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We present a comparative theoretical study of magnetic resonance within the polaron pair recombination
(PPR) and the triplet exciton-polaron quenching (TPQ) models. Both models have been invoked to interpret the
photoluminescence detected magnetic resonance (PLDMR) results in 7 -conjugated materials and devices. We
show that resonance line shapes calculated within the two models differ dramatically in several regards. First,
in the PPR model, the line shape exhibits unusual behavior upon increasing the microwave power: it evolves
from fully positive at weak power to fully negative at strong power. In contrast, in the TPQ model, the PLDMR
is completely positive, showing a monotonic saturation. Second, the two models predict different dependencies
of the resonance signal on the photoexcitation power, P,. At low P;, the resonance amplitude A/l/[ is «x P,
within the PPR model, while it is ocP}? crossing over to P} within the TPQ model. On the physical level, the
differences stem from different underlying spin dynamics. Most prominently, a negative resonance within the
PPR model has its origin in the microwave-induced spin-Dicke effect, leading to the resonant quenching of
photoluminescence. The spin-Dicke effect results from the spin-selective recombination, leading to a highly
correlated precession of the on-resonance pair partners under the strong microwave power. This effect is not
relevant for TPQ mechanism, where the strong zero-field splitting renders the majority of triplets off resonance.
On the technical level, the analytical evaluation of the line shapes for the two models is enabled by the fact that
these shapes can be expressed via the eigenvalues of a complex Hamiltonian. This bypasses the necessity of
solving the much larger complex linear system of the stochastic Liouville equations. Our findings pave the way

towards a reliable discrimination between the two mechanisms via cw PLDMR.
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I. INTRODUCTION

Over the years, optically detected magnetic resonance
(ODMR) has proven to be a powerful tool for the study of spin-
dependent recombination and dissociation processes, both
in inorganic [1-3] and in organic [4] semiconductors. High
sensitivity, exceeding the sensitivity of conventional electron
spin resonance by about 6 orders of magnitude, renders ODMR
the tool of choice when it comes to 7-conjugated polymers [4],
where the density of spin carriers is small. Photoluminescence
detected magnetic resonance (PLDMR), being a subset of
ODMR, has an advantage as it provides the most straight-
forward probe of the radiative singlet exciton population and
quantum yield of the material [4-7]. Besides, this method is
suitable for probing the bulk of a photoluminescent material
without the necessity of device fabrication.

Two different models have been employed to explain
PLDMR results in m-conjugated materials. The double-
modulation PLDMR experiment [6] advocated the quenching
model based on the spin-dependent reaction between triplet ex-
citons and polarons. On the other hand, the experimental study
of the frequency dependence of the in-phase component of
PLDMR [7] employed the polaron pair recombination model.
Subsequent publications invoked both the quenching model
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[8,9] and the recombination model [10] for the interpretation
of results obtained for the same material, polymer MEH-PPV.
In order to distinguish between the two models, pulsed
PLDMR experiments were conducted [11] in which Rabi
beats of PLDMR in MEH-PPV and its deuterated variant were
explored. The results appear to reveal the fingerprints of both
the recombination and the quenching mechanisms. Hence,
for conclusive discrimination, additional continuous-wave
PLDMR measurements revealing the nature of the underlying
spin-dependent processes are desirable. Equally, theoretical
predictions of the differences in the PLDMR within the two
models are highly desirable. That is the goal of the present
paper. To achieve this goal, we employ the stochastic Liouville
equations for the density matrix to calculate analytically the
resonance line shapes and saturation within the recombination
and quenching models. We show how the difference in the
underlying spin dynamics translates into very different depen-
dencies of the PLDMR on the optical excitation intensity. Also,
within the recombination model, the line shape is predicted to
be very peculiar, with a peak precisely at the resonant frequency
evolving into a minimum at higher microwave power.

Our results on the dynamics of the spin pairs within
the polaron recombination model agree with the predictions
based on the analysis of eigenmodes for the calculation of
transport [12,13] and with a direct analytical solution of the
Liouville equations [14,15]. At the same time, Refs. [12,13]
do not employ the density matrix formalism at all. Instead, the
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spin-dependent recombination is incorporated into the equa-
tion of motion for the amplitude of the singlet. Refer-
ences [14,15] study the dynamics of electron- and hole-polaron
spins with different g factors and do not consider the random
local hyperfine fields at all. This makes the polaron pair spin
dynamics very different from that considered in the present
work, where the electron and hole g factors are practically
indistinguishable, and the singlet-triplet interconversion is
governed by the local hyperfine fields.

We consider the regime relevant to fluorescent -
conjugated polymers. According to experiments, this regime is
characterized by very close electron- and hole-polaron g fac-
tors [10,16], relatively strong hyperfine interaction [11,16,17],
relatively slow recombination from the singlet polaron pair
state [7,17], relatively slow annihilation of triplet excitons
from doublet triplet-polaron state [6,8], relatively long spin
coherence times [16,17], weak exchange [18], and weak
dipolar interaction between polaron pair or exciton-polaron
spins [6,9,18], etc.

Our analytical results can be directly generalized to include
abroader class of ODMR techniques, as well as other detection
methods, e.g., electrical, reaction yield, and capacitance mea-
surements. In this connection, notice the similarity between
our results for the polaron pair recombination model and those
observed in recent transport [19] and dielectric polarizability
[20] studies.

The established substantial differences between the predic-
tions of the polaron pair recombination and triplet exciton-
polaron quenching models can enable the differentiation of the
two mechanisms in interpretation of continuous-wave PLDMR
results.

II. THE POLARON PAIR RECOMBINATION MODEL
A. Qualitative picture

The PPR model is illustrated in Fig. 1. The processes in-
volved are the generation of weakly coupled polaron pairs (PP)
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FIG. 1. Schematics of the processes underlying the PPR model.
The black arrows indicate the PP generation; out of g PPs per second,
£ are singlets and ‘%g are triplets. The brown and green arrows
respectively indicate the dissociation and recombination, Eq. (10).
The orange arrows represent the singlet-triplet beating, induced by
the hyperfine coupling and resonance microwave, Eq. (9), and the
spin-lattice relaxation, Eq. (11). The yellow background outlines the

components of the stochastic Liouville equation (8).

at rate g, their dissociation with at rate k;, and recombination
from the singlet pair state at rate k, [21]. The latter process
constitutes the reaction

P, +P, —> S ey

between the electron and hole polarons, P, and P, respectively,
yielding a singlet exciton, S. Thus, the spin-selective recombi-
nation is incorporated as the restriction that Eq. (1) can occur
only for singlet PPs, i.e., for triplet PPs it is forbidden.

In an applied static magnetic field, By = ByZ, the electron-
and hole-polaron spin-up (|1). and [1),) and spin-down
(l4)e and || );) states occupy the Zeeman levels, %hyBo and
—%hy By, respectively, where y is the polaron gyromagnetic
ratio (we assume equal gyromagnetic ratios for the electron
and hole polarons). The triplet-singlet PP spin states,

IT:) = 1DelDns 1T-) = [1)eldn
1
|To) = E(Iﬂemh + el TIn), @
1
1) = —=(UM)el)n = Wel Pn),

2

form a convenient basis for the discussion of magnetic-field
effects. The resonant microwaves couple the Zeeman levels of
individual spins and, correspondingly, the triplet PP levels.
On the other hand, random hyperfine fields created by the
nuclei (almost entirely hydrogen protons) at electron- and hole-
polaron sites induce interconversion between the singlet and
triplet PP levels. Characteristic magnitudes of these hyperfine
fields by, and by are different in general and define two
distinct hyperfine frequencies, wpy,,, = ¥ bnt,u, 4 = €, h.

If the pair spins are uncorrelated, the populations of in-
dividual Zeeman levels in the microwave drive field B(¢) =
2 B; cos(wt)X oscillate with Rabi frequencies

Q= Jo? + b, p=eh, 3)
where w; = y Bj is the microwave drive amplitude, and
a)uzybz,u+8» d=yBy)— o, “)

are the polaron Larmor frequencies in the rotating frame and
the detuning frequency, respectively. The z components of the
random hyperfine fields b, , follow a Gaussian distribution,
entailing a Gaussian distribution of Larmor frequencies:

1
A 27‘[ a)hf,u

The most important physics of the PPR model is that the
spin-selective recombination correlates the dynamics of each
of the spins in the pair. Indeed, if the recombination rate was
the same for all four spin-pair states, then the Rabi beatings of
the level populations would not affect the luminescence, and
therefor no PLDMR would be detectable.

The essence of PLDMR technique is that the intensity
of recombination shown in Fig. 1 exhibits a resonance as a
function of §, which becomes progressively pronounced as
the microwave field amplitude w; exceeds wy,,,. The PLDMR
amplitude is directly related to the singlet exciton density ng.
Therefore, the evaluation of resonance line shapes reduces to
finding ng versus §, wy, and wyy, ;. One can naturally distinguish

o~ @umdF /207y,

N(w,) = w=-eh. (®)]
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two regimes: weak drive, w; < whf,,, and strong drive, w; >
wpt,y,. It might seem that at weak drive Rabi oscillations do
not occur. However, as the hyperfine fields are random, some
spins will be at resonance. Their fraction can be estimated
as [16,21,22] ~w;/wnf,,,. Our main result for weak drive is
that these pairs dominate the resonance line shape, leading
to the linear dependence of the resonance amplitude on w;.
This conclusion contrasts with the results obtained from simple
rate equations [7] and from other studies of PP spin dynamics
and recombination that exclude averaging over local hyperfine
fields [14,23].

In the strong drive regime, the physics underlying the
resonance line shape is different. In this regime, not only
are the four conventional spin-pair states not eigenstates, but
actually (|74;) — |T_1))/~/2 is close to an eigenstate, and it
is decoupled from |S). This means it is a long-lived state. We
will see that this decoupling is a consequence of the spin-Dicke
effect [12,13]. It manifests itself as a minimum in the resonance
line shape at zero detuning, which gradually takes over as
the microwave drive increases, turning the resonance to fully
negative.

More formally, under steady-state conditions, the photo-
luminescence intensity Z is proportional to the steady-state
singlet density, /is. The latter is found from the rate equation

ong = Gs — Rsns + a(8,w1), (6)

where Gy is the photoexcitation rate of singlet excitons, Rg
is their decay rate, and «(8,w;) is the rate of singlet exciton
generation due to the PPR, Eq. (1), rendering the PLDMR
within the PPR model. The normalized PLDMR is then
given by
AZ@,w1) _ As@w1) —is(0)  a(d,w1) — a(0)
) iis(0) Gy ’
where the relation Gg > «, common for many systems [4],
is used in the last equality, and zero arguments correspond to
w; = 0, implying the absence of microwave drive; «(8,w;) is
governed by the spin dynamics of polaron pairs, to which we
turn next.

(N

B. Spin dynamics of weakly coupled
electron-hole pair ensemble

The spin dynamics of a PP ensemble is analyzed by solving
the stochastic Liouville equation for the spin density matrix p,
dp

L = ilp.H1+ §n+7zdr{p}+7zs1{p}, ®)

where the first term describes the spin dynamics due to the
magnetic interactions governed by the spin Hamiltonian H,
g is the PP generation rate, 1 is the identity operator, Rgr
represents the pair dissociation and recombination, and Ry
the spin-lattice relaxation processes. [For the discussion of the
relation between Eq. (8) and a more general Lindblad equation
see Appendix A.]

For simplicity, we neglect the spin exchange and dipolar
interactions. (Generalization for the nonzero spin exchange
and dipolar interactions will be discussed later.) In the rotating
frame, the spin Hamiltonian is given by

H = 0,S; + oS + 01 (S} + S1), )]

where o, and wj, are local electron and hole detunings, see
Eq. (4). They are different due to the different on-site hyperfine
fields. S, stands for the electron- and hole-polaron spin
operators (we set i = 1).

Conventionally, the spin-dependent recombination pro-
cesses are described within the singlet-triplet basis of PP. We
assume that the pair dissociation occurs at the equal rate k,;
from all spin states. In terms of the matrix elements we have

k.
Racloap = —kapap — E(%s + 358) g (10)
where o, 8 = +1, —1,0, and S enumerate the singlet and triplet
spin states |Ty1), |T-1), |Tp), and |S), respectively.

For the spin-lattice relaxation we take the form [14]

Rsl{p}aﬁ = _(l/Tsl)[p(xﬁ - 8aﬂtr(p/4)]~ (11)

This relaxation tends to equalize the state populations, with the
rate 1/Ty.

As an important step, we introduce the complex Hamilto-
nian,

H=H—i(ws/2)1 —i(k,/2)g, (12)

where wy = ks + 1/Ty and Ilg = |S)(S]| is the projection
operator onto the singlet state. In terms of the complex
Hamiltonian, Eq. (8) for the density matrix takes the form

d 1
LM —Ho) + (s + T ")l (13)

dt

The observable quantities are described by the steady-state
density matrix p, satisfying

i(PH* —HP) + (g + Ty 'wp)1 = 0. (14)
We write the formal solution of Eq. (14) as
1 o e
p = Z(g + T, 'up)U, U= /0 dt e MM (15)

Thus, the matrix structure of p is posed by U. Another useful
relation is found by taking the trace of the right-hand side of
Eq. (14):

g — katrp — k, fiss = 0, (16)

where pss = (S|p|S) is the singlet polaron pair population.
Equation (16) is the balance equation between the generation
of PPs and their destruction, taking place from the triplet and
singlet states with the rates k; and k; + k,, respectively. From
Egs. (15) and (16) we find

s = gL, L= 1 CADIWO0) g,

~ 1= (1/4T)aUG,w1)

As will be seen shortly, Eqs. (15) and (17) are sufficient
for the calculation of «(8,w;), which is the resonance line
shape. Most importantly, we will need only the eigenvalues
of 4x4 complex Hamiltonian H. This bypasses the necessity
of solving effectively a 10x10 complex system of linear
equations (14).

The calculation of resonance line shape, «(§,w;), involves
also the averaging over the Gaussian distribution of hyperfine

035402-3



V. V. MKHITARYAN et al.

PHYSICAL REVIEW B 97, 035402 (2018)

1- =
<

= NI
NS S|/
Q) L

: o1 .
04! Lo :

- 0 wlm " C'Uhf 62)10 @
C

FIG. 2. Sketch of the function £(0,w;) defining the PLDMR
amplitude at zero detuning [see Eq. (19)] in units of £y, Eq. (38).
The constant C, Eq. (41), is the saturation value of £(0,w;)/Ly. The
inset zooms into the region indicated in the main panel with a dashed
rectangle.

Larmor frequencies, Eq. (5):

a(8,w1) = k. {Pss)nt = &{L(8,w1))ns. (18)

Furthermore, for the PP generation rate one has g ﬁ%,, where
fip is the steady-state density of polarons. Thus, from Egs. (7)
and (18) we write

AL hpii
I Gs

where the constant X p is determined by the PP formation cross
section, proportional to the polaron mobility.

From now on we focus on the regime of weak recombina-
tion, k, << wye. Still, before going into the details of analytical
calculation, in Fig. 2 we outline the typical result obtained
by solving Eq. (14) and performing the averaging in Eq. (18)
numerically. Note that the curve in Fig. 2 is a sketch for
model parameters in the regime of weak recombination. [For
an actual plot with particular model parameters we refer to
Figs. 3 and 5(a).] The plot in Fig. 2 shows a steep increase at
weak | < wpf, a maximum followed by a moderate decrease
at w; 2 wyy, and a very slow decrease to negative values with
saturation at the strongest drives. This picture appears to be

L(S,w1), L= (LG w)— L0, (19

0.3 4 10— |
o 0.8
N
N 0.6 16
0.4 ‘e
0.2 2
0.01 . z
0 2 4 6 8 10
0_ L
0 10 20 30
a)]/a)hf

FIG. 3. The PLDMR amplitude at zero detuning L(w,), found
by numerically solving the Liouville Eq. (14), is plotted in black,
together with the weak-driving asymptote, Eq. (39) [green], and the
strong-driving asymptote, Eq. (44) [magenta]. The parameters are
settowy = kg + 1/ Ty = 30kHz, k, = 230kHz, and wye/27 = 16.8
MHz, corresponding to the hyperfine field of 6 Gauss. Inset: Plots of
the universal functions, Egs. (42) and (43).

quite general for a wide range of model parameters. In addition,
in the limits of weak and strong drive the curve can be described
analytically. This is accomplished in the next section.

C. Perturbation with respect to small &,

In the limit of slow recombination, k, < wys, the perturba-
tive approach applies. The unperturbed eigenstates of H are
the eigenvectors of the Hamiltonian (9):

H|§00(>:€a|(p01>’ azlv"'74‘ (20)

In the absence of recombination the pair partners are indepen-
dent, so that the eigenvalues are given by

€1 =—e=3(Q+ ), &=—=73Q —). 21)

2
where €2, are defined by Eq. (3).

In the presence of recombination, the eigenvectors are
perturbed by the operator V = —i(k,/2)I1g, which is re-
sponsible for this process. The matrix form of this operator,
Vap = (0| V |@g), is found in Appendix B. It is conveniently
parameterized by the angles,

tan2¢, = <L, u=eh. (22)
D
The explicit form of the matrix reads
£ & -& &
ke 1 & 1 -1 &

e B e ]
£ & -£ &
where
§ = tan(Pen), Pen = P — Pi- 24

The leading recombination-induced corrections to the eigen-
values Eq. (21) are given by the diagonal elements,

m

0= —i% sin den, €33 = —i% CO5” e (25)

According to the standard perturbation theory [24], the
eigenstates of H are close to |¢y), when |e, — €g| > k, for
o # B. Here we make a crucial observation that for certain
pairs for which €, and €2, are anomalously close, this
condition is violated. Such a “softening” of modes manifests
the degeneracy in the perturbation theory. As a result, the
eigenstates of H strongly deviate from |¢p,) and |¢3), and are
determined by the small V.

The condition of softening is progressively satisfied as the
drive increases. This is because |2, — Q| & |0? — w?|/2w,

decreases with drive. As a result, |¢,) and |¢3) are close to

Y(T4) = 1T20) £V218)), (26)
whereas the corresponding eigenstates of H are close to

L
V2

This in turn suppresses the overall recombination. It is impor-
tant to emphasize that the strong modification of eigenstates
and the entailing lifetime anomaly is the consequence of
the backaction of recombination on the quantum dynamics
of PP spins. As pointed out in Refs. [12,13], there is a

(IT41) = IT-1)) and |[S). 27
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close analogy between the long-living states and the subra-
diant modes in the Dicke effect [25]. In previous studies of
spin-dependent recombination this backaction is neglected
(see, e.g., Ref. [26]).

The region of strong drive, where |2, — Q| <k,, is
difficult to access because of the degeneracy. The difficulty
is circumvented in the following way. Neglecting all the
off-diagonal elements of Eq. (23), except for V,3 and Vi,
induces an error in eigenstates and eigenvalues only of the
orderof k. / 2,, and K/ u» Tespectively, whereas the result for
tr U remains correct to the leading order. (This is analogous
to the secular approximation widely used in the theory of
magnetic resonance [27].) Therefore we proceed by replacing
V = —i(k,/2)I1g in Eq. (12) with

£ 0 0 0
k1 fo 1 -1 0
"A1¥e2|l0 -1 1 0

0 0 o0 &

V=- (28)

This replacement retains all the eigenvalues and eigenvectors
of ‘H to the leading order and allows the direct evaluation of
the operator U from Eq. (15). We find

trU(8,w)
B 44w, + k)
4w+ 2wgk, + (k2 /4) sin’(2¢en)
k? cos* ()
+ 2 2 ’
[kr cos®(¢hen) + 2wal[4€3 + walk, OS> (Pen) + wa)]
(29)

[As shown in Appendix B, the replacement of V by V amounts
to ~(k, /2 M)z order terms, so that Eq. (29) is highly accurate.]
Notably, the § and w; dependence of tr U enters in Eq. (29)
via the angles ¢, and the energy €,. The analytical expression
Eq. (29) is the main result of this section. We emphasize again
that it is derived without solving the 10x 10 equation (14).

The microscopic origin of the two terms in Eq. (29) is easy to
trace back. The first term comes from the diagonals of V and
describes the interplay of spin dynamics and recombination
far from the degeneracy. This term is dominant at weak and
moderate drive, w; < wys. The second term originates from the
off-diagonal elements, V»3 and V3,, and becomes important
with the onset of degeneracy. It quantifies the microwave-
induced Dicke effect, prevailing at strong drive, w; > k.

The first term in Eq. (29) is monotonically decreasing
function of sin? 2¢e,. At the same time, the second term in
Eqg. (29) is monotonically increasing function of cos? ¢y. This
observation yields the estimate

16 N 4wy + 3k,

—— < ————, (30)
4wy + k, wg(wg + k)

for the upper and lower bounds of tr U. For k, < wy, the left
and right sides of Eq. (30) are both close to 4/w,, while they
are quite different in the opposite limit, k, >> w,. This means
that, in the first case, magnetic resonance can induce only
weak relative variations of tr U, and therefore of «, whereas a
considerable relative change in « is possible in the latter limit.

D. Averaging over the random hyperfine fields
for slow spin-lattice relaxation

We defer the discussion of finite spin relaxation to the end
of this section and proceed with the case of long coherence
time, Ty > k; ! k- !. From Eq. (30) it follows that in this case
(1/4Ty) rU « 1, so that the denominator of Eq. (17) can be
treated perturbatively, yielding

L =1— (kg/HtrU. (€28)

Thus, finding the hyperfine average, (L)p¢, reduces to aver-
aging of Eq. (29) over the Gaussian distribution of Larmor
frequencies:

(trU s = / dweda)hj\/'(we)./\/(a)h)trU(c‘S,a)l). (32)
(For simplicity we assume that the mean square deviations of

the Gaussian distributions are the same, Wyt = @prp = Ohy,
unless it is stated otherwise.)

1. Zero detuning

For zero detuning, § = 0, the random variables x = (®, +
wp)/2w; and y = (w, — wp)/2w; have the same Gaussian
distribution,

Whf

1
P(x) = —— exp (—x?/B2), =—. (33
\/E,BO p ( /IBO) ﬂ() )
Relevant quantities entering in Eq. (29) are given by
4y?
in*(2¢en) = 34
S Q0m) = s (34)
and
1)
o=+ +yP=VI+@—yh. 69

Below, the averaging is performed analytically, in the limits of
weak and strong drive.

2. Weak resonant drive, w; < wys
In the limit of weak drive the second term of Eq. (29) is neg-
ligible, because the PP realizations with 48% < wyk,, for which
this term is appreciable, have the probability ~+v/ wgk, /wps K
1. Therefore, in this limit we neglect the second term of
Eq. (29). For typical pairs under a weak resonant microwave
one has |x|,|y| > 1, so the approximate relation,

4y?
(x2 — y2)? + 4y’
can be used with the first term of Eq. (29), leading to

sin®(2en) ~ (36)

y2

y2)2 + y2 ’

£ = Lo [ drdyPOIPO) 37)
a*(x* —

where
B kqk?
T 2weQRwg + k)Gwg + k)’

2wy Rwg + ki)
Lo .
dwy + k,
(38)
Forafy > 1 (w; < awyy) the integral (37) further simplifies, as
in this case it is dominated by the narrow region, ||x| — |y|] <

1/a < Bo.Due to the latter relation, the distribution of |x| — |y]|
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can be replaced by the constant, 1/+/2m By, and the resulting
integral can be calculated. This gives

Llw) J7/2 EC
L() - 61,30 - 2612 a)hf' (39)

The linear dependence equation Eq. (39) of PLDMR amplitude
on w; corresponds to o/ Ppy dependence on the microwave
power, Pn,. This result agrees well with that of Ref. [13] and
differs from the earlier predictions of & Py, dependence [7,23].

3. Strong resonant drive, w; > wyr

In the case of strong drive the second term of Eq. (29) is
also important. In this case one typically has |x|,|y| < 1, and
therefore the approximations

sin®(2¢en) ~ 4y%, & & wixy, (40)

can be used in the first and second terms of Eq. (29), respec-
tively. Also, exploiting 2w x > /wak, (wns > Vwgk;),inthe
second term we replace cos’(¢ep) by 1, neglecting a term ~y?.
In terms of the constants,

«/de(2wd + kr) Y% wd(wd + kr)

b=—m-—— = —m———,
k, Whf
4 k.)? 4 k,
Bz(wdk-; )’ =2wd+ 7 @l
r (wd+kr)

and the universal functions

©dp e

B — 2
e JrzexpzDerfe(z),  (42)

fiz) =22

T 43
p————= = Fz[Ho(2) — Yo(2)], (43)
N o o

where erfc(z) is the complementary error function, and Hy(z),
Yy(z) are the zero-order Struve and Bessel functions, respec-
tively, our result reads

H) =

L
(Ea())l) = B[l - fibw|/ow)] —Clalco/wy).  (44)

Considering the simple properties of f(z) and f>(z), plotted
in the Fig. 3 inset, this equation explains the decrease of L(w)),
Fig. 2, in simple terms. First we note that b < 1, ¢ <« 1, and
B ~ C ~ 1. Thus, the domain w; 2 wy¢, next to the peak of £,
is dominated by the first term of Eq. (44). The last Dicke term
of Eq. (44) becomes relevant for w; > wyg, where the first term
vanishes. Finally, C gives the saturation value of L(w;)/Lo.
The peak of L(w;) occurs between the curves given by
Egs. (39) and (44). For w,; < k,, entailing small a < 1, this
domain is very narrow and the position of the peak, w]'**,
is very close to the intersection of the two curves. From this
argument one finds ™ >~ wpra/2/7. The frequency a)(l) at
which £ becomes 0 can be estimated from the condition that
f1 in Eq. (44) is nearly 1. A good estimate for fi(z) >~ 1 is
z = 5, corresponding to @{ = 5wy¢/b. Thus the characteristic
values, o™ and a)(l), are expressed via wy and the kinetic
parameters w, and k,. This is illustrated in Fig. 3, where we

max
<
0.5 o <o |
_ max
0, =0,
o >
Q @7 B
0
< 0=,
>>
w/ (l)hl"

S [a.u]

0

FIG. 4. Sketch of line shapes for different microwave amplitudes.
Upon increasing the drive amplitude, the line (red) broadens and
grows (green), and subsequently evolves to fully negative (magenta).
Emergence of minimum (blue) manifests the onset of the spin-Dicke
effect. Note that the plots are intended to assist the explanation and
do not reflect any actual dependence.

plot L(w;) found by numerically solving Eq. (14), together
with the asymptotes, Eqs. (39) and (44). In Fig. 3 we used the
parameters inferred for a semiconducting fluorescent polymer
[17], implying wy <K k.

E. Line-shape analysis

As illustrated in Fig. 4, the resonance lines can be divided
into four groups by their shapes. At weak drive, corresponding
to the region of initial linear growth in Fig. 2, the line shapes
are double Gaussian. In the region near the maximum in Fig. 4,
w1 < wyy, the lines deviate from double Gaussian and become
broader. The next, third group, including the lines with a
minimum at resonance and two mirroring maxima at the sides,
is found for w; = wy¢, and the fourth type of lines, showing
completely negative resonance, appear at the strongest drives,
w1 > wy. As discussed shortly, the two latter line shapes are
clear fingerprints of the spin-Dicke effect.

The analytical forms of line shapes can be found from
Egs. (29) and (32), where the local Larmor frequencies are
distributed by Eq. (5), with the nonzero detuning §. At weak
drive and for the general case of unequal electron and hole
hyperfine coupling strengths, Eq. (37) is valid with a modifi-
cation of the product, P(x)P(y). The result of the asymptotic
evaluation of the corresponding integral,

52 52

T 22
e “ite e “hth

LG,w1) 7w +
Lo  2a N2t whg e N 2T e ’

(45)

is the generalization of Eq. (39) for wyf . # whe . The red curve
in Fig. 4 represents such a double Gaussian. Experimentally,
this is the most easily accessible domain of drive. For stronger
microwave strength, while the line shapes are still accurately
described by Egs. (29) and (32), only a qualitative analysis will
follow.

The green curve in Fig. 4 is the line with the largest
amplitude, occurring at w; = 0" < wyy. It is broader than
the double Gaussian Eq. (45). Both the red and green curves in
Fig. 4 are well described by the first term of Eq. (29), meaning
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that the Dicke subradiant state is not efficient at this microwave
strength.

With the further increase of microwave strength over wy,
the line amplitudes decrease and central dips appear, as seen
for the blue and cyan lines in Fig. 4. This signifies the onset
of the subradiant mode, whose contribution is negative. The
contribution of this mode overruns the regular term, which in
turn becomes progressively smaller, at yet stronger microwave
fields. In Fig. 4, the cyan line shows the situation where the
signal is zero exactly at the resonance, and the magenta line
depicts a fully negative resonance line. The latter represents
the form at which the lines saturate at the strongest drives.

F. Finite spin-lattice relaxation

From Egs. (12) and (15) it is easy to see that the operator
U depends on the spin relaxation and the nonradiative decay
only through the combination, w; = k; + 1/ Tj. At slow spin
relaxation the approximation Eq. (31) is valid, and therefore,
up to an inessential overall factor, £ also depends on w, rather
than on kg or 7. Thus, in the limit 1/ Ty < k4, We encounter
the conventional property of the additive inverse lifetimes.

To scrutinize the regime of intermediate spin relaxation,
1/ Ty 2 k4, we perform numerical simulations based on the
exact formula Eq. (17). The results of our numerical analysis
show that besides the additive feature of inverse lifetimes, the
main effect of the spin relaxation is the overall reduction of the
amplitude of £. However, the latter effect is inessential because
of the overall normalization uncertainty in real experimental
conditions.

Figure 5 compares the finite spin relaxation results from the
hyperfine averaged exact equation (17) with the outcome of the
approximation Eq. (31). The parameters in Fig. 5 are borrowed
from Ref. [17], where 1/ Ty >~ 5k, is inferred experimentally.
The solid lines in Fig. 5 are normalized to ensure the maximal
value of 1 for the function, £(8, 1), which occurs at w; = '™
and § = 0, both for the exact and the approximate solutions.

The plots in Figs. 5(a) and 5(b) clearly indicate very close
results from the exact Eq. (17) and the approximation Eq. (31),
thus confirming the additive character of spin relaxation and
nonradiative decay rates for w; < o™ and moderate spin
relaxation, 1/Ty 2 k,. Deviations between the exact and
approximate lines are noticeable in the domain of strong
drive w; > o™, Fig. 5(c). Apparently, this could mean that
the effect of spin relaxation can be resolved from that of
the nonradiative recombination in the limit of strong drive.
However, the approximate lines can be made very close to
the exact ones upon applying different normalization factors
for different w; values, see Fig. 5(c). Therefore, in order to
resolve the spin-relaxation effects, multiple resonance lines at
different strong drive fields are necessary.

III. THE TRIPLET EXCITON-POLARON
QUENCHING MODEL

Various schemes employing the triplet polaron quenching
(TPQ) mechanism have been invoked in the literature to
date [6,28-30]. Although different in many aspects, all these
schemes stem from the spin-dependent reaction between a

—_
!
5|
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approximate

L [normalized]

(=]
L

1
1
1
(a) 0 w]max 'w 0 20 40
1.0
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£ [normalized]
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(b) Sl (c) Sl

FIG. 5. Illustration of the role of spin-lattice relaxation in PPR
model. Simulation results are shown for 7y; = 40 us, k; = 5 kHz, and
k, = 230 kHz (Ref. [17]). (a) The signal at resonant driving is plotted
from the exact Eq. (17) with orange and from the approximate Eq. (31)
with black. The plots are normalized to reach the maximum value of
1. (b, ¢) Line shapes for different microwave strengths are plotted in
colors from Eq. (17), together with the corresponding plots from the
approximate Eq. (31) (black lines). The normalization is the same as in
(a). In the domain @; < w™*, shown in (b), the approximate lines are
very accurate, reflecting the additive character of spin relaxation and
nonradiative decay. For w; > w{"**, illustrated in (c), the approximate
curves deviate form the exact ones substantially. Still, approximate
lines can be made very close to the exact ones with individual
normalization for each w; (black dots).

triplet exciton, TE, and a polaron, P:

TE+P < P*+ S, (46)
where Sy stands for a singlet ground state and * denotes a
possibly excited state. While the right-hand side of Eq. (46) is
spin doublet, the triplet exciton-polaron complex (TEP) in the
left-hand side can form two different spin multiplets, a quartet
and a doublet. Hence the spin dependence of the reaction (46),
which can occur only from the doublet state of the initial
complex. Furthermore, under magnetic resonance conditions,
the TEP spin multiplicity, and therefore the reaction yield of
Eq. (46), can be altered by a microwave drive.

The reaction (46) does not involve singlet excitons (SE),
and the SE density, ng, becomes sensitive to the reaction yield
because of a quenching of SEs by TEs and polarons. Ulti-
mately, this quenching facilitates the optical detection of the
microwave-induced reaction yield of Eq. (46). For simplicity,
we will consider the quenching by TEs only, described by
the rate equation

dins = Gs — Rsns — Rsrnsnt, 47)
where the SE generation and decay rates, Gs and Ry, respec-
tively, are the same as in Eq. (6), whereas Rg7 is the SE-TE
quenching rate. For the TE density nt one has

ont = Gy — Rynt — Rgrnns — B(8,w1)nT, (48)
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where Gy and Ry are, respectively, the TE generation and
decay rates, and B(§,w;) is the rate of the TE population
decline due to the reaction (46), which depends also on the
polaron density np.

Under typical conditions, the nonlinear terms in Eqs. (47)
and (48) are small perturbations, and the steady-state densities
are quite accurately given by the first two terms in the rate
equation right-hand sides:

fis ~ Gg/Rs, fir ~ Gr/Rr. (49)
Note that the description Egs. (47)-(49) is valid for not very
strong photoexcitation power Py, ensuring a linear regime with
fls X PL (Gs X PL).

In order to describe the magnetic-field effects, higher-order
corrections to Eq. (49) must be considered. From Eqs. (47) and
(48) we find

_ Rr+B  Gr—Gs\’  Gs(Rr+§)
ns = + +
ZRST 2RS RSRST
R Gr—-G
(B tP | Gr—GCs)) (50)
ZRST 2RS
The microwave-induced change of population, Afig =
fis(wy) — 7is(0), is found from Eq. (50) to be
. fiisiit Rt
Afig = ———[B(8,w1) — B(O)], (51
RsRr

where we have used the leading-order results, Eq. (49), and the
relation Gg > Gr.

We derive B(8,w;) in Appendix C from the stochastic
Liouville approach by assuming that the steady-state TEP
generation rate is given by the product A 7ipiit, where X is
a constant determined by the TEP formation cross section.
We get

B8, w1) = Aitpl'(8,1), (52)

where I'(§,w;) is governed by the TEP spin dynamics and re-
combination. Thus the (normalized) optically detected signal,
AT/T = Afis/fis, is given by

AT(, » R
LDy RoRy [0 =TOL (53

For the following discussion we present the zero-detuning
result for I'(w;) = I'(0,w,), established in the limit of weak
dissociation and recombination, and negligible coupling be-
tween the polaron and TE spins (see Appendix C). Figure 6
depicts the processes underlying the TPQ model. It includes
the TEP generation rate g, the dissociation rate g;, and the
rate of the reaction Eq. (46) from the doublet manifold ¢,. Not
shown in Fig. 6 are the TEP spin-lattice relaxation time 7y and
the polaron hyperfine coupling magnitude wys. In the limit of
long spin coherence times, Ty > 1/, and slow dissociation
and recombination, gy, g, < wps, we find ['(w;) — '(0) =
[o f1(w1 /wy), and therefore

i 25100 ¢ o o) (54)
I PAT RSRT 1wy /wyg),

AI(a)l) _

=t

free TE state

free polaron state

g
qr
TE
qa g 29 qa
3 3
h fi
TE Q Yper ne TE d
microwave
doublet TEP spin-lattice quartet TEP

FIG. 6. Schematics of the processes involved in the TPQ model.
The specifics of TPQ is that the microwave drive, together with the
hyperfine coupling and spin-lattice relaxation, couples the TEP spin
levels. The color code coincides with that in Fig. 1. The arrangement
of the states is of no importance.

where
244 q?
F() = ’
3v4(3vg + q-)(Bva + 2q,)
6v,;(3vg + 2q,
w0y = o X CVI T2 T 55)
3Ud + qr

are constants. The function f(z) appeared earlier in PPR
model, see Eq. (42). It is plotted in Fig. 3 inset. It grows from
zero linearly and saturates to unity at z > 1. This translates
into the initially linear growth of AZ/Z and saturation to
fipiitlo(A Rst/RsRT) at w; > wy.

Note that Eq. (54) represents the contribution from only
one species of polarons. To account for the other, charge-
conjugated species, a term similar to that in the right-hand side
of Eq. (54) must be included, with the corresponding values of
)\, F(), RST: Rs, RT, and Ws.

IV. DISCUSSION AND SUMMARY

The present study of the magnetic resonance-induced
variation of singlet exciton recombination is based on the
description of spin dynamics and recombination by means of
stochastic Liouville equations. For the PPR model, we have
demonstrated a solution method yielding the answer in terms
of the eigenvalues of 4x4 complex Hamiltonian instead of
the solution of effectively 10x 10 complex linear system of
stochastic Liouville equations. Analytical results supported by
the direct numerical solution of stochastic Liouville equations
are found in the limit of weak singlet recombination. The
microwave-induced spin-Dicke effect, stemming from the
backaction of recombination on the quantum dynamics of spin
pairs, is identified and described quantitatively.

We have considered a spin-lattice relaxation, uniform with
respect to the spin multiplicity. If the relaxation time is not
too short, the main effect of this relaxation is additive to that of
the dissociation and nonradiative recombination of the polaron
pairs. We have shown that it can influence the resonance lines
only at strong drive, whereas at weak drive it leads to the
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overall scaling of resonance amplitudes. Note in passing that
our approach naturally takes into account the dominant 75
processes originating from the random hyperfine interaction.

Our analysis excludes the exchange and dipolar interactions
between the spin pairs, although these interactions can be
readily included in the presented perturbative scheme. This
is done for the sake of simplicity, since our direct numerical
simulations show that the effect of these interactions is minor,
given that they do not exceed the average hyperfine coupling
strength [18].

The TPQ model is treated along the same lines. However,
calculations in this case are greatly simplified due to the
presence of relatively strong zero-field splitting of triplets,
making these states off resonance.

Concurring results are found from the PPR and TPQ models
at weak drive. Namely, if the TPQ reaction Eq. (46) is equally
probable for the electron and hole polarons, the line shapes
from the two models are the same for w; << wys and are given
by the sum of two Gaussians, Eq. (45).

More importantly, we uncover two substantial differences
in the predictions of the PPR and the TPQ models. First and
foremost, the dissimilar dependence of the microwave-induced
signal on the steady-state densities,

AT xciip (PPR), AZ « iigiipii (TPQ), (56)

cf. Egs. (19) and (54), respectively, leads to the remarkably
different results for the dependence of AZ/Z on the pho-
toexcitation power, P;. Far from saturation at high P, it is
reasonable to expect that 7iig o P, iip < Pr, and it o< P,
crossing over to it o PZ. (The position of crossover depends
on the efficiency of the intersystem crossing from SE to TE and
the TE generation from nongeminate polaron pairs [31].) For
the TPQ model, this results in AZ/Z PL2 to Pz , in contrast
to the PPR prediction, AZ/Z  Py.

The second important difference between the predictions
of the two models comes from the fact that at the polaron
spin-1/2 resonance, TEs are mainly off resonance because of a
relatively strong zero-field splitting. As a result, the line shapes
and the saturation behavior from the two models are different at
strong drive. Specifically, the TPQ leads to the resonance lines
featuring a single maximum and relatively fast saturation of
AT /T to positive values at w; ~ wys, much like in the ordinary
electron spin resonance. In contrast, the PPR model predicts
resonance lines with two maxima around the central dip at
w1 2 wyy, evolving into the completely negative resonance
at | > oy, where AZ/T saturates to negative values (see
Figs. 2 and 4). These differences are of relevance for resolving
the contributions of the two mechanisms experimentally via
continuous-wave PLDMR measurements.

Finally, we note that this study did not address the pre-
dictions for the observables which are measured using the
double-modulation (DM) PLDMR technique [6,8]. In this
technique the laser excitation power is modulated at certain
frequency f;, and a lock-in amplifier filters out the delayed
photoluminescence that is slower than f;. Therefore, by the
design, the DM-PLDMR measures only the prompt component
of the photoluminescence. The results obtained using the
DM-PLDMR [6,8] are independent of f;, up to 100 kHz. In this
regard, we would like to note that our Eq. (56) offers a certain
prediction for DM-PLDMR. Namely, the proportionality of

AT to fig renders the interpretation of the DM-PLDMR results
[4,6,8] in favor of the TPQ model. Further theoretical studies
aimed at more quantitative predictions for DM-PLDMR are
underway.
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APPENDIX A

In this Appendix we discuss the relation between the
stochastic Liouville equation (8) and an underlying Lindblad
equation, as well as elaborate on the rotating-frame transfor-
mation of Eq. (8).

1. Lindblad formulation of the PPR model

The most general Markovian quantum dynamics of an open
system can be described by a Lindblad equation [32]. In our
subsequent consideration of this formalism we will closely
follow Ref. [33]. In addition to the four spin-pair states 77,
Ty, T—1, S, the full Lindblad description of the PPR would
require the introduction of the radiative singlet exciton and
free polaron states, X and Xp,, respectively. The Lindblad
equation for the corresponding (6x6) full density matrix of
the system g is given by [33]

N.
j—f =ilo,H] + 2; <cj,gcj. — %c}cjg — %ch.cj>, (A1)
Jj=

with N, system operators, c;. Here, the spin relaxation pro-
cesses involve 16 system operators, cog = AT~ ) (B,
where o, 8 = Ti, Ty, T—1, S. Furthermore, according to the def-
inition of PPR model, Fig. 1, the recombination, dissociation,
and generation processes involve nine system operators: one
associated with the recombination, ¢, s = v/k,|Xy) (S|, four
with the dissociation, ¢z = v/k4|Xpp) (|, and four more as-
sociated with the polaron pair generation, ¢, o = /gola) (Xppl.

Now it is straightforward to check that the action of the first
16 system operators leads to the spin-lattice relaxation term
Eq. (11) of the reduced PP spin density matrix p,g = (@|0|B):

1 1
@y <cj96}—50}cja—596jcj>lﬁ) = Rafplap. (A2)
j=a'p

For the nine remaining system operators we have

1 1
<a|;(ckgc,i ~ S6ieke — Egc,ick)ﬂ)

= Rar{plap + g0{X1pl0| X1p)Bap. (A3)
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where the summation runs over k = (r,5), (d,«), and (g,x).
Thus, the stochastic Liouville equation Eq. (8) emerges from
Eq. (A1) as the result of a physically transparent assumption
that the free polaron population is time-independent, and the
polaron pair generation rate, g = 4go{Xg|0|Xsp), is constant.

2. Rotating-frame transformation of Eq. (8)

The rotating-frame transformation applied while going
from Eq. (8) to Eq. (9) implies the time-dependent unitary
transformation with the operator, U = exp[iw?(S> + S;)]. In
particular, for the density matrix we have p = Up U t, where
p is the rotating-frame density matrix used throughout the
text and pp is the laboratory-frame density matrix. For the
dissipative terms in the laboratory frame we have

k,
Rarlort = —kapr — E{HS,PL},

1
Ralper} = —T—l[pL — tr(pr /1],

where I is the projection operator onto the singlet state and
{-,-} means the anticommutation. Applying the rotating-frame
transformation to Ry {p.} gives

URa{pL}U"

— tr(p/H1], (A4)

B Tsl P
where we have used p = Up,UT and the invariance of the
trace, tr(pr) = tr(p). In the case of Rq:{p1} we get

) k,
URadpL}U" = —kqp — 3{U1’I5UT,,0}

= —kap — %{Hs,p}, (AS)
the last relation following from the invariance of projection
operator, UI1gU t = I1. The latter invariance means that the
rotating-frame transformation does not alter the spin multi-
plicity. This, in turn, can be seen by writing [1g = 1/4 — S.S;,
and using the vanishing commutator, [(S? + S7),S.S;]1 =0,
leading to [U,I15] = 0.

Equations (A4) and (AS) establish the invariance of the
dissipative terms with respect to the rotating-frame transfor-
mation.

APPENDIX B

In this Appendix we investigate the steady-state Liouville
equation for the PPR model, Eq. (14). Because of the non-
Hermitian character of the Hamiltonian H, Eq. (12), the
calculation of tr U is specific. We introduce the eigenvectors
and eigenvalues, H|Y,) = €4|¥y), o = 1,..,4. As the non-
Hermitian Hamiltonian H is symmetric, the conjugated equa-
tion (Y, |H = €4 (| holds for (| = |¥4) T, where the super-
script T means the transpose without a complex conjugation.
We normalize the eigenvectors with respect to this conjugation,
so that (V¥ ||¥,) = 1. It is also easy to check that the eigen-
vectors are orthogonal; (Y ||¥g) = Zi:] Yo (m)Yg(n) = 0,if
&4 7 €, whereas the degenerate case can be handled in the
standard way by choosing orthogonal vectors in the degenerate
subspace. Thus {| V) }izl can be made a complete orthonormal

set. This ensures the partition of unity, Zi:l [Ya ) (Vo] =

1, yielding tr U = Zi:] (Vo |U|¥y). The complex conjugate
vectors, |Yy) = [Yy)*, obeying H*|Y)) = &5 |yy), form an-
other orthonormal set, in general different from {WO[)}f;:l
With these conventions, from Eq. (15) we write

4
Z WV W) &)

ope i(eq — € ﬂ)
Treating the recombination term of the Hamiltonian (12), V =
—i(k,/2)I1g, as a perturbation, we get

WallW5) (W5l 1Wa) = Sup + Olhkr / Qo) (B2)

and

Eq = €q — l(wd/z) + Voo + O(krz/sze,h)v (B3)
where €, are the eigenvalues of the Hamiltonian H, Eq. (9).
By observing that the ~k2/ 2, , correction in &, is real, from
Egs. (B1)—-(B3) we infer that omitting the inexplicit terms in
Egs. (B2), (B3) induces only ~(k,/S2,.,)*tr U error in trU.
Therefore, rather accurate results can be found by completely
neglecting the eigenvector corrections and keeping only the
leading corrections to g,. This is as much as we get from
Eq. (B1), because the degeneracy of H makes the simple
perturbation calculation inefficient.

Still, the explicit form of the unperturbed eigenstates of
‘H, |¢«), which are the eigenvectors of H, is needed. In the
absence of the exchange and dipolar interactions, the individual
electron (. = e) and hole (u = h) polaron eigenstates are

|TT>/L = Cos ¢M|T>u + sin ¢/L|‘L),u.s
Hl)u = Sin¢M|T>ﬂ - COS¢M|\L)/La

where [1) ., ||}, are the electron- and hole-polaron spin-up and
-down states with the quantization axes along 2, and tan 2¢,, =
w1 /w,, is introduced. Then we have

lo1) = IMel M 1@2) = Meld)n,
lp3) = el M 1@a) = [)el)n-

The matrix Vg = (¢« |V |@g), Eq. (23) in the main text, is found
by calculating the scalar products of |¢,) with |S).

The degeneracy of H, controlling the strong drive regime,
corresponds to ¢,, ~ 7 /4. Then Egs. (2), (B4), and (BYS) give

(B4)

(B5)

|¢1>w§<|T+1>+|T_ )+ V2|To)),
l@2) & $(IT1) + |T-1) — V2|S)),
|<p3>w§<|T+l>+|T_ +J§|S
la) & L) + | To1) — V2 To)).

The vectors |@;) and |@4) are always the eigenstates of H to the
leading order, whereas |¢;) and |¢3) are not such in the vicinity
of the degeneracy of H. On the other hand, the eigenvectors
of H=H —i(wy/2)1 + V, where V is given by Eq. (28) in
the main text, are always the leading order eigenstates of . In
addition, H and F have the same eigenvalues within the first
subleading order. Thus, by virtue of the arguments presented

(B6)
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after Eq. (B3), one can replace # by # in Eq. (15) of the main
text and calculate tr U with a satisfactory precision, regardless
of the degeneracy. The calculation of tr U is facilitated by
fact that % is diagonal in the (¢;,¢4) subspace, whereas the
contribution of the (¢,,¢3) subspace can be found by using the

J

4 4
trU

formula
(B7)

where o, ; are the Pauli matrices, and r = y/x% + y2. This
gives

€'Y — cosr + i(xoy + yo.)sinr/r,

k7 cos*(¢en)

where the first term comes from the (¢1,¢4), and the last two
terms from the (¢,,¢3) manifolds. Combining the first two
terms gives Eq. (29) of the main text.

APPENDIX C

In this Appendix we derive the rate 8(§,w)), introduced in
Eq. (48) of the main text, in the limit of negligible exchange
and dipolar coupling between the TE and polaron spins, and
weak dissociation and recombination.

The basis spin states of a TEP complex can be given through
the direct product of a triplet and doublet states, as well as
through the direct sum of a quartet and doublet multiplets, via
the Clebsch-Gordan coefficients. In terms of the components,
Ty, Ty, representing triplet excitons with spin projection 0 and
=41, respectively, and 1, | for polaron spin £1/2, we have

IT:11) = Q32,

ITwid) = V1/3 Q12+ /2/3 Dipa,
IT01) = v/2/3 Q12 — /1/3 D12,
1Tod) = v2/3 Q12+ /1/3D_1 2,

1T11) = V1/3 Q12 — /2/3 D_i 2,

IT_1{) = O3,

where Q; and Dy are the quartet and doublet states with the
spin projection k.

The 6x6 spin density matrix of an ensemble of TEP
complexes o can be treated by a stochastic Liouville equation.
Formally, the Liouville equation for o is found by rewriting
Eq. (8) with the following modifications:

(i) The rotating-frame spin Hamiltonian H is given by

(C2)

(CI)

H = CL)pSZ + HO,T + wl(Ix + Sx)7

where wp is the polaron Larmor frequency, S = 1/2andI = 1
are the polaron and TE spin operators, and

Hor = wrl, + D[IZ — I(I + 1)/3] (C3)

is the free TE spin Hamiltonian with the TE Larmor frequency,
or = yrh(By + b%) — w, and the axial zero-field splitting
parameter D. (The transverse zero-field splitting is neglected
in the secular approximation.) We take equal gyromagnetic
ratios [4] of TEs and polarons; yr = y,.;.

(i1) The generation rate, second term in Eq. (8), is replaced
by (g/6)1, implying equal probability of the TEP generation
in six different spin states. Similarly, the factors of 1/4 in the
last terms of Eqgs. (11) and (13) are replaced by 1/6.

= — + + :
ky sin®(gen) + 2wy kr cos*(@en) + 2wy [k, cOs?(Pen) + 2wyl[4€3 + walks cos*(den) + wy)]

(B8)

(

(iii) The dissociation-recombination rates are denoted, re-
spectively, by g, and g,, so that Eq. (10) goes into

qr
RarlQlap = —quCap = 5 ) (Ba, +80,p)0up,  (C4)

Uzi%

implying a recombination from the doublet TEP states.

(iv) The second term in Eq. (12) is written as —i(vy/2)1,
where v; = g4 + 1/ Ty, and, more importantly, the operator
ITs is replaced by the projection operator onto the doublet,

p = |Diy2){D12] + | D_12)(D_12]. (C5)

We further assume that the TEP generation rate is propor-
tional to nt and np, g = Anrtnp, and that after dissociation
of a TEP complex, the constituent TE returns into the state
described by nt (see Fig. 6). The latter assumption allows us
to write the TEP counterpart of Eq. (16), Biit = g — g4 tr0,
where g gives the rate of the decrease of nt due to the
generation of TEP, and the last term reflects the increase of
nt because of dissociation. By virtue of the full analogy with
PPR model, see Eq. (17), we write

1 — %l
B@,w1) = Aipl'($,01), ['={—F7—F=) , (C6)
1— ﬁtrU N
sl hf

where U is given by the TPQ counterpart of Eq. (15).

Despite that the TE and polaron gyromagnetic ratios are
taken to be the same [4], the majority of TE spins are off
resonance because of the relatively strong zero-field splitting.
In Eq. (C2) we have D = Dy(3cos?>H — 1)/2, where 6 is the
angle between the zero-field tensor principal z axis and Z, and
Dy 2,500 G is measured for several polymer PPV derivatives
[4]. The portion of near-resonance TEs is ~w,;/D,, and most
of these TEs are still off resonance because of the nonzero
TE hyperfine coupling. Therefore, we calculate trU to the
leading order in w;/Dy and wys/Dy, corresponding to the
perturbation

V = —i(q-/2)Tp + o1(I; + Sy). (o))
The left-hand side states in Eq. (C1) are then the unperturbed
eigenstates. Because of the ~D, energy splitting between
IT11,4) and [Tot,]), and between |T_;1,]) and [To1,]),
the matrix elements of V, relevant to the leading order, are
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those between the same T; states, explicitly given by

vl ' 6 2 ' B (e!))

The structure of the matrix (C7) indicates that the system
reduces to three two-level subsystems, which are decoupled in
the leading order. Further calculation of trU is done by using

Eq. (B7) for each of the three subsystems, yielding

wl = 2 4 2var[vi +op + of]

T = — 9
v T+ Rl — a2 O]+ vt

where v, = vy + g, /3. The hyperfine average in Eq. (C6) is

over the Gaussian distribution of wp, given by Eq. (5). By

expanding the denominator in Eq. (C6) over the small trU /Ty
and using Eq. (C9) we get

(C9)

* dz  exp(=2%)
—0 ﬁZZ + (wl/ws)z ’
found by neglecting v3 /2w?; < 1 in the denominator. This

integral happens to coincide with Eq. (42) for f;(z), leading to
the result, Eq. (54).

2
() — T(0) = m(ﬁ) (C10)
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