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Spin-dependent recombination mechanisms for quintet biexcitons
generated through singlet fission
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We investigate the physical mechanisms for spin-dependent recombination of a strongly bound pair of triplet
excitons generated by singlet fission and forming a spin quintet (total spin of two) biexciton. For triplet excitons
the spin-dependent recombination pathways can involve intersystem crossing or triplet-triplet annihilation back
to the singlet ground state. However, the modeling of spin-dependent recombination for quintets is still an open
question. Here we introduce two theoretical models and compare their predictions with the broadband optically
detected magnetic-resonance spectrum of a long-lived quintet biexciton with known molecular structure. This
spectrum measures the change in the fluorescence signal induced by microwave excitation of each of the ten
possible spin transitions within the quintet manifold as a function of a magnetic field. While most of the experi-
mental features can be reproduced for both models, the behavior of some of the transitions is only consistent with
the quintet spin-recombination model inspired by triplet intersystem crossing which can reproduce accurately the
experimental two-dimensional spectrum with a small number of kinetic parameters. Thus quantitative analysis of
the broadband optically detected magnetic-resonance signal enables quantitative understanding of the dominant

spin-recombination processes and estimation of the out-of-equilibrium spin populations.
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I. INTRODUCTION

Singlet fission is a carrier multiplication process specific to
some organic materials in which a singlet exciton can decay
into two lower energy triplet excitons, each with an energy
around half of the singlet state. Recently this process has
shown promise to increase the efficiency of solar cells [1-5]
allowing them to reach efficiencies beyond the Shockley-
Queisser limit [6—8]. Recent progress and promising pathways
for fission-enhanced photovoltaics are reviewed in [9,10]. It
is believed that during singlet fission a transient, biexciton
is formed mediating the transition between the photoexcited
singlet and two dissociated triplet excited states [11-13]. A
similar transient triplet pair is also believed to act as an in-
termediate state during the reverse process of triplet-triplet
annihilation. This reverse process leads to upconversion where
two low-energy triplet excitons merge into one higher energy
singlet excitation [14—19], with potential applications in catal-
ysis [20,21] and bioimaging [22,23].

While biexciton excited states play a key role in a
range of materials where quantum size effects are impor-
tant [24-29], their optical characterization is challenging.
Their spectroscopic properties are difficult to predict theo-
retically; in organic materials their spectra typically overlap
with singly excited states making it hard to discriminate using
conventional spectroscopic techniques. Observation of inter-
mediate states was, for example, possible using time-resolved
photoemission spectroscopy [30] and optical pump-probe
spectroscopy which suggested ultrafast separation [31] with
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possible multiexciton transient intermediates [32-34]. Spin-
resonance techniques can resolve higher spin states formed
through spin-spin coupling between electrons, holes, or triplet
excitons [35-38]. Light-induced spin resonance thus played
a key role to demonstrate that stable biexcitons can be
formed from singlet fission providing evidence of higher
spin S = 2 states [39,40]. These states are called quintets
in the spin-resonance literature. The strong exchange in-
teraction between the two bound triplet excitons was then
confirmed by high magnetic field experiments showing level
anticrossings between singlet S = 0, triplet S = 1, and quintet
S = 2 manifolds of the triplet pair [41-46]. Recently, S = 2
biexciton states were observed in several systems, including
several reports investigating quintet pairs at room temper-
ature [47-52], and their quantum properties can be inves-
tigated in detail with double-resonance magnetic-resonance
techniques [53].

An insight into the molecular structure of the biexciton
state is provided through the spin properties of the quintet
state which can be used as a ruler to identify the possible
pair configurations in a given system. Indeed, the interspin
distance and orientation of the triplet change its spin dipole-
dipole interaction providing a pathway to determine the
geometry of spin pairs, by analogy with the spin-label tech-
nique in biological and synthetic systems [54]. Conveniently,
the dipole-dipole interactions between the two triplet states in
the quintet Hamiltonian provides a native probe of its spatial
confinement and orientation [55,56]. Note that due to the tran-
sient nature of the quintets their structural properties cannot
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be studied more directly through conventional x-ray tech-
niques, and so far spin resonance has provided the most direct
characterization of their microscopic structure. Since the spin-
dipole interaction is a small correction to the total quintet fine
structure, distinguishing it from other contributions can be
difficult in conventional fixed frequency magnetic-resonance
techniques. Optical detection of magnetic resonance is very
sensitive [57-59] down to the single molecule level [60,61]
and does not require an electromagnetic cavity to enhance
the sensitivity of microwave detection. This technique can
thus be implemented in a broadband frequency range allowing
one to measure directly the dependence of the spin energy
spectrum on the magnetic field. We applied this technique in
TIPS-tetracene, a reference system that exhibits highly effi-
cient singlet fission [62,63]. This allowed us to show that in
this system the two bound triplet excitons reside on nearby -
stacked TIPS-tetracene dimers. The good agreement between
structural parameters obtained from spin resonance and crys-
tallographic data indicated that the stability of these biexcitons
was not defect mediated and characteristic of the pristine
system. More recently this approach was also used by another
group to study biexciton structure, a newly synthesized fission
material [64].

A seeming paradox underlies the observation of quin-
tet states in optically detected magnetic resonance: why are
these “dark™ states visible? Contrast in optically detected
magnetic resonance (ODMR) requires a spin-dependent emis-
sion mechanism—a connection between the spin states in
the dark quintet manifold and the observed photolumines-
cence intensity. The strong exchange interaction within the
quintet biexciton restricts direct radiative recombination via
the singlet state because a change of the total spin from
S =2 to S =0 would be required for triplet-triplet annihila-
tion to occur. Yet, some spin-dependent relaxation pathways
remain for the quintet despite their strong exchange energy,
providing the contrast in optical lifetime for quintet spin
eigen-states which is detected in the ODMR experiment. The
microscopic mechanisms behind this spin selectivity are not
understood currently without first-principle theoretical un-
derstanding or accurate phenomenological models. Here we
compare two possible spin-dependent recombination mech-
anisms which can providle ODMR contrast for the quintet
biexciton. The first pathway relies on matrix elements only
inside the quintet manifold and can be viewed as an extension
of triplet intersystem crossing models [65-68]. The second
considers the mixing with the singlet, zero total spin, state
of the triplet pair which can be induced by spin-Hamiltonian
fine-structure terms. We attempt for discrimination between
these two possible mechanisms by modeling the ODMR sig-
nal amplitudes theoretically and comparing with experiment.
While the ODMR amplitude of most of the transitions can
be reproduced accurately within both models, some transi-
tions are particularly sensitive to the underlying mechanism
allowing one to discriminate between the two rate models.
We discuss the physical origin of this difference in the pre-
dicted signal amplitudes for the two models. We conclude by
showing that once the spin-dependent recombination model is
fixed, broadband optically detected magnetic resonance can
allow us to reconstruct the occupation probabilities of the
spin states inside the quintet, which may have applications

FIG. 1. Schematic view of the experimental setup. A TIPS-
tetracene crystal is placed on a microwave stripe-line microwave
(white) with the pink arrow showing the direction of the ac current
creating the microwave magnetic field for spin resonance. The 7-
stacked dimer of TIPS-tetracene, shows the molecular configuration
of a pair of triplet excitons forming an effective spin-quintet (S = 2)
biexciton. This exciton pair is induced through singlet fission due to
illumination from a 532-nm laser through an optical fiber right next
to the crystal. The same fiber is also used to collect the photolumi-
nescence which is used for optically detected magnetic-resonance
experiments. The two aligned triplet spins S§; and S, are shown
as transparent red arrows, and the molecular basis for one of the
TIPS-tetracene molecules is shown as the x, y, z basis.

in finding systems exhibiting population inversion for maser
applications.

II. BROADBAND ODMR SPECTROSCOPY

To analyze the spin-dependent recombination rates we con-
tinued experiments on TIPS-tetracene [69,70] for which the
quintet effective spin Hamiltonian model is highly accurate,
as confirmed once more by the new experiments shown below.
This material allows us to focus on the problem of modeling
of the ODMR signal amplitudes from a known spin Hamilto-
nian. For the broadband ODMR experiment a TIPS-tetracene
crystal [bis(triisopropylsilylethynyl)-tetracene] was deposited
on a microwave stripline, which provided the ac magnetic field
for magnetic-resonance excitation. A schematic view of TIPS-
tetracene molecules deposited on the microwave strip line is
shown in Fig. 1, and the layout of the experiment is provided
in Fig. 2. Optical excitation was performed by a 532-nm laser
through an optical fiber which was also used for the fluores-
cence readout. Changes in the fluorescence were then detected
with a lock-in amplifier at a typical microwave square-wave
modulation frequency of 137 Hz. To achieve a higher sensi-
tivity in the two-dimensional microwave frequency/magnetic
field map compared to our previous experiments [70], we used
a side-group deuterated sample providing narrower magnetic-
resonance linewidths and thermalized the sample near 4 K in
helium gas instead of immersing it into liquid helium which
induces a strong bubbling noise in the optical readout if the
helium is not superfluid. The good crystalline quality of the
sample is confirmed by the sharp ODMR transition lines
which do not broaden substantially with magnetic field for
most transitions. The direction of the magnetic field coincides
with a high accuracy with the ¢ crystal direction ([70]). The
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FIG. 2. This schematic illustrates the layout of the broadband
ODMR experiment. A TIPS-tetracene sample is deposited on a
stripline mounted inside a cryostat controlling magnetic field and
temperature. An optical fiber is used to couple the 532-nm exci-
tation laser which is amplitude stabilized using a beam splitter,
a monitoring photo-amplified diode (PAD), and a proportional-
integral-differential (PID) amplifier for feedback. The fluorescence
is collected on an avalanche photodiode (APD) and sent to a lock-in
for detection at the frequency of the On/Off amplitude modulation
of the microwave signal.

magnetic-resonance spectrum of the quintet biexciton can be
described from the effective zero-field spin Hamiltonian

Hy = D82 + Eo(S; — 57). (1

The energy spectrum at finite magnetic field is obtained by
adding a Zeeman term to the zero-field Hamiltonian Hp.
The excellent agreement between this spin Hamiltonian and
the experimental spin transitions is seen in Fig. 3. In this
figure the ODMR amplitude signal is shown as a color
map as a function of magnetic field and microwave excita-
tion frequency. Dark lines highlight the expected transitions
for the spin Hamiltonian, Eq. (1), for a microscopic quin-
tet configuration with a biexciton pair on nearby m-stacked
TIPS-tetracene molecules with an excellent agreement with
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FIG. 3. Two-dimensional optically detected magnetic-resonance
(ODMR) spectrum showing the ODMR spectrum (color scale) as a
function of magnetic field B and microwave excitation frequency.
Black lines show the position of the expected transitions for the
quintet m-stacked biexciton model (a sketch of this configuration is
shown in Fig. 1, and the energy spectrum of this model is displayed
in Fig. 4).
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FIG. 4. Evolution of the theoretical eigenspectrum as a function
of the magnetic field for the -stacked biexciton quintet identified
in Fig. 3. The right- hand side shows the theoretical eigenvalues and
eigenvectors in the Dy > E, approximation.

the position of the transitions observed in the experiment.
In addition to explaining the fine-structure parameters Dy =
474 MHz and Ey = 22.5 MHz, a microscopic model based
on this geometry also explains the more subtle rotation of the
quintet zero-field basis, Eq. (1), with respect to the molecular
basis (see Fig. 1). The geometric arguments underlying this
rotation and the microscopic derivation of the quintet spin
Hamiltonian were already presented [70] and take into ac-
count the direction between the two triplets which gives the
direction of the spin-dipole coupling. Here we focus on the
understanding of the ODMR signal amplitudes for a known
quintet spin Hamiltonian. Finally we note that the experimen-
tal spectrum, Fig. 3, features some nonidentified transitions
which can be due to triplets or triplet pairs with a different
geometry. We will not discuss possible assignment of these
peaks in this paper.

In Fig. 3 transitions between spin eigenstates i and j are
labeled “ij”” where the corresponding energy levels and their
dependence on magnetic field are shown in Fig. 4. The energy
differences between these eigenstates are also plotted as black
lines in Fig. 3. Figure 4 also shows the zero-field energy
spectrum and eigenvectors of the Hamiltonian, Eq. (1), in the
approximation Dy 3> Eg. The approximate expressions for
the eigenvectors in Fig. 4 are given in the zero-field quintet
basis in which Eq. (1) is written. This is emphasized by the
subscript |-)o in the quintet-kets. In a simplified model where
the zero-field basis of both triplets and quintets all coincide,
the expression of quintet spin eigenstates would be

12)p =1, 1), )
1
o = —(1,0) + 0, 1)), 3
) ﬁ(l ) +10, 1)) 3)
1

NG

where |s.4, 5;5) gives the triplet state with similar expressions
for |[—1)g, |[-2)0.

In the present case, the expressions are only approximate
because of the small 30° tilt between the molecular and quin-
tet basis. To avoid confusion, all numerical calculations are
done with the exact eigenvectors of the microscopic biexciton
model; the approximate expressions are only used for qualita-
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tive interpretation of the numerical results. For completeness
we note the main ingredients of this model, which is presented
in more detail in [70]. The triplet-pair spin Hamiltonian reads

A=Y 8 -Dj-8 - Alwa - 8u)ua - 8y) — IS, - Sp.
v=a,b

(&)

Here v = a, b labels the two paired triplet excitons and D?. is
their fine-structure tensor. This tensor is characterized by the
main fine-structure parameter Dy = 1450 MHz which is ori-
ented along the molecular z, direction (see Fig. 1) giving the
direction of 7 orbitals of the corresponding TIPS-tetracene
molecule. The remaining fine-structure parameter E7 describ-
ing the anisotropy in the molecular x, y plane is very small
<22 MHz [70], and its effects on the quintet energy level

are within experimental accuracy and we take it as zero for

simplici — e i
plicity. The constant A = 22 = 51.5 MHz gives the

4y

strength of the dipole-dipole interaction (rap = 1 nm is the
distance between the two TIPS-tetracene molecules) and the
unit vector u,, gives the direction. Finally in the last term, J
gives the amplitude of the exchange interaction. In the limit
J > Dy the precise value of the exchange energy becomes
irrelevant; high magnetic field experiments suggest that J =~
gup 30 T so this approximation is well justified. The distances
and directions are taken from the reported TIPS-tetracene
crystal structure, which for a single TIPS-tetracene dimer
is shown in Fig. 1. Thus for a given triplet-pair geometry
there are no adjustable parameters in this Hamiltonian and
yet it explains the experimental two-dimensional ODMR (2D
ODMR) spectrum very accurately. Somewhat unexpectedly,
this model also allows us to fix the sign of Dy > 0. Indeed the
A > 0 is known from microscopic dipole-dipole interaction
and thus Dr > 0 and D7 < 0 lead to different fine-structure
parameters Dy and Egp, and only positive D7 is consistent
with the experiment. From this argument we believe that the
spin eigenstates in Fig. 4 are indeed labeled in the order of in-
creasing energy €; < €3 < --- < €s5. The assignment Dy > 0
is consistent with results obtained using transient magnetic
resonance [40].

As shown in Fig. 3, the experimental ODMR amplitudes
are positive for all ten possible transitions for the quintet
manifold, except for transition 23 which is negative near zero
magnetic field and changes to positive at higher magnetic
fields. This sign change will be one of the important ingredi-
ents to discriminate between the two possible spin-dependent
recombination pathways that we analyzed theoretically. The
second ingredient will be the selection-rule-forbidden tran-
sitions 14 and 15 which correspond to direct transitions
between |0)p and |£2), which are expected to be strongly
suppressed by spin-resonance selection rules and yet are vis-
ible in the experiment. We note that nonlabeled transitions
likely correspond to other triplet or multiexciton states, but
their identification and characterization is outside the scope of
this paper.

III. KINETIC MODELS FOR ODMR AMPLITUDES

In order to interpret the amplitude of the ODMR ex-
periment a kinetic model is needed to describe the equi-

librium spin populations and how they are changed by
microwave-induced spin-resonance transitions between the
spin eigenstates. Since we rely on optical detection of mag-
netic resonance, we also need to predict the contrast, i.e.,
fluorescence yield, which is expected for each eigenstate.
Previously, in cases where the spin-dependent recombination
pathways were identified we tried as far as possible to solve
the quantum master equation as this is a more microscopic ap-
proach. Here since our purpose is instead to identify the main
spin-dependent recombination pathways, we use a simplified
rate equation approach which is valid when relaxation is much
slower than the underlying quantum dynamics. Probably the
simplest kinetic model suitable to describe our experiment
will include for each spin eigenstate |n), a spin-dependent
(radiative) recombination rate I",, and a spin-independent non-
radiative rate I":

0P, =-TI'P, — TP, +a+a, (6)

where the terms «, and « give the spin-dependent/
independent generation rate. For simplicity we have not
considered interconversion between spin states in this ki-
netic model. A comparison of our results with pulsed
spin-resonance experiments requires some caution. The gen-
eration rates « and «, must include all the spin-relaxation
effects which are relevant on the timescale of the spin-
dependent radiative recombination which provides contrast
for the ODMR experiment (hundreds of microseconds). The
corresponding generation rates will thus be different from
those obtained from transient electron spin resonance on mi-
crosecond timescale after photoexcitation. Analyzing the link
between these two quantities is not a straightforward task.

For the simple rate equation, Eq. (6), the steady-state pop-
ulation is given by

p= 2t ™
r,+T
with the total fluorescence yield
(otn + )T,
PL = _ 8
ZorT ©

We assumed that all the spin-dependent recombination rates
I, all correspond to radiative recombination. This is moti-
vated by the strong singlet selection rule for optical processes
in materials with weak spin-orbit interaction, while recombi-
nation through defects is in general expected to be less spin
selective. For example, for trap-mediated recombination, we
can expect the exciton to be trapped first regardless of its spin
and then decay on a timescale longer than spin relaxation.

Pumping the magnetic-resonance transition between states
n, m tends to equilibrate the spin populations. At saturation,
both P, and P,, will be equal to the average population.

Py — (Py+ Py)/2, ©))

By — (P + Py)/2. (10)

We can use this to estimate the ODRM signal from transi-
tion n — m, under saturated conditions:
(Fm_rn)(Pn_Pm)' (11)

2

To find the total ODMR signal we then sum over all pos-

sible spin transitions multiplying the amplitude ODMR,,,, by

ODMR,,,, =
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microwave absorption A,,, > 0 from the transition n — m.

ODMR:}:ODMmmxAm. (12)

n<m

We used the following expression for A, based on a two-
level approximation for the transition n — m:

(1] Qaettye - SIym)?

y0—2 + (w - |€n - Em|)2»

Anm = (13)
where yy is the spin lifetime and u,. is the direction of the
ac magnetic field created by the strip line and €, is pro-
portional to the ac magnetic field amplitude. Here yy is a
fixed transition-independent spin lifetime giving the linewidth
of the spin transitions. In principle this rate can be viewed
as the inverse spin-spin relaxation time 7, L. however, the
experimental linewidths may also be influenced by inhomo-
geneous broadening and structural inhomogeneities. Thus we
did not attempt to obtain a quantitative agreement between the
transition linewidths in the experiment and in the simulations.
Our aim was to compare the predictions of two different pos-
sible kinetic models, and the qualitative conclusions we will
draw on the difference in ODMR contrast between the two
models for some transitions will not be sensitive to the way
the theoretical amplitude of the transitions can be rescaled by
broadening effects.

To proceed further with the estimation of ODMR ampli-
tudes we need to connect the rate equations with the spin
Hamiltonian and its eigenbasis {|n)}. One possibility is to as-
sume that the spin-dependent rates are given by the overlap of
the spin eigenstates with the singlet state |S) of the triplet pair.
In this case, we can write o, = o[ (S|n)|> and T, = I'|(S|n)|?
where the singlet wave function is

ZIL=D= 0.0 =L, 9
If instead spin-orbit interaction mediated intersystem crossing
becomes dominant, we would need to consider the expectation
value of a projector onto the zero-field basis. However, as
long as we consider a single spin-dependent recombination
mechanism, we will have the relation

1S) =

@ = =T, (15)

It turns out that the relation, Eq. (15), imposes a very strict
restriction on the sign of the ODMR signal. Injecting this
equation into Eq. (11) we find

(O[FS - asr)(rm - Fn)z
2L+ L) (T +Ty)

This equation captures correctly the qualitative rule of a
negative ODMR signal in a regime dominated by geminate
pairs (oI > ') and of a positive ODMR signal for spin-
dependent recombination of nongeminate pairs (o, = 0 and
I's > 0) [69,71]. However, the sign of the signal depends only
on the difference oI’y — oI". It is independent of the spin
Hamiltonian and thus cannot be changed by the magnetic
field, in contrast with the experiment.

It thus seems that the relation, Eq. (15), is too restrictive.
A possibility to explain the sign change observed in the ex-
periment for transition 23 (see Fig. 3) is instead to consider

ODMR,,, = (16)

a combination of several spin-dependent mechanisms with
different weights for the emission and recombination chan-
nels. In this case the simple proportionality relation, Eq. (15),
would no longer be valid and the kinetic model becomes suf-
ficiently general to describe a magnetic field dependent sign
change in the ODMR signal. Such an assumption seems also
very reasonable physically since singlet fission is a very fast
phenomenon, while all spin-dependent recombination pro-
cesses have a much slower kinetics. Indeed these processes
need to be slow enough to allow the spin to precess under mi-
crowave pulses, which is a 100-ns to microsecond timescale at
our microwave powers. Thus hot carrier effects and molecule
structural relaxation will all be very different for generation
and recombination channels.

We now propose two possible recombination models
for the observed ODMR amplitudes. Focusing first on a
spin-dependent intersystem crossing model, we assume re-
combination rates which are given by Eqs. (17) and (18). We
will refer to the following as model I.

a =Y ailnl(ug; -8)|n), (17)
iex,y,z

Ty= Y ri(nl(ug - 8)|n), (18)
iex,y,z

where the vectors ugy, Ug,, ug, form the quintet zero-field
basis in which the zero-field Hamiltonian has the simple form
given in Eq. (1). The vector S is the total spin and the constants
ay,y . and ry , - give the weight of each recombination channel.
This model is inspired by the phosphorescence rates for triplet
excitons which are selective in the zero-field basis. More
formally, this means that phosphorescence rates will be given
by the expectation values of the projectors on the zero-field
basis states. Taking the example of the projector on the |0,)
state (the subscript z emphasizes the quantization axis), we
find that the projector is given by

Sy+8; -7
%Z__T__’

which has the same form as Eqs. (17) and (18). We then as-
sume that for a strongly bound pair of triplet excitons, forming
a quintet in the form of Eq. (19) remains valid replacing the
individual spin of the triplet exciton by the total spin of the
exciton pair. This form is explicitly independent of the basis
choice for the spin operators. This allows us to use the same
form of spin-dependent recombination rates for both zero and
nonzero magnetic fields. Without a microscopic theory, it is
also possible to express relaxation rates based on the projec-
tors on the quintet spin basis with vanishing projection on the
molecular axis. This choice would correspond to introducing
fourth powers of the spin operators into Eq. (15) and we have
thus decided to limit ourselves to Eq. (15) for simplicity.

We now present a second possible spin-dependent re-
combination model, which we refer to as Model II. This
spin-dependent mechanism is given by the projection of
spin eigenvectors onto the singlet state |S). For a strongly
bound quintet state with a large exchange energy be-
tween the triplets the matrix elements |(n|S)| are almost all
zero. One possible assumption to obtain a spin-dependent
generation/recombination mechanism based on this selection

19)
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rule is to assume that the exchange energy changes during the
generation/recombination events vanishing at some point in
time; for example, for separated triplets for which the matrix
elements |(n|S)| become nonzero [72]. It was also proposed
that stochastic fluctuations of the exchange energy could also
induce resonances enabling intersystem crossing [73]. Here
we decided to consider a simpler model, based on the mixing
between quintet and singlet states due to the zero-field fine-
structure tensor of the triplet excitons. Treating this mixing in
second-order perturbation theory and assuming a large energy
gap between the quintet and singlet manifolds, we arrive at the
singlet mixing recombination model below.
Model II :

oy = E Ci

Fn:Zqi

where the sum runs over i € x,y, z, the index v = 1,2 cor-
responds to the two triplets forming the quintet state, and Sv
to their spin operator. Indeed the matrix elements would still
vanish if we used the total spin of the triplet pair in model
Il in the same way as we did in model I. The functional
form for the rates in this model is written in a form that
can appear in a second-order perturbation theory expansion
|(S|H;i|n)|> where H; = Y (u; - §”)* represents fine-structure
terms which induce spin mixing between a quintet and a
singlet state. Here we are interested in the quintet-singlet
spin mixing, thus the operator appearing in the perturbation
theory does not have to be the electric/magnetic dipole as for
fluorescence/magnetic-resonance transitions but corresponds
to the dominant spin-mixing mechanism (in this case we as-
sume that it is given by fine-structure terms). The rates for this
model can also be converted to a form closer to that of model
I using (n|H;|S)(S|H;|n) where the rate is then proportional
to the diagonal matrix element of matrix H;|S)(S|H;. The ex-
pression of the rates used in model I assumes a different form
for this matrix giving simpler transformation properties under
rotation allowing the rates of model I to transform as a tensor.
Since we are looking at a 77 -stacked quintet we assume the rate
constants c¢;, ¢; to be independent of the triplet number index
v. While this model was postulated based on perturbation the-
ory arguments, the matrix elements appearing in Egs. (20) and
(21) will also appear inside rate models built to describe the
effects of fluctuating exchange interactions. To summarize,
we introduced two spin-dependent generation/recombination
models to attempt to model quantitatively the amplitude of the
ODMR signal. The first model, Egs. (17) and (18), is inspired
by the models for spin-orbit mediated phosphorescence of
triplet excitons, while the second model takes into account
the mixing between singlet and quintet states induced by the
triplet fine-structure parameters. The two models have the
same number of adjustable parameters and it is thus reason-
able to compare how they are able to reproduce the ODMR
transition amplitudes.

In addition to model I and model II, it is possible to
consider mixed models where, for example, singlet mix-
ing model II would be responsible for generation while the

2
, (20)

(1Y ;- 8)%n)

2
, 2D

(SI> " (u; - 8" |n)

intersystem crossing inspired model I would be responsi-
ble for recombination. However, such models then have a
very strong asymmetry between generation and recombina-
tion which will a priori lead to many transitions of different
sign which is not the case in the experiment where only one
transition, 23, becomes negative. While the adjustment of rate
parameters can reduce the number of sign changes, the fitting
accuracy was in general lower and since we try to find only the
dominant terms of the relaxation rates we will thus not discuss
the results of mixed models in more detail.

IV. COMPARISON WITH EXPERIMENT

In the previous section we described two possible kinetic
models to simulate the amplitude of the ODMR signal from
the underlying spin Hamiltonian of the system and we can
now test if they can reproduce our 2D ODMR spectrum
by adjusting the rate parameters. In order to find the best-
fitting rates in a systematic way, we extracted the ODMR
amplitude for all the visible transitions, using a Lorentzian
fit to the fixed magnetic field slices in Fig. 3. We then used
the rate equations to compute the peak amplitudes for each
transition for varying magnetic field. The difference between
rate equations and experiment was then estimated as a mean
absolute deviation for all the ODMR amplitudes extracted
from the experiment. This approach avoids having to compute
the ODMR signal for every point of the two-dimensional
frequency/magnetic field maps reducing substantially the
computational load of our optimization algorithm searching
for optimal rates. This algorithm minimizes the mean ODMR
amplitude error adjusting the kinetic rate parameters a;, r; for
model I and the parameters c;, g; for the singlet overlap model
I as well as the spin-independent rates «, I'. For efficient
minimization we used a controlled random search algorithm
[74] provided by the NLOPT package [75], which was found to
have good convergence for this problem. The code for this op-
timization problem as well as for calculation of the triplet-pair
Hamiltonian eigenvalues/eigenvectors is available at [76]. We
notice that so far the computed ODMR amplitudes depend
only on the ratios between rates and not on their absolute
value. To fix the timescale of spin-dependent recombination
coefficients I',, we will later use the dependence of the ODMR
signal on the microwave modulation frequency. To compare
the two proposed rate models, we do not yet need the absolute
values of the rate coefficients and we will thus use a normal-
ization where both the maximum spin-dependent generation
and the recombination are set to 1, max, o, = max, [, = 1.
This normalization, (which adds an additional overall signal
amplitude fitting parameter), allows a direct comparison of the
spin dependence of generation and recombination rates to see
how much deviation from the relation «, o I';, is needed to
explain low field sign reversal for transition 23.

Figure 5 shows the best-fitting result obtained for model
I. For the comparison between experiment and theory the
magnetic fields were limited to B < 150 G. Indeed in our
rate models we assumed magnetic field independent relax-
ation rates. While this assumption seems plausible at weak
magnetic fields it is likely no longer accurate when Zeeman
energy becomes comparable with the zero-field energy split-
ting parameters gugB ~ D.

155405-6



SPIN-DEPENDENT RECOMBINATION MECHANISMS FOR ...

PHYSICAL REVIEW B 108, 155405 (2023)

Experiment

0 0.5 1 1.5 2 2.5
f(GHz) model (I)
150
100
w
2
©
8 50
m
0
-50
0 0.5 1 1.5 2 25
f (GHz)

FIG. 5. Comparison between the experimental broadband
ODMR spectrum and numerical simulations using best-fitting rates
obtained for both model I and model II. The numerical rate values
are summarized in Table I. Both models give very good general
agreement with the experiment; however, model II fails to predict
the sign reversal of transition 23 and gives no visible amplitude for
two spin-flip transitions, 14 and 15.

The best-fitting rate parameters are given in Table I. One
other fitting parameter not shown in the table is the angle
between the strip line and the crystal 94°, which is consistent
with the precision of the alignment of the TIPS-tetracene
crystal with the strip-line direction. We see that overall the
agreement between the experimental and simulated data for
model I is very good. This model reproduces very accurately
the amplitudes for transitions 12 and 23, and it correctly

TABLE I. Summary of the optimal values of the spin-dependent
recombination rates estimated for the intersystem crossing recombi-
nation model I and for the singlet-mixing model, model II. Since the
rate model depends mainly on ratios between rates, rates are scaled
in a way that the largest rate is set to unity. An estimation of the
order of magnitude of rate constants is given in Fig. 6. As discussed
in the main text the choice where r, = a, = 0 in model I corresponds
to vanishing spin-independent recombination/generation rates rather
than large in-plane anisotropy which is parametrized by ry, a, > 0.
The rates are given in (relative) dimensionless units. Dependence
on the microwave square-wave modulation frequency shows that the
recombination lifetimes are in the 100 ps range.

Model 1
r T, Ty Iy
0 1 0.15 0
o a, ay a,
0 1 0.2 0
Model I
r q: qy qx
0.04 0.32 0.28 1
o c; cy Cy
0.1 0.72 0 1

captures the reversal of the signal amplitude at low magnetic
fields for transition 23, and the weak but visible signal for the
transitions 14 and 15. The main disagreement between experi-
ment and simulations seems to be the amplitude of transitions
24 and 25 whose amplitude vanishes at zero magnetic field.
We see in Fig. 4 that the levels 4 and 5 are almost degenerate
at zero magnetic field and it is possible that hyperfine effects
need to be included in the spin Hamiltonian to explain this
discrepancy.

The algorithm finding the best-fitting rate values for model
I converged to several vanishing terms ry, = a, = =a =0
and ry, >~ a, (we note that for now r, = a, = 1 by normal-
ization), with only a small difference between nonzero in
generation/recombination rates a, = 0.2, r, = 0.15, which is
sufficient to explain the zero-field sign reversal for transition
23. Since a, > 0, we need to comment on a, = 0 as these
values seem highly anisotropic. For model I, we note the
identity 82 + S‘yz + S‘ZZ = S(S+ 1) where S =2 is total spin,
thus for a, > a, > ay a finite a, > 0 would actually describe
spin-independent recombination which is also contained in
another term « (the optimization also yields o = 0). The
direction of the dominant relaxation rate r, coincides with
the main direction of the triplet fine-structure tensor giving
the DpS? term of the quintet spin Hamiltonian while the dif-
ference between the rates ay, r, and ay, ry reflects the in-plane
anisotropy of the quintet. This value is comparable to the
splitting (e3 — €2)/Dg =~ 0.25 induced by the dipole-dipole
interaction between triplets in the quintet spectrum, which
gives the finite Ey value. We notice that we find a, > ry;
the larger value of a, can be a sign of transient deformations
during the fast generation through the fission process to which
the slower recombination processes are not sensitive.

As discussed above, the basis retained for this model was
the zero-field quintet basis, which does not exactly coincide
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with the molecular basis of the TIPS-tetracene molecules.
This basis choice was motivated by the strong exchange en-
ergy for the w-stacked quintet which projects all the matrix
elements into the quintet manifold. It is also possible to write
the same kinetic model in the molecular basis of one of the
triplets (see Fig. 1). This change of basis will lead to a change
of all the matrix elements and thus of best-fitting kinetic rates.
Running the optimization algorithm for this choice leads to a
similar theoretical 2D ODMR spectrum but with more non-
vanishing rates for the generation a , ., & and recombination
rates 7y ., I'. These additional nonzero rates in the molecu-
lar basis probably come from the rotation between the two
frames. As a confirmation of this, we checked that predicted
spin populations were also equal for these two versions of
model I confirming that these are two pictures of the same
physics in two different frames. We thus feel that these results
justify the use of the quintet zero-field basis in model I.

For the singlet projection model II, the best-fitting results
are also displayed in Fig. 5 with the corresponding rate pa-
rameters given in Table I. We see that this model leads to
amplitudes which are very close to the values obtained from
the spin-orbit interaction model for transitions 12, 23, 24,
25, 34, and 35. However, in disagreement with the experi-
ment, this model predicts vanishing signal amplitudes for the
transitions 23, 14, and 15. Also, most of the estimated rates
are nonzero with dominant rates ¢, = g, = 1 with a surpris-
ingly strong anisotropy between x and y rates, which is hard
to justify, and very different values between generation and
recombination (normalized) rates. It can be unexpected that
differences between the two models show up only in two out
of ten possible transitions with most of the transitions being
correctly reproduced in both models. This can probably be
explained by the number of fitting parameters appearing in
both models (even if fitting in model I sets many of them to
zero), and that both models share the same matrix elements
from Eq. (13). In general this also shows that comparing two
models is a helpful approach to see how much confidence
fitting can give on the identification of the underlying physical
model. In our case the comparison of the two models and the
simplicity of the results of model I and its better agreement
with experiment suggest that this model may indeed provide
the dominant spin-dependent recombination pathway. It is,
however, also instructive to understand physically why model
II is unable to account for the amplitudes of some of the
transitions.

To understand the difference between the two models it
is helpful to consider the dependence of the spin-dependent
recombination rates for all the states of the quintet as a func-
tion of the magnetic field; it is displayed in Fig. 6. We see
that for model II both rates I'; and I'; tend to vanish near
zero magnetic field giving vanishing ODMR contrast for the
transition 23 near zero magnetic field, which is not the case
for model I where there is a sign reversal. These vanishing
rates are actually implied by an unexpected selection rule for
model II:

(SI1(87,.) 1+10) =0, (22)

X, .2

which holds because |0)r is always an eigenvector of the
triplet spin square operators with either (S;,y)2|0)r = |0)r

N o _model()

W OO N 0O
—
—
L

B (Gauss)

FIG. 6. Best-fitting relaxation rates I', for the two models. The
top figure shows the rates for rate model I using the rates, Eqs. (17)
and (18). The bottom figure shows the results for rate model I using
Egs. (20) and (21). Since only ratios between rates are important for
the ODMR signal amplitude, the y axis is in arbitrary units. To esti-
mate the time length scale associated with these rates we measured
the microwave amplitude modulation frequency dependence of the
ODMR signal for transitions 12 and 13 at zero magnetic field. These
experiments suggest the order of magnitude I} ~ 60 ms~".

or (§Y)%0)7 = 0]0)r (with v =a, b the two triplets of the
biexciton pair).

Another difference between the two models is the larger
ODMR amplitude for transitions 14 and 15 that is obtained
for model I compared to model II in better keeping with
experiment. The two transitions 14 and 15 correspond to
the |0)p — |£2)o transitions with a change of total spin z
projection by two quanta of momenta. Such transitions are
only allowed because of the weak in-plane anisotropy and
thus have much smaller amplitudes compared to the other
transitions. To observe them, a high ODMR contrast between
the photoluminescence rates for I'4 5 and I'; is needed to com-
pensate for the weak transition amplitudes. As seen in Fig. 6,
such contrast is naturally provided by the (n|$’z2|n) matrix
elements for model I with much larger expectation values for
=42 states compared to other states. The fact that transitions 14
and 15 are observable in the experiment with amplitudes not
much weaker than the other selection-rule-allowed transition
is thus a strong argument in favor of model 1.

Note that in Fig. 6, we give the rates in arbitrary units. The
timescale for spin-dependent recombination rates in Fig. 6 can
be estimated from the dependence of the ODMR signal with
microwave square modulation frequency. We fixed the rate
scale using the quintet transitions 12 and 13 at zero magnetic
field. This suggests that spin-dependent fluorescence recom-
bination lifetimes are in the 100 ps range, which is indeed a
long timescale for pulsed magnetic-resonance experiments.
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To conclude the discussion on the possible models for
ODMR amplitudes and comparison with experiment, we no-
tice that the agreement with model I is not perfect with
differences concerning transitions 24 and 25 which exhibit a
dip in amplitude very close to zero field. These transitions
also show a faster decay with magnetic field but this can
have extrinsic explanations like a higher sensitivity to sample
inhomogeneity. On the contrary the zero-field behavior must
be intrinsic as the effect of inhomogeneous broadening is
minimal at zero magnetic field and we thus concentrate on
the zero-field region. Since the magnetic field scales involved
are very small, ~5 G, this probably implies that the relaxation
mechanism is sensitive to the weak mixing between |£2)
states which is induced by quintet Ey in-plane anisotropy.
This mixing does not induce any changes in the matrix el-
ements for both model I and model II and thus this feature
is missing from simulations in Fig. 5. A way to increase the
sensitivity to this mixing is to generalize model I by assuming
that the relaxation kinetics are not only sensitive to the expec-
tation values of some spin operators in the quintet zero-field
basis but directly to the zero-field quintet eigenvectors.

This leads to Model I1I:

oty =Y dyul(m(B = 0)n)], (23)

Ty =" unl(m(B = 0)n)P, (24)

m

where the sums runs over the five zero quintet zero-field
eigenvectors |m(B =0)) and d,,u, a set of ten spin-
dependent generation/recombination rates. This model can be
viewed as a generalization of model I under the principle that
all rates are determined by zero-field eigenstates. It has more
fitting parameters, and it is thus expected to preform at least
as well. Contrarily to the matrix elements of model I, we do
not see any heuristic microscopic justification for this gen-
eralization, and it loses the natural explanation for the strong
contrast between |£2) and other eigenstates. This contrast has
to be obtained by adjusting the rates of the eigenstates. Losing
these advantages of model I to explaining a zero-field anomaly
in transitions 24 and 25 may seem excessive. Thus we decided
not to focus on model III. We just show in Fig. 7 that it can
indeed reproduce a zero-field anomaly for transitions 24 and
25 with a magnetic field scale comparable to the experiments.
The presence of some evidence that in some cases we may
need to generalize model I to model III seems worth noting.

Using the rate values from Table I, it is possible to recon-
struct the expected population of the quintet spin sublevels
as a function of magnetic field for kinetic models I and II
using Egs. (17) and (18) and rate equations. We show the
corresponding results in Fig. 8 as a function of the mag-
netic field. To avoid dependence on the overall generation
rates the populations are given as occupation probabilities
Dn =P,/ Z j P e

For model I, we find that there is no population inver-
sion around zero magnetic fields. At higher magnetic fields
the populations of states 2 and 3 do invert. This inversion
in population corresponds to the ODMR signal switching
from negative to positive. Note that the possibility of finding
population inversion regimes without relying on microwave
resonant circuits could be useful to find new gain materials

150

05 1 15 2 25
f (GHz)

FIG. 7. Simulated broadband ODMR spectrum for the zero-field
basis relaxation model III. This model captures the zero-field B = 0
anomaly at 1.5 GHz which is also observed in the experiment. How-
ever, this is achieved at the cost of introducing more rate parameters
which are all nonzero after optimization compared to model I, which
this model generalizes. Population and generation/recombination
rates of the spin eigenstates as a function of magnetic field are similar
to those obtained for model I (shown in Fig. 6).

for organic masers [77-79]. As we mentioned previously we
found this population to be robust to changes of the pref-
erential directions in which model I was written switching
from quintet-zero field to the molecular frame. Except for the

model (1)
0.24
< 0.22
0'2 .
0.25 f-+
£ 02

0.15

0.1 ‘ ‘ ‘

B (Gauss)

FIG. 8. Simulated normalized populations p, = P,/ ; P; for
model I and model II. Model I does not predict any population
inversion at zero magnetic field for this system, while population
inversion would be expected for model II. The populations and rates
predicted for model I were robust with respect to rotation of the
molecular basis in which the rate model was written and changed
only weakly after upgrading to the more general model III. The
results for model II were less robust with respect to basis rotation
(see main text).
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relative populations of states 4 and 5 the populations were
also unchanged in model III. This strengthens our conclu-
sions that model I is probably the dominant spin-dependent
radiative recombination pathway for quintet biexcitons. For
completeness, we also show the predicted population for
model II. The predicted occupation probability for this model
is very different, but not very stable with respect to small
variations in model II. Thus based on this analysis, the popu-
lation and relaxation rates from model I seem the most likely.
Conceptually it is possible to try to confirm the predictions of
this model experimentally, by performing a three-dimensional
ODMR spectrum where the microwave amplitude modula-
tion (AM) frequency dependence of the signal would also
be recorded for each transition while both magnetic field and
microwave frequencies are changed. This would be certainly
very demanding both in terms of experiment and data analysis,
so we used only the zero-field AM frequency dependence to
fix the order of magnitude of the rates in Fig. 6. Indeed our aim
here, was to make as much progress as possible based on the
analysis of the two-dimensional ODMR spectrum revealing
the rich physics that is hidden and that was not explored
previously.

V. CONCLUSIONS

We investigated the mechanisms for spin-dependent pho-
toluminescence for quintet biexcitons formed through singlet
fission, by studying the broadband ODMR signal from a
quintet biexciton formed by two triplet excitons on nearby
m-stacked TIPS-tetracene molecules. Our broadband excita-
tion and readout schemes allowed us to measure the ODMR
signal for all the ten possible quintet transitions as a function
of magnetic field. We then showed that competing spin-
dependent pathways are needed to explain the sign change
of the ODMR amplitude, which is observed for one of the

transitions. We then proposed two possible spin-dependent re-
combination models. The first model was based on the matrix
elements of the fine-structure quintet operators which gener-
alizes the zero-field basis intersystem crossing models which
were introduced for triplet excitons. In the second model we
considered the mixing of the quintet states with the singlet
wave function which is induced perturbatively by the triplet
fine-structure terms. While both models were successful in
reproducing the ODMR amplitude of most of the transitions,
we found that only the first model made accurate predictions
for two transitions in the manifold. Spin-forbidden transitions
which were observed despite their weak magnetic-resonance
cross section require a strong optical contrast to make them
visible. This large contrast was naturally obtained in the first
model while it is missing in the singlet-mixing model. The
second model was further unable to explain the sign reversal
of one of the transitions near zero magnetic field as a hidden
selection rule in this model imposes vanishing optical contrast
for this transition near zero magnetic field; while the first
model succeeded in reproducing the experimental data with
a minimal number of parameters with only a weak difference
between generation and recombination rates. Thus our experi-
ments and analysis provide a strong indication that the matrix
elements of the quintet fine-structure term describes the dom-
inant spin-dependent generation/recombination pathway for
quintet biexcitons.
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