Phonon-induced localization of excitons in molecular crystals
from first principles
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The spatial extent of excitons in molecular systems underpins their photophysics and utility for
optoelectronic applications. Phonons are reported to lead to both exciton localization and delo-
calization. However, a microscopic understanding of phonon-induced (de)localization is lacking, in
particular how localized states form, the role of specific vibrations, and the relative importance of
quantum and thermal nuclear fluctuations. Here we present a first-principles study of these phenom-
ena in solid pentacene, a prototypical molecular crystal, capturing the formation of bound excitons,
exciton-phonon coupling to all orders, and phonon anharmonicity, using density functional theory,
the ab initio GW-Bethe-Salpeter equation approach, finite difference, and path integral techniques.
We find that for pentacene zero-point nuclear motion causes uniformly strong localization, with
thermal motion providing additional localization only for Wannier-Mott-like excitons. Anharmonic
effects drive temperature-dependent localization, and while such effects prevent the emergence of
highly delocalized excitons, we explore the conditions under which these might be realized.

Introduction.— Photoexcitation of organic molecular
crystals leads to strongly bound electron-hole pairs, or
excitons, due to the weak screening of the Coulomb in-
teraction in these systems. Depending on factors such as
the size of the molecular building blocks and the spin of
the electron-hole pair, exciton radii can vary from those
of localized Frenkel excitons [1, 2] to spatially extended
excitons that approach the Wannier-Mott limit [3-7].
The spatial extent of these excited states is important
to applications of organic semiconductors such as photo-
voltaics [8] and LEDs [9], since it affects properties in-
cluding the nature of their interaction with phonons [10],
their transport [11] and non-radiative recombination [12].

Critical to affecting the spatial extent of excited states
are lattice vibrations, which are generally thought to
result in wavefunction localization [13]. Phonons can
strongly renormalize one- and two-particle excitation en-
ergies of organic systems, influencing the optical gap and
the charge carrier mobility [10, 14, 15]. Phonons in these
systems have generally been thought to lead to local-
ized excitons that diffuse via, e.g., a Forster or Dexter
mechanism [16, 17]. However, it has recently been pro-
posed that in certain well-ordered organic crystals atomic
motion can give rise to configurations that favor strong
transient exciton delocalization, having a beneficial ef-
fect to transport [18-20]. This transient exciton delocal-
ization is similar to transient charge delocalization [21—
23], wherein phonons lead to configurations with large
overlaps between neighboring molecular orbitals [24] and
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hence highly delocalized states [25].

Despite these insights, a rigorous microscopic under-
standing of phonon-induced modulations to exciton radii,
one that accounts for electron-hole interactions, strong
exciton-phonon coupling at finite temperatures [10, 26],
and the anharmonicity of low-frequency motions in
molecular crystals [27-30], is still lacking. Here we elu-
cidate the microscopic mechanism of exciton localiza-
tion in extended molecular solids. We employ a first-
principles computational framework which captures all
aforementioned effects, combining density functional the-
ory (DFT), the Green’s function-based ab initio GW-
Bethe Salpeter equation (BSE) approach for accurately
describing exciton effects [31], finite-difference methods
for strong exciton-phonon interactions [10, 32], and path
integral techniques for describing phonon anharmonic-
ity [33, 34]. We apply this framework to the proto-
typical molecular crystal pentacene and show that zero-
point nuclear motion leads to strong localization of sin-
glet and triplet excitons, reducing their average electron-
hole separation by more than a factor of two. Tem-
perature increases further reduce the size of delocalized
Wannier-Mott-like excitons, an effect driven by anhar-
monic phonons. The trends in exciton radii are reflected
in the dispersion of their energies in reciprocal space.
While highly delocalized excitons do appear at large
phonon displacements, anharmonicity reduces the ampli-
tude associated with these motions, suppressing transient
delocalization for exciton transport.

System and methods— We focus on the widely stud-
ied molecular crystal pentacene [35], which hosts a de-
localized Wannier-Mott-like singlet exciton (Fig. 1a) and
a more localized Frenkel-like triplet exciton (Fig. 1b) [7,
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10, 36], for which the effect of phonons is expected to be
different. We compute excitons with principal quantum
number S and center-of-mass momentum Q using ab ini-
tio DFT and GW-BSE calculations with the Quantum
Espresso [37] and BerkeleyGW [38] codes. This involves
constructing the electron-hole kernel K¢~" and solving
the BSE [31, 39] in reciprocal space in the electron-hole
basis, namely

(Eck+Q - E’Uk)Af'qu (1)
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with input from prior DFT and GW calculations. In
Eq. 1 the indices ¢, v define conduction and valence states
respectively, k is the crystal momentum, and Acska is
the amplitude contributed by states ¢, v with momentum
k to the exciton with momentum Q. The exciton wave-
function can be written as
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where 9,5 are the Kohn-Sham wavefunctions. The kernel
K=" consists only of an attractive ‘direct’ term between
electrons and holes for triplets, while for singlets it also
includes a repulsive ‘exchange’ term, giving singlets their
greater spatial extent [7, 31]. The energies of the conduc-
tion and valence bands in Eq. 1 are obtained within the
so-called GW approximation [40] from self-energy correc-
tions to DFT Kohn-Sham eigenvalues. This approach has
been shown to give highly accurate descriptions of exci-
tons in molecular crystals [7, 10, 36, 41, 42]. The compu-
tational details for our DFT and GW-BSE calculations
are given in Supplemental Material [43] Section S1.

We treat the effect of phonons following Monser-
rat [32, 44, 45], and in a manner similar in spirit to
Zacharias and Giustino [46, 47]. For an observable O
at a temperature 7', we compute the ensemble-average in
the adiabatic approximation as

O, =5 [axome ™ @)

where the canonical partition function Z = [dX e PH
involves the configuration space integral [ dX [48]. Non-
adiabatic effects to the electron-phonon interactions of
organic systems such as pentacene are negligible [49].

The Hamiltonian H of the system includes electronic
and nuclear degrees of freedom in general, and may be ap-
proximated at different levels. One approach is to assume
nuclear motion to be harmonic, reducing the phonon con-
tribution to the Hamiltonian to the following form,

ar 1
M = 5 Z(vin,q + wi,q“%q)’ (4)
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in atomic units. Here, phonons of frequencies w are
labeled by their branch index m and wavevector q.
We compute the ensemble-average <(’)har> in the Born-
Oppenheimer approximation, tracing out all electronic
degrees of freedom, using a finite-displacements ap-
proach [50, 51] to calculate phonon frequencies {wy q}
and eigendisplacements {u,, 4}, and then drawing N ran-
dom samples {X!*} from the multivariate Gaussian
phonon distribution and calculating the observables of
interest {O(XPr)}. (OMr) is then simply computed as
the average of its value at the samples

<(9har = lim
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Egs.4 andb5 are exact apart from the adiabatic
and harmonic approximations, and the description of
phonon effects on any observable O in Eq.5 is non-
perturbative [26].

The use of the harmonic approximation in molecular
crystals can lead to unphysical results, due to highly an-
harmonic behavior of low-frequency phonons [27, 29]. In
this work, we account for this anharmonicity by employ-
ing path-integral molecular dynamics (PIMD) which are
rendered computationally tractable using the surrogate
machine-learning (ML) potential VML from Refs. [27, 52],
constructed to reproduce the potential energy surface
(PES) from first-principles density functional theory
(DFT) calculations. The modified phonon Hamiltonian

NO,

anhar pi ML
H = B +V (I‘l7 PN
i—1 <M
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is used to run PIMD simulations at reduced computa-
tional cost, for a cell of N, atoms, with nucleus ¢ having
a mass m;, and p;, I; its momentum and position opera-
tors respectively. We then draw random samples from the
PIMD trajectories, and use these to compute vibrational
averages of observables, analogously to Eq. 5, namely

Xanhar (7)

N
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Our simulations use a 2 x 1 x 1 supercell of pentacene

(N, = 144 atoms), capturing the effect of phonons at T

and at the band-edge X on observables. Phonons be-

yond I' and X have a minor effect on pentacene opti-

cal properties as discussed in Supplemental Material [43]
Section S1.C.

To quantify exciton localization, we study two observ-
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FIG. 1. Isosurfaces of electron distributions of singlet (blue,
panel a) and triplet (green, panel b) excitons for a hole fixed
at the center of the plotted area, and corresponding dis-
persions (panel ¢, same color scheme) in molecular crystals.
A typical low-frequency (top) and high-frequency (bottom)
phonon of pentacene is shown in panel d.

ables O. The first are the exciton energies at finite center-
of-mass momentum, Q%, obtained through solving the
BSE (Eq.1). The second is the average electron-hole
separation for each excitation S, which we refer to as the
exciton radius Texc. This is obtained by post-processing
the BSE solution Ug, as discussed elsewhere [53] and in
Supplemental Material [43] Section S1. To determine the
exciton radius, we compute the electron-hole correlation
function as defined in Ref. [53], namely

Fs(r):/ drn| 090, = 4 ) (8)
1%

where V' the volume of the primitive cell. Fs(r) describes
the probability of finding the electron-hole pair at a dis-
tance of r = r, — 3, and is computed as a discrete sum
over hole positions. The average exciton radius for a
given atomic configuration is then

rmz/wwmmm. (9)

Having described the main quantities in our computa-
tional framework, we may summarize it as follows. We
generate displaced configurations XP8" within the har-
monic approximation using a finite differences approach,
and X8’ within the anharmonic distribution through
PIMD employing a previously-developed ML potential.
The ab initio BSE, Eq. 1, is solved at these configura-
tions, followed by a calculation of the exciton radius via
Eq.9. We then compute the vibrational averages using
Egs. 5 and 7. Details of the convergence of the vibrational
averages, the ML potential, and PIMD simulations, are
given in Supplemental Material [43] Section S1.

Results.— We first discuss exciton properties obtained
from solving the BSE without consideration of phonons.
We refer to these clamped-ion solutions as the ‘static’
case. Fig.1 shows an isosurface of the electron density
for the first singlet (Sq, blue, panel a) and triplet (T4,
green, panel b) exciton, for a hole fixed at the center of
the visualized region. As shown previously [7, 10, 36], the
singlet is significantly more delocalized than the triplet,
which results in bands that are more dispersive in re-
ciprocal space [7, 42], as shown in Fig. lc. We plot the
exciton energies along the path I' — X in the Brillouin
zone, corresponding to the dominant packing direction
of the pentacene crystal. Tablel summarizes the band-
width W = Q(X) — Q(T") of the two excitons, as well

as the width A = Q(Q = 04A7") —Q(Q = 0.1 A7),
the values of the exciton momentum chosen to accom-
modate comparison to recent experiments [54]. We see
from our static calculations that the singlet bandwidth
is more than twice that of the triplet.

We now include the effect of phonons on the exciton
band structures along I' — X at 100 K and 300 K, within
the harmonic and anharmonic distributions, and visu-
alize the results in Fig. lc when including anharmonic
effects. There are two broad categories of phonons in
molecular crystals, corresponding to low-frequency inter-
molecular and high-frequency intramolecular motions, vi-
sualized in Fig. 1d. While the former are predominantly
activated when going from 100 K to 300 K, the latter have
significant zero-point energies fiw/2. Including 100K
phonon effects red-shifts both singlet and triplet exci-
ton energies and flattens their dispersions, as shown in
Fig. 1c and Tablel. This effect is larger for the triplet,
which is more localized and therefore more impacted
by high-frequency intra-molecular modes. However, in-
creasing the temperature to 300 K has no effect on the
triplet, since there are negligible additional contributions
from intramolecular modes at these temperatures and
the modulations of intermolecular distances by lower-
frequency phonons hardly affect this localized state. In
contrast, the delocalized singlet red-shifts further, and
its dispersion flattens by an additional 18 meV. Our re-
sults for the singlet width A at 100 K are in excellent
agreement with recent experiments [54], as summarized
in TableI. Our predicted decrease of the singlet width A
by 13meV when increasing the temperature from 100 K
to 300 K underestimates the experimental decrease of



Wwanhar(§ ) (meV) WP (S;) (meV)

Wanhar (Tl ) (mev)

A®bar (S ) (meV)  A®P(S;) (meV) [54]

static 110 110
100K 59 67
300K 41 76

52 80 - =
18 43 44
19 30 23

TABLE I. The effect of phonons on the dispersion width W = Q(X

) — Q(T") for the first singlet g and triplet Q7 excitons of

pentacene, and on the width A = Q(Q =04 A7) - Q(Q =0.1 Afl) for the singlet.

O static
X harmonic
+ anharmonic

X .
singlet

+x triplet

T >
300 T (K)

FIG. 2. Singlet (blue) and triplet (green) exciton radii within
the different cases and temperatures (panel a). Representa-
tive configuration showing electronic isosurfaces for fixed hole
positions, indicating localization of the singlet (triplet) at 0 K
towards the region in blue (green), shown in panel b (panel
c). Red represents electronic wavefunction amplitude that
disappears in the presence of phonons.

21 meV, largely due to ignoring thermal expansion in our
calculation, which reduces A by a further 6 meV within
this temperature range, see Supplemental Material [43]
Section S2. Interestingly, we see in TableI that the har-
monic approximation predicts an increase of the singlet
bandwidth with increasing temperature, contrary to our
calculations including anharmonic effects using PIMD
and to experiment, a point that we return to below.

The changes in the width of the exciton dispersions
suggest phonon-induced modulations of real-space exci-
ton properties, which are zero-point dominated for the
triplet, and which have significant temperature depen-

dence for the singlet. We highlight the connection be-
tween the dispersion modulations and real-space exciton
properties by computing vibrational averages of the exci-
ton radii at a range of temperatures. The results are pre-
sented in Fig. 2 for the singlet (blue) and triplet (green)
within the harmonic approximation and including anhar-
monic effects. Let us first comment on the harmonic
case. Compared to the static limit (circles), the radii in
the presence of phonons at 0 K are renormalized by more
than a factor of two. For the singlet, the static value
of 11.2 A for its radius reduces to 4.9 A, while the static
triplet radius of 2.7 A reduces to 1.2 A. To visualize this
we present in Fig. 2b and Fig. 2¢ differential plots for iso-
surfaces of the electron density once a hole is placed at a
high-probability position in the unit cell. Specifically, we
plot the difference between the electronic density of the
case without phonons and that of a typical atomic config-
uration at 0 K. Red indicates amplitude vanishing due to
phonons, while blue and green indicate areas where the
singlet and triplet wavefunction respectively gain ampli-
tude, demonstrating their tendency to localize.

When increasing the temperature to 300 K within the
harmonic approximation there is no change to the triplet
exciton radius, in agreement with our expectation of the
effect of phonons on the triplet exciton dispersion. The
singlet however exhibits delocalization, with its radius
increasing substantially to the average value of 6.96 A,
consistent with the increase of the singlet bandwidth with
temperature in the harmonic case. Upon including an-
harmonic effects, triplet radii agree with the harmonic
case; however, for the singlet the results are qualitatively
different, and we recover the expected behavior of de-
creasing singlet radius with increasing temperature. All
vibrational averages and errors for the exciton radii are
given in Section S7 of the Supplemental Material [43].

The discrepancy between the harmonic and anhar-
monic cases is due to configurations with highly delocal-
ized excitons within the harmonic approximation, with
radii as large as 31 A at 300K. Such configurations are
shown in Supplementary Material [43] Section S5, and
their inclusion in the thermal averages of Eq.5 for the
radii leads to the observed temperature-induced increase
of (rexc) in Fig.2a. To understand why such configu-
rations are not present within the anharmonic case, we
plot in Fig.3a the difference between the phonon root
mean squared displacement /(u2) of the two distribu-
tions at 300K. We find that a low-frequency acoustic
mode, corresponding to a sliding along the z-axis of ad-
jacent pentacene molecules, is significantly over-displaced
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FIG. 3. The difference between the RMS displacement of
phonons in the harmonic and anharmonic distributions of
pentacene (panel a). Singlet exciton radii (panel b) along
the highly anharmonic phonon shown in panel a. Phonon
displacements u are given in units of their zero-point width
1/4/2wgqy [32]. The dotted line in b is a guide to the eye.

in the harmonic case at ¢ = X. Anharmonic terms alter
the PES associated with this phonon, limiting its aver-
age amplitude at room temperature, as shown in Supple-
mentary Material [43] Fig. S3, in agreement with known
cases where the harmonic approximation breaks down in
molecular crystals [27, 29, 30]. We confirm that the over-
displacement of this phonon within the harmonic approx-
imation leads to the temperature-induced singlet delocal-
ization observed in Fig. 2a, by computing the singlet ra-
dius as a function of amplitude of this mode, as visualized
in Fig.3b. The blue and red regions indicate the maxi-
mum range of displacements which are accessible within
the anharmonic and harmonic distributions respectively,
due to thermal excitation of phonons at 300 K. The har-
monic approximation leads to configurations with highly

delocalized excitons of radii as large as 25 A. The depen-
dence of the exciton radius on the phonon displacement
is non-monotonic due to the oscillating 7 orbital overlap
between neighboring pentacene molecules [55].

While highly delocalized excitons may appear at cer-
tain nuclear configurations, anharmonicity prevents ac-
cessing these, as seen in Fig. 3b. However, such configu-
rations could appear out of equilibrium, e.g. due to pho-
toexcitation, upon relaxation to the excited state PES
minimum. For pentacene, the minimum of the singlet
exciton PES along the anharmonic acoustic mode lies far
from the ‘delocalized’ region of Fig. 3b (see Supplemental
Material [43] Section S6), it is thus unlikely that for this
and similar systems transiently delocalized excitons may
be accessed, even outside equilibrium.

Conclusions.— We have presented a first-principles
study of the effect of phonons on the dispersion and
radii of excitons in the prototypical molecular crystal
pentacene. Zero-point nuclear motion uniformly causes
substantial localization of excitons, manifesting as a
flattening of the exciton dispersion in reciprocal space.
Wannier-Mott-like singlet excitons also exhibit addi-
tional temperature-activated localization due to their
stronger coupling to low-frequency phonons, with anhar-
monic effects being critical in capturing this effect and
preventing transient exciton delocalization. Anharmonic
low-frequency phonons are common in molecular materi-
als [27] and can couple to singlets when these approach
the Wannier-Mott limit, in a manner which is in turn de-
termined by the size [10] and packing [56] of the molecular
building blocks. Our work lays foundations for a deep un-
derstanding and controlled enhancement of exciton trans-
port in molecular crystals, for example by suppressing
anharmonicity through chemical modifications [57].
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