approximation for de-
scribing TCTEs and introduce spin Hamiltonian [13] for estimation of spin vari-
ables impact on energy levels and transfers of TCTEs. Following our previous
work [14] devoted to singlet excitons in DA stack, we are interested also in vi-
bronic spectra of TCTEs and their coupling with TFEs (which is relatively rare
but possible situation) (see Ch. 7 of [1] and [15]).

The relatively weak effects like Spin—Orbit coupling (S.0O.) are not calculated
because of their small impact on energy levels and transfer parameters of TCTEs.
However, in the text we note the role of S.O. coupling on singlet and triplet
states.

The organization of the paper is following: in the next Section 2 we consider
pure TCTEs in a linear stack with inversion center. Section 3 contains the re-
sults of modelling of TCTEs—intramolecular vibration coupling. In Section 4 the
coupling of TFEs and TCTE:s is treated, Section 5 is concluding. Appendix A:
is devoted to (not very realistic) case of DA stack with triplet ground state.
Appendix B: contains the results of calculations of spectra near first vibronic
replica of TCTEs levels.

2 Triplet CTEs in DA Stack

‘We consider electronic excitations in 1D lenear stack with an inversion center of
DA pairs. As it is in quasi-one-dimensional crystal of An-PMDA, the unit cell
contains one DA pair.

This construction corresponds to point group of symmetry P1 and can be real-
ized using flat symmetrical molecules, see Figure 1. Symmetry of the molecules
ensures the inversion of the stack, i.e., the identity of the regions (a; a}) and
(ag afy). The electronic excitation or ionization of the molecule concerns simul-
taneously both groups a; and as. Thus the symbolic place of the molecular
excitations is the center of gravity of the molecule which is crossing point with
the stack axis.

Point group P1 allows two representations only: symmetrical A,; and antisym-
metrical A,,. CTEs in the center of the Brillouin zone (k = 0) are characterized
with transition dipole moment (A,,) or without transition dipole moment (A4,).

Treating TCTEs we apply two-electron approximation [1, 10, 16] introducing
a pair of electrons d(1) and d(2) from Highest Occupied Molecular Orbitals
(HOMO) of nonexcited donor molecule (supposing that all operations of an-
tisymmetrization are realized). The ionization of D and A creates the pair
dt()HA~(2) ordt(2)A~(1). Let gpl()”) (r) and gp/(\”) (r) are wave functions of ion-
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Ca(n) < @ > Ci(n)

Dat(n) < @ > Dy, (n)

Figure 1. Model of a linear stack of Donor (D) — Acceptor (A) pairs with inversion
center. DA flat molecules must be symmetric relatively their centers (see points (a1, a2)
and corresponding points (a, a5) in the neighbor accpetor (or donor). C1(n) and C2(n)
are symbols of singlet CTEs; D1¢(n) and Da;(n) — of triplet CTEs.

ized D and A of unit n. According to quantum mechanics, the wave functions
of the excited pair are of two types

ba(n) = %[sogm ()™ () + o™ )™l . ()
Be(n) = —[6™ )™ (ry) — e )M Y . @)

V2

where ¢§Z) is singlet spin function and quﬁ) (t = 0,£1) are triplet spin function
of the pair n. In this section we treat the case of singlet ground state |0) of DA
pair. The rather exotic case of triplet ground state |0) is considered shortly in
Appendix A:.

Wave functions (1), (2) are valid for singlet CTEs C; (n) and TCTE Dy;(n), see
Figure 1. CTEs Cy(n) and Dy, (n) possess similar wave functions with ¢("~1)
instead of np/(\").

Coulomb K and exchange J energy of the electrons with coordinates (r1,72)
can be expressed using formulas (1), (2), as follows:

2

€
K= [ ——— 0™ )2e"™ (ry)|2dr, d 3
//Mgom_rzl% (ro) [, (r2)["dridrs ()

2
e mn)*x n)*x n n
J= / / e A ) () rdrdra

173



1.J. Lalov

in which ¢ = 8.85 x 10712 F/m, (-e) is the electric charge of the electron, quan-
tity K is the same for singlet CTEs and TCTEs and (-K) represents Coulomb
energy of the two ions (DT, A7), whereas exchange energy (+.J) enters the en-
ergy of singlet CTEs and (-J) is common for triplet CTEs. The distance between
the electrons |71 — r3| = a/2. The estimations of exchange parameter J give
the values of several cm~! or several tens of mm~—! [15, 17].

In calculations of impact of electron spins on energy levels of TCTEs we intro-
duce the following spin Hamiltonian [1, 13]:

. 1 = . . .
AP = (5 +2818) + 5 - F- S+ AH(S.0)
+ AH(h) + 1, Bo(gp, S1z + 9,52:) s (5)

where: S and S, are spin operators of electrons; F' is the electron—electron spin
dipolar coupling tensor; AH (S.0.) is the spin—orbit coupling operator taken into
account using perturbation theory; AH (h) is the operator of hyperfine coupling
which for mobile triplet excitons has vanishing inpact [8]; 1, is the Bohr mag-
neton; By is the external magnetic field directed along stack axis; g, and g, are
the g-factors of the donor and acceptor ions.

The term ,gl -F - §2 in our case in which the spins of the electrons 1 and 2
in excited D and A are situated at the gravity centers of the molecules can be
represented using the following formula [1, 16]:

2 SXIi)AXéA - (a/2)25ij
(a/2)?

1
DA —
Fz(] = 9 x 10 7(96#3)

(6)

(coefficient 10~ is valid for units in SI).

In formule (6) g, is the g-factor of free electron and X}, is the component of
DA vector. Since the only nonzero component is the z component along stack
axis, one obtains

FPY =107 (ge/p1,)?/(a/2)" o
DA) _ DA) _ DA

Obviously FZ(ZDA) is valid for the triplet CTEs ¢t = +1 whereas FS;A) = FgEEA) —
for the triplet CTEs Tp. The estimations of these quantities for a ~ 8 x 1071 m
give values of 0.1-0.2 cm~'. The value of the term in (5) with external magnetic
field Bo = 1 Tis about 1 cm™?!.

In formulas (6) and (7) as well as in the following text, the overlap of wave
functions of Donor and Acceptor is neglected.

Let E. denotes the basic energy of CTEs which includes the difference of the
lowest unoccupied molecular orbital of the Acceptor and the highest occupied
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molecular orbital of Donor molecule, plus polarization effects of the appearing
of the two ions (see [1]). Then the excitation energy levels of CTEs are the
following:

— for singlet CTE
E;=E.+J+K; 3
— for triplet CTEs
Eys1=E.+ K —J+F® iuBBO%, (9a)
1
Er,=E.+K—J— §F§EA) ) (9b)

In these formulas we omit the vanishing hyperfine coupling as well as the S.O.
coupling which is very weak compared with the exchange parameter .J (see esti-
mations in Ref. [9]). We note that S.O. coupling mixes triplet and singlet CTEs
and thus it creates weak signals in light absorbtion near frequencies of triplet
excitons.

The mobility of TCTEs is connected like mobility of triplet Frenkel states with
exchange energy [9, 10]. The mobility of singlet CTEs C;(n) and Cz(n) (see
Figure 1) is a result of transition dipole coupling of two transition dipoles P =
— P, with opposite directions along stack axis

P =P
= g// [(7’1—7‘2)<P(Dn) (7'1)<Pi")(7‘2)+(7'2—7‘1)@;") (7'2)902")(7‘1) Yodridrs
—e / / (r1 = 12) e (r1) @l (r2)odridry, (10)

in which 1 is the wave function of the ground state of (DA) pair. If those
dipole moments are situated at the middle points of the stack axis between cor-
responding D and A molecules, one obtains the following coupling for transfer
of electron from A to A,,_;:

I Py - P, — 3PP, _ 2P an
° dmeg(a/2)3 dmeg(a/2)3

The quantity J. s describes transfer terms of singlet CTEs of type [JeSCfann +
h.c.]. But triplet CTEs do not possess transition dipole moment (for TCTEs the
expression (10) with sign “-” instead of “+” is zero), nor transition quadrupole
moment, nor magnetic transition moment due to the different multiplicity of the
ground state 1)y and the excited triplet states. The spin—orbit coupling (S.O.)
which couples weakly singlet and triplet states can be the factor of the presence
of TCTEs’ small nonvanishing matrix elements. The only possible mechanism
of coherent transfer of TCTEs is the exchange transfer with the same multiplet
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(we consider the coherent transfers of triplet excitons and do not study the hop-
ping mechanism [11, 12]).

Let J.; is the transfer parameter of an electron between A, and A, _;. This
process exchanges triplet CTEs Di¢(n) and Do¢(n) (¢t = 0,41) and can be
described by the matrix element

Jer = ($1(D1(n))|U¢pr(D2(n))) , (12)

where U is the Coulomb interaction of electrons (rq,r3) of TCTEs D;(n) and
D3 (n). Function U can be represented as follows:

2

e 2 1 1
Ury,ry) = ( ) 13
rire) = s =l P 2 T 2] (13

Using formula (2) for wave functions v;(Dy(2) +(1)), we obtain with first addend
in (13)

d’"ld’”2 ) (7)o (n—1)x
2 [ e [ ) el el
(")(7‘1) (n)*(r2) (n)(r2) (n— 1)*( Dl a4

The first addend in (14) can be neglected supposing vanishing overlap of wave
functions of neighbor acceptors (see also [3]). Analogous argumentation elim-
inates the role of other two addends in (13). Hence, the transfer parameter .J,;
appears due to the exchange

dridrs o™ (n)x (n) (n—1)*
- e
Jet 47r60 //‘ (r 1)@ (T2) (7‘2) (r1) (15)

'rl—r|

If we follow the same way, the transfer parameter J., for singlet CTEs can be
expressed with the same formula but with positive sign. The transfer of the hole
of TCTEs can be represented with a similar formula

It = // dradr (nH)( ) (n)( ) ()(7‘2) () (7'1)- (16)
471'80 D

rr—ra]”

The last two formulas indicate equal transfer parameters for all TCTEs branches
(t = 0,£1). Our model exhibits the transfer parameters for singlet CTEs and
TCTEs with equal absolute values and with opposite signs.

The weak effect of S.O. coupling only can produce direct transfers of the types
Di"(z) +(n)Dy(2)¢(n =+ 1) since the excited states are triplet whereas the molecules
of the neighbor pairs are nonexcited and their ground state is singlet.

For dipole active CTEs of type Cy,,, Ca,, the direct transfers C (2)( )C1(2)(n=+
1) are possible [3] (their excited states and the ground states of the neighbor
nonexcited DA pairs are singlet).
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Now we can compile Hamiltonian of triplet CTEs

aY = Z E;[DY;(n)Dys(n) + D3, (n)Day(n)]

n,t=0,%+1

+ Y JulDY,(n)Dyi(n) + Df;(n)Dy(n)]
n,t=0,+1

+ Y JuD3(n+1)Dy(n) + D, (n)Day(n+ 1)) (17)
n,t=0,+1

In momentum space k, one reads

go - Z {Et[ 2 (k)D1¢(k) + D3, (k)Dat (k)]
kt=0,+1

+ [(Jot + Jnee~*)D, (k)Dye (k) + h.c.]} . as)

Formula (18) is an analog of Hamiltonian of singlet CTEs [3, 14]. The triplet
CTEs spectra are expressed with equation

EF (k) = By I3+ T, + 2er i cos(ka) = E, £ R(K).  (19)

The width of the excitonic bands depends on the difference [R(0) — R(7/a)],
ie. |Jet + Jnt| = |Jet — Jne|- Hence the width is equal to the smaller value
2| Jet| or 2| ).

The wave functions are correspondingly

1 Jet + Jhte tka
i L)L Jet T Ihtt
In the center of Brillouin zone (k = 0), the wave functions 1 (k) and ¢2¢(k)
for the triplet excitons of type Dy;, Do, are equal and the function (20) with

sign “~” is zero. For the other values of k, both types of functions (20) are
nonvanishing.

vk = bau(k)] . 0)

3 Vibronic Spectra of Triplet CTEs

In this Section we consider the coupling of TCTEs and the intramolecular vibra-
tion of Donor molecules with frequency wy (the case of intramolecular vibration
of Acceptor is analogous). The ionization of a Donor may change the vibrational
frequency with Aw (usually |Aw| < wq) and the equilibrium positions of the
nuclei expressed for totally symmetrical vibration by the parameter £wy [9, 14].
The following vibrational part is added to the Hamiltonian (17), (18):

AH, Zhwoa Qp + Z [DY;(n)D1¢(n) + D3, (n)Day(n)]
n,t=0,%+1

X [§hw0(a,f + an) + hAUJa:;an] ) (21)
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where a,, is the operator of anihilation on Donor n of one vibrational quan-
tum. In the operator (21), the intermolecular transfer terms of vibrational quanta
are neglected. We use canonical transformation for elimination of linear CTEs-
phonon coupling (terms with wy), notably [9, 14]

Iy = eQ(AY + AH,)e?

22
Q = €Y D, (D (n) + DY, (WD ()]0 — ).

Then TCTEs operators are replaced with the operators of type
Vi2),6(n) = e“Dy(a) (n)e <. (23)

Due to the inequality |Aw| < wp, the terms with Aw are approximately the
same [18]. The operator (21) is transformed to

(5}},}71 = Z atan,{hwo + ﬁAw[Vﬂ;(n)VLt(n) + V2+t(n)V2t(n)]} (24)

For TCTEs the inequalities |Jet|, |Jnt| < Ey, hwo are valid and dynamical
theory of vibronic spectra [9], correspondingly vibronic approach [18], can be
used in calculations of vibronic spectra. The following retarded Green functions
have been analyzed:

gia(n(tr)) = =i0(t2) {01V (n) (1) Y (Vi'y(n1) + Vaf (n)) (0)[0), - (25)

ny

in which 6(¢1) is the step function and averaging is on the ground state only
because of inequality kT < hwg, E; (k being Boltzman’s constant and 7' is the
temperature).

The vibronic approach includes the impact of the transfer parameters Jet, Jx¢ in
one step only of the chain of equations for complicated Green functions of types
(0lan Vie(n)(t1)], (Olanam Vi, (n)(t1)], etc. These functions appear in calcula-
tions of Fourier components of function (25) using hamiltonian (22). We take
into account TCTEs transfers only in the first step of calculations of functions
(25) or in calculations of Fourier components of functions with (0|a,, V; +(n)(¢1)]
if we are interested in details of the first vibronic replica F; + hwg and so on.
We neglect transfers in higher equations with increasing number of vibrational
quanta.

Near pure excitonic peak F; and near its vibronic replicas, one obtains the fol-
lowing system of equations for the Fourier components g¢; ;(w, k) in momentum
space [14, 18]:

[hw — By — Qo(1)]g1,e(w, k) — (Jer + Jnee™)gos(w, k) =1, (26)
—(Jet + Jnee” ") g1 1 (w, k) + [hw — By — Qo(1)] g2, (w, k) =1,
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where Q¢(1) is the following continuous fraction:
2,2
(1) = i 2 )
w—FEi/h—w — !

3520.;%

The denominator (- - - ) represents continuation of the expression for correspond-
ing quantuty changing the numerical coefficients by one of each step of the lad-
der. The lowest step (after truncation) does not contain the term with 5%}%,
where w; = wy + Aw is vibrational frequency of ionized Donor. One obtains
expressions:

hw — E; — Qo (1) + J, + Jy,etke
914 (w, k) = ga(w, —k) = ! O(ZO) e, (28)

Zy = [hw — By — M (1) — R*(k). (29)

Atk = (0,7/a), one obtains

1

gr,t(w1) = g2,¢(w1) = heo — By — W (1) — Jo — (30)

Green functions (28) describe the pure excitonic spectra defined by the equation
with Zy = 0, namely

hewexe (k) = Ey + h%(1) + R(k) . 31)

They coincide with the levels (19) shifted as a result of TCTEs-phonon cou-
pling with 7 (1) calculated for w ~ F;/k. In spectroscopic experiments we
observe the shifted excitonic spectra. Continuous fraction (27) describe also vi-
bronic replicas of pure excitonic maxima (31), which repeat (31) with increasing
frequencies fi(Wexe + w1), MWexe + 2w1)s - .-

For TCTEs at |Je|, | Jnt| < hw; details of the excitonic bands would be absent
in vibronic replicas (see simulations of vibronic spectra of benzene, Ref. [18]
with weak transfer parameters). At weak TCTEs-phonon coupling (2 < 1),
the vibronic replicas will be practically invisible.

Calculations of vibronic spectra for the first vibronic maximum near F; + fwg
are represented in Appendix B:. The results are similar to those for singlet
CTEs [14]. But the narrow excitonic bands of TCTEs with width 2| J.| or 2| x|
produce weakly expressed bands of many-Particle (MP) states. MP states corre-
spond to separate motion of the exciton and vibrational quantum. The frequen-
cies of MP states wex.(k) + wq are shifted from more stronger Lorentz maxi-
mum wex: (k) + wy with a quantity of Aw. This maximum corresponds to bound
TCTE-phonon transfers and probably bound states will be manifested near first
vibronics (not MP band).

179



1.J. Lalov

4 Coupling of Triplet FEs and Triplet CTEs

The problem of coupling of triplet FEs and TCTEs is important if their energy
levels are close each other. This is not the case of anthracene-PMDA but it can
be realized in other crystals (see [1, 15]).

We describe TFEs using again two-electron approximation [1,10]. Letry, ro are
coordinates of two electrons in molecule of Donor n (the case of FEs which stem
from electronic excitations of Acceptors is analogous). The wave functions of
the excited |e) neutral molecule and of its ground state |0) are, correspondingly

©pe(T1), Ppe(ra) and vpo(r1), @po(ra).
The triplet wave function of FE is

]- n n n n
Wn) = ﬁ[%(),i(ﬁ)@f),%(rz)—@E,i(rz)wéﬁ(ﬁ)wﬁ?. (32)

The energy levels of TFEs are (overlap is neglected, see spin Hamiltonian (5))
EY =B+ Ki — A+ 8- F, - S+ 1, Bog"S. , 33)

where F is the excitation energy of a free molecule, S; and S5 are the electron
spin operators, glgo) is the g-factor of D molecule, and K; and A are the Coulomb
and the exchange energy,

() (1)) 2|00 () 2
Lo [[ ORI E

47T50|’I"1 — ’I"2|

(34)

d?"ldrg .

// @lm* (1)l (ro) o) (71)p )" (1)

47T50|’I"1 —1‘2|

The tensor F} in (33) is connected with a neutral D molecule and S, = +1(¢ =
+1), S, = 0(Tp).

The quantity which couples TFEs and TCTEs is

A= <¢ (35)

‘47r50|r1 — 72 ‘% >
Using formulas (2) and (32), one obtains

47T€0 // |dr1dr2 [ (1)) (r2) o5 (1) (" (rr2)]

T — T2
[P0 )Rl (ra) el (r2)e M ()} (36)

The first addend in (36) contains the function gol(;;) (r2)¢(™*(rs), which can be
neglected. In the second addend the function wgf;) (rg)wg")*(rg) describes ion-
ization of D molecules and the function ¢(™)(r1)p(™*(r;) contains functions
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of two excited states of D and A molecules. A crude evaluation of A, calcu-
lated with the second addend, gives values of several units of 1072 eV, see also
calculations for aromatic molecules in [15,17].

Coupling parameter A is calculated and estimated via the impact of the cor-
responding terms in Hamiltonian of Davydov splitting in anthracene, naphtal-
ene and other crystals with two molecules in unit cell [12, 15]. The compari-
son of contributions to Davydov splitting of pure TFEs exchange energy and of
TCTEs-TFEs coupling gives approximately ratio of 2 : 1. More precise value of
A can be obtained taking into account the wave functions of electronic structures
of Donor and Acceptor molecules and ions.

Hamiltonian contains TCTEs part, TFEs part and terms of TFEs—TCTEs cou-
pling — (17) and (18)
}Afl = H(t) + Z EF(S)B:tBnt + Z JFtB;"L_tht
n,t=0,+1 m,n,t=0,+1
+ Y A[BL(Diy(n) + Dy(n) +hel], (37)
n,t=0,%+1

where B, is the operator of anihilation of TFE on molecule n and .J,, is the ex-
change energy parameter of FEs transfer between molecule n and its neighbors,
namely

Iy L () oD () D () ) ()

= drqd: 38
Fr dmelry — 7o T (38)

(Ir1 —r2| = R,, = a). In momentum space, one obtains for nearest neighbor
approximation

H=HO%)+ Y {[Efj) +2J, coska] B}, By
k,t=0,+1

+ A[B, (Diy(k) + Dy () + e b (39)

The transfer parameter J,, for TFEs has been calculated for aromatic crystals

[9,10,12,17] and its typical values are of several cm~*.

The standard procedure allows to find the spectra of triplet excitons T'(k) with
Hamiltonian (39). The following cubic equation, as a result of three excitonic
branches’ coupling (one triplet FEs and two TCTEs) has solutions T'(k):

[BEW 427, coska — T(k)|[(E; — T(k))* — R*(k)]
—2A2[E, — T(k) — Jot — Jpecos(ka)] =0 (40)

(see formulas (17)—(19). It is easy to find excitonic spectra at k = 0, 7/a,
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namely
k=0: T1(0)=E;— Jet — I

1
Ty.5(0) = 5{Eg) +2J,, + By 4 Jep + Tt

+ \/(EF(? 420, — By — Joy — Jn)? + 8A2}. A1)

At k = 7 /a, one obtains similar expressions with opposite signs of J;, and Jp;.
In both cases TFEs couple only with TCTEs with sign “+” in Egs. (19) and (20).

5 Conclusion

Our studies of Triplet Charge Transfer Excitons in DA stack confirm the un-
derstanding of their weak coupling with other excitations. Their inversion sym-
metry in the model corresponds to the real quasi-one-dimensional DA crystals
but also it practically closes the possibilities of electric quadrupole or magnetic
dipole transfers of TCTEs. These properties of the triplet excitations ensure
relatively big relaxation time of the excited molecules and ions.

We note that the linear centrosymmetrical structure with one DA pair in unit cell
can be realized with centrosymmetric D and A molecules.

The transfers of TCTEs and their coupling with triplet FEs (or other electronic
excitations) are possible as a result of exchange which is the feature of TCTEs.
The interesting result of our studies is the correlation between transfer parame-
ters of TCTEs and of singlet CTEs, notably transfer parameters have the same
absolute values and opposite signs for both types of CTEs. Connection between
the two types ensured by S.O. coupling does not change essentially the spectra
of TCTEs but it makes them more “visible”.

The model of vibronic spectra of TCTEs shows a possible appearing of vibronic
progression wexe +nwy (n = 0, 1,2, ...)in which w; is the vibrational frequency
of ionized molecule of D or A (not of neutral molecules). Since the spectra of
singlet and triplet CTEs depend on the square of the transfer parameters, a part
of numerical calculations of the vibronic spectra of singlet CTEs in Ref. [14] are
valid for TCTEs also.

The case of coupling of TCTEs and triplet FEs is relatively rare due to the big
difference of their excitation energy. Our model treats three branches’ coupling
(two branches of TCTEs and one of TFEs) expressed with three parameters re-
sulting from the exchange. This coupling represents also another transfer mech-
anism of TCTEs named “‘supertransfer” in Ref. [3].

The spectra of TCTEs can be studied (if necessary) in more details including
hyperfine interaction and difference of spectra of the three triplet states in exter-
nal magnetic field. Experiments with three-dimensional quasi-one-dimensional
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crystals can provoke studies of the inter-stack coupling. We emphasize again the
big relaxation time of triplet CTEs as an important factor for their applications
and as a reason for future interest.

Appendix A: TCTEs in the Case of Triplet Ground State

In the case of triplet ground state g, t = 0, £1, the wave functions of TCTEs
are again of type (2). These functions annul transition dipole moment of type
(10) but with sign “~”. Thus TCTEs in this case also are represented as Ag,
but transition quadrupole moment and transition magnetic dipole moment are
allowed due to the same multiplicity of TCTEs and )g;. Transition dipole mo-
ment is a feature of the singlet CTEs but functions 15 and v, are of different
multiplicity. A small transition dipole moment of singlet CTEs can appear as a
result of S.O. coupling, which mixes them with TCTEs.

The transfers of type WDT@L ,(n £1)Dy (2 ;(n) are allowed. This is connected
with the same multiplicity of excited states (2) and of the ground states of neigh-
bor nonoexcited DA pairs. The transition quadrupole coupling of neighbor DA
pair is the reason for these transfers (the coupling between transition magnetic
dipoles of the neighbor pairs is relatively weak). The transfer parameter W is
common for TCTEs with ¢ = 0, £1 and for D1¢(n), Da;(n). It changes the quan-
tity E; in formula (18) to E; + 2WV cos(ka). The values of WV are approximately
lem~1[9,15,17].

Formulas (15) and (16) for the transfer parameters J.¢, Jp; are valid in this case
also.

Appendix B: First Vibronic Maximum of TCTEs

For the frequency region E; 4 iy, we obtain the following Green functions (see
calculations in [14, 18]):

hw—Er—a+b+ J, + J,ethe

g1.1(w, k) = g2.1(w, —k) = 7 7 ®B1)
1
Zy = (hw — By — a)® = |J —|—b—|—J,(f)eika|27 (B2)
where
2
“= (5;12) [hweiTo(1 — Mwerlo) + Mo,
2
a:JetI0+Jht11, b: (gwl) OZ,

Dz (B3)

Dy = [1 = MhweIo)*> — M?a?,
hwcl = h(w —Wwo — Qlc) - Et )
M= h[Aw + Qo(2> — Qlc] .
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Expressions (B3) contain the following contonuous fractions:

2, .2
Q. = e 2 , (B4)
w—Ei/h— 2wy — Aw — L 2227
W EyJh— 3w — 20w — 21
2, .2
Q0(2) = 2 , (B5)
w— Ey/h— 2w — ! 1
w—Et/ﬁ—i’)wl—ﬁ

as well as the following sums over whole Brillouin zone:

Io(s)

12 1 ) —1/\/82—1 at |5+\/82—1<1,
—_— —_— =0\ S) =
N}~c s —cosk;

1

1 1 1 cos k1
= T = B6
2ot Jht %: s—cosk;’ 1(5) 2J ot Tt ; s—cosk;’ (B6)
1 1

L {[h(w —wp — Q) — B [J2 + Jgt]} (B7)

Ay

B8
+1/vs?2—1 at|s+vs2—1>1. (B8)
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