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Phosphorene is a two-dimensional (2D) material exhibiting strong in-plane structural anisotropy. In this
work, we investigate the influence of structural anisotropy on the optics, dynamics, and transport of exci-
tons in phosphorene by combining microscopic many-body theory with first principles calculations. Our
framework offers a complete and material specific description of the excitonic properties of phosphor-
ene, including exciton states and exciton—phonon interactions, which allow us to quantitatively evaluate
the optical absorption spectra, exciton relaxation, and exciton transport, revealing direction-dependent

Received 3rd September 2025,
Accepted 26th February 2026

DOI: 10.1039/d5nr03725e

characteristics. Interestingly, we identify the critical role of long-range exchange interactions, which sig-
nificantly enhance the anisotropy of exciton diffusion, particularly at low temperatures. Our work provides
fundamental insights into exciton dynamics in an intrinsically anisotropic 2D material, offering guiding

rsc.li/nanoscale principles for the design of next-generation optoelectronic devices.

dimensional material with inherently large in-plane an-

1. Introduction
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Atomically thin two-dimensional (2D) materials have garnered
significant attention over the past two decades due to their
unique properties arising from dimensional confinement."™
Compared to their bulk counterparts, 2D materials exhibit dis-
tinct electronic, optical, mechanical, and thermal character-
istics, making them highly suitable for next-generation ultrathin
devices such as high-speed transistors,>® flexible displays,” and
sensitive photodetectors,® while also holding promise for
revolutionary energy technologies including high-performance
batteries,”'® supercapacitors,”'" and efficient catalysts.'>"?
Coulomb-bound electron-hole pairs, known as excitons, play
a fundamental role in the optical properties of semiconducting
2D systems."* The reduced dimensionality and reduced dielec-
tric screening in 2D materials compared to 3D materials
enhance electron-hole interactions," resulting in large exciton
binding energies and strong oscillator strengths.'®™® These fea-
tures allow excitons to remain stable at room temperature®®>!
and they can be tuned via external fields,**** strain,>*2® or
environmental factors.>”*® This rich landscape of excitonic
phenomena in 2D materials is not only of scientific interest but
also central to the development of optoelectronic devices,
including light-emitting diodes (LEDs),”® photodetectors,® solar
cells,* optical modulators,*'** and quantum light sources.*?
Anisotropy in materials offers a powerful means to control
optical properties and energy transport,* opening new path-
ways for device design and functionality. Phosphorene, a two-
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isotropy, has emerged as a promising platform for exploring
such effects. The anisotropic optical response of phosphorene
has been widely observed,®™® evident in linearly polarised
optical absorption and the emergence of hyperbolic exciton-
polaritons. However, despite these intriguing findings, the
dynamics and transport behavior of excitons in phosphorene
remain largely unexplored.

In this work, we propose that the intrinsic anisotropy of phos-
phorene leads to highly directional exciton energy transport. We
use microscopic many-body particle theory*® parametrised with
first principles calculations to investigate the exciton properties
of phosphorene. We compute: (i) the exciton states and corres-
ponding optical absorption spectra to elucidate their directional
dependence; (ii) the exciton relaxation dynamics following photo-
excitation; and (iii) the anisotropic exciton diffusion constants
along distinct crystallographic directions, which are found to be
dramatically affected by long-range exchange interactions. Our
findings demonstrate that the inherent exciton anisotropy in
phosphorene is robust against phonon scattering, opening the
door for intrinsic directional control of energy in a device. This
will pave the way for new applications including exciton highways
for light harvesting applications, linearly polarised light-emitting
diodes, and future excitonic circuitry.

2. Methods

2.1. First principles calculations

We perform structural optimization, and calculate the elec-
tronic band structure and the macroscopic dielectric constant
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using density functional theory as implemented in the Vienna
Ab initio Simulation Package (VASP)*® with the projector aug-
mented wave method.*"** We use a 16 x 12 x 1 Monkhorst-
Pack k-grid to sample the Brillouin zone** and set the energy
cut-off to 500 eV. To achieve an accurate treatment of the
exchange-correlation energy, we adopt the hybrid HSE06 func-
tional for structural optimization and electronic band struc-
ture calculations.”® We maintain a vacuum spacing greater
than 15 A to prevent interlayer interactions, and optimise the
structure to achieve residual forces below 0.01 eV A™".

Using wannier90,"> we construct a tight binding model
parametrised by the HSE06 calculations. We use this tight
binding model to finely sample the electronic bands around
select k-points, we then fit the resulting two-dimensional band
energy surfaces to an analytical functional form using linear
regression, which we then use to construct the associated
Hessian matrix, and finally evaluate the electron and hole
effective masses.

For the macroscopic dielectric constant, we adopt the
Perdew-Burke-Ernzerhof (PBE) generalised gradient approxi-
mation (GGA) to the exchange-correlation functional.*® We
use the finite difference method implemented in VASP to
compute the dielectric tensor. The effective monolayer thick-
ness and correction of the 2D dielectric constant follows the
methodology proposed in previous works.*”

We use Quantum ESPRESSO*® to calculate the phonon dis-
persion and electron-phonon matrix elements of phosphor-
ene. We adopt norm-conserving pseudopotentials in conjunc-
tion with the PBE exchange-correlation functional.*® For
phonons, we construct the dynamical matrix from the calcu-
lated force constants to get phonon energies at arbitrary q-
points. We also use QUANTUM ESPRESSO to calculate the
interband dipole moment, defined as the probability of elec-
tron transitions between different energy bands, for light
absorption calculations.

For electron-phonon interactions, the matrix elements have
the following form:

(1)

k,j \'¥} hz
gqa/ﬂ — Dqua -
tha/q

where 7 is the phonon frequency associated with wave

vector q and branch j, a is the electronic band index, and p is
the mass density of the material. In phosphorene, the optical
phonon modes are relatively flat and excitons are highly loca-
lised in momentum space. As a result, the exciton-phonon
interaction associated with optical modes can be effectively
described by transitions involving a narrow range of phonon
energies and momenta, and we employ a constant defor-
mation potential with respect to the phonon wave vector q.
For acoustic modes, we find that the deformation potential
scales linearly with phonon wave vector for small q, in agree-
ment with previous works,* that is, D/ = DX |q|. Overall,
we interpolate the electron-phonon coupling coefficients
using g oc /g for acoustic linear modes and keep the value
constant for optical modes. The acoustic quadratic mode
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characteristic of 2D materials corresponds to out-of-plane
atomic vibrations which have vanishing electron-phonon
coupling in centrosymmetric materials. Due to the compu-
tational cost, we account for the directional dependence by
evaluating the first principles values along several high-sym-
metry directions, and then use linear interpolation for
general directions. While the interpolation scheme may over-
look subtle variations in the electron-phonon coupling, it
still effectively captures the dominant anisotropic trends
driven by the crystal structure, capturing the behavior along
high symmetry lines.

2.2 Wannier equation

To model the exciton behavior, we use the Wannier equation
to describe the electron-hole interaction:>**

(7ik)*
2m,

P (k) = > Vg (k + q) = Epg (k), (2)
q

where m; is the reduced mass arising from the electron m. and
hole my, effective masses, and V, is the screened Coulomb elec-
tron-hole interaction with momentum difference q between
electron and hole. The excitonic binding enegy EB and wave-
function ¢*(k) for state u can be found by diagonalising the
above equation, which gives a hydrogen-like series of excitonic
energy levels. The parameter k of the exciton wavefunction is
the relative electron-hole momentum, k = aky, + fk., where a =
mel(me + my,) and g = my/(me + my,).

The Coulomb interaction in the Wannier equation can be
modelled using the two-dimensional Keldysh potential:**>*

602

280A|q‘(8b30kgr0und + gﬂnaterialdlq‘/z)

Vig =

where ¢, is the vacuum dielectric constant, epackground iS the
background screening, d is the thickness of the material,
and A is the surface area per unit cell. Throughout this study,
we consider phosphorene on a SiO, substrate with a back-
ground epackgrouna Of 3.9,>! to simulate realistic experimental
conditions.

We treat glr‘naterial as the average of the dielectric constant in
the two in-plane directions, and we compare the excitonic cal-
culation results with those using the interpolation method for
the Keldysh potential.”® The resulting excitonic wavefunction
distributions are nearly identical. Our calculations show that
the linewidth difference between the average and elliptical
dielectric screening models is less than 0.001 eV, indicating
that phonon-driven process, such as linewidths and diffusion,
are not significantly influenced by the anisotropy of the dielec-
tric constants. Following eqn (2), electron-hole interactions
and the |q|-dependence of the Keldysh potential, eqn (3), it is
clear that the excitonic binding energies and wavefunctions
are driven mostly by small |q|. This means the Keldysh poten-
tial takes the form V o« 1/épackgrounald|, such that substrate
screening, rather than material screening (anisotropic or other-
wise) dominates the interaction.

The exciton-phonon scattering matrix elements:*°

This journal is © The Royal Society of Chemistry 2026
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describe scattering between exciton state # with centre-of-mass
momentum Q to the exciton state ;' with centre-of-mass
momentum Q™€ In this expression, Gy o denotes the
exciton-phonon scattering coefficient, which has the form

D L (B pg8eC — Bl sqga?”), where ¢ and v denotes the con-
K

duction and valence band, respectively; A'ai—rQ, = (0211 + 14 q)
describes emission (+) and absorption (—) of a phonon; and the
6 function imposes the exciton-phonon scattering channel,
which in numerical calculations is replaced by a Lorentzian.
The use of the Lorentzian can be justified by noting that trun-
cating the semiconductor Bloch equation at higher order
(including two-phonon processes) softens the usual delta func-
tion, giving rise to a self-consistent exciton-phonon scattering
rate.>® This expression for the exciton-phonon scattering rate
can be derived using the semiconductor Bloch equations.>

The dephasing describes the total scattering rate of an
exciton in a specific state:*°

o 12 , )

no__ 2 nnj ,+ '
ry=="3% ‘GQLQ’ A GSAEL o £ hoy_q),
Q' xyj

(5)

arising from the summation of the exciton-phonon scatterings
with all other excitons of momenta Q' in statey’.

3. Results and discussion
3.1 Crystal structure and physical parameters

Fig. 1(a) shows the crystal structure of phosphorene, a single
layer of black phosphorous. Unlike the completely planar
structure of graphene, phosphorene has a buckling structure.
The primitive cell of phosphorene adopts an anisotropic rec-
tangular shape and contains four phosphorous atoms. The cal-
culated lattice constants of phosphorene are a, = 3.277 A and
a, = 4.576 A, and the calculated effective monolayer thickness
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is 5.3 A. By comparison, the experimental lattice constants of
bulk black phosphorous are a;, = 3.31 A, a, = 4.38 A, and a; =
10.5 A, and the effective thickness of a single layer is 5.25 A.>

In this work, we follow the convention to name @, and a, as
armchair (AC) and zigzag (ZZ) directions, respectively.

The calculated macroscopic dielectric constants are g)(zz) =
12.17, ey(ac) = 16.13, and &, = 6.73.

The calculated band structure of phosphorene is shown in
Fig. 1(b). It exhibits strong anisotropy around the valence band
maximum (VBM), with the effective masses along the I'-X (ZZ)
and I'-Y (AC) directions being 19.670m, and 0.849m,, respect-
ively, where m, is the free electron mass. For the conduction
band minimum (CBM), the anisotropy is less pronounced: at
the I" valley the effective masses along the ZZ and AC directions
are 6.840m, and 0.963m,, respectively; and around the second-
ary CBM valley (denoted as V), the effective masses are 1.544m,,
and 1.249m, for the ZZ and AC directions, respectively.

ReSe, is a notable member in TMDs materials showing an-
isotropy,’® where the effective masses can be 2.81 times differ-
ence for the hole, and 6.16 times difference for electrons.
Nevertheless, as mentioned above, the effective masses can be
23.2 times difference for the hole, and 6.8 times difference for
electrons for phosphorene, indicating that phosphorene has
much larger anisotropy than ReSe,.

Fig. 1(c) shows the phonon dispersion of phosphorene. The
lowest energy acoustic mode is the flexural ZA mode,* exhibit-
ing the quadratic dispersion characteristic of 2D materials.
Tables 1 and 2 list the calculated electron-phonon coupling
coefficients. The modes exhibiting the largest electron—
phonon coupling coefficients are selected for exciton-phonon
coupling calculations. In general, low-energy acoustic modes
drive intraband scattering, while the higher-energy optical
modescan drive interband transitions or large Q transitions.
As a result, optical phonon modes dominate the relaxation
dynamics, while acoustic phonon modes dictate the linewidth
and diffusion, especially at low temperature.

For thermal expansion, previous work®® has shown lattice
expansions in phosphorene of 0.1% and 0.08% for the AC and
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(a) Top view and side view of phosphorene. The directions along a; and a, are referred to as zigzag and armchair directions, respectively. (b)

HSEO6 band structure of phosphorene. The valley along I'-X is labeled V throughout this work. The Brillouin zone is shown in the inset. (c) Phonon

spectrum of phosphorene.
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Table 1 Electron—phonon coupling coefficients g. and the corresponding phonon energies Ey, for selected phonon modes coupling with CBM
states. The electron—phonon coupling coefficients show anisotropy around q = 0, so we use the format [gx/\/q.9x///q.9y/+/q] for this case. For the
optical and intervalley acoustic modes, the units are given by meV, and for intravalley acoustic modes, the units are given by meV nm~Y2. The units

of phonon energy are meV

Electron-phonon coupling coefficients/phonon energy (CBM)

I'->r Vo>V r-v
Phonon mode ge Epn ge Epn ge Epp,
Acoustic 1 ~0 ~0 10.7 10.5
Acoustic 2 [~0, 11.3, ~0] [5.1, 15.7, ~0] [~0, 9.6, 6.6] [5.1, 15.7, ~0] ~0
Acoustic 3 [44.1, 31.3, 31.2] [10.4, 8.8, 5.1] [39.4, 30.0, 18.1] [10.4, 8.8, 5.1] ~0
Optical 3 ~0 ~0 92.8 324
Optical 4 116.0 42.5 ~0 ~0
Optical 8 105.0 55.8 131.0 55.8 ~0

Table 2 Electron—phonon coupling coefficients g, and the corres-
ponding phonon energies E, for selected phonon modes coupling with
VBM states. The format of data and the units are the same as in Table 1

Electron-phonon coupling coefficients/phonon energy (VBM)

I'-r
Phonon mode o Eph
Acoustic 3 [14.9, 7.9, 3.1] [10.4, 8.8, 5.1]
Optical 4 6.4 42.5
Optical 8 73.2 55.8

77 directions from 0 K to 300 K, respectively. These values
indicate that even though phosphorene does show anisotropic
behavior in its thermal lattice expansion, the value is too small
to have a significant impact on the band dispersion and hence
on the excitonic properties. Therefore, the role of thermal
expansion is not considered throughout this work.

3.2. Exciton landscape and optical absorption

Fig. 2(a-d) shows the calculated spatial distribution || of the
direct I'T excitonic wavefuntions obtained by solving the
Wannier equation. The anisotropy of phosphorene leads to the
1s state exhibiting an elliptical shape in momentum space,
which is consistent with the band structure shown in Fig. 1(b).
Specifically, the electronic band structure has a broader band
dispersion along I'-X (the ZZ direction), leading to a more
extended exciton wavefunction in this direction. Similarly, the
spatial distribution of the 2p, state is broader than that of the
2p, state. Additionally, the anisotropy lifts the degeneracy of
the phosphorene 2p, and 2p, excitons, a scenario that is mark-
edly distinct to the corresponding excitonic landscape in iso-
tropic systems such as transition metal dichalchogenides.
Notably, our calculated exciton binding energy of EY, = 0.29 eV
for the 1s state is in a good agreement with the experimental
value of 0.3 eV measured for phosphorene one Si0,.°" Unlike
the exciton energy, binding energies calculated by the Wannier
equation are independent from the band gap value. Their
relationship can be described as Eexciton = Egap — Ebinding-
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Fig. 2 Spatial distributions of the (a) 1s, (b) 2p,, (c) 2s, and (d) 2p, states
of bright ITT excitons, with corresponding binding energies written in
yellow. (e) Calculated light absorptions for the first three bright exciton
states. The total absorptions along the AC and ZZ directions are
depicted with solid lines, and contributions from individual states with
dashed lines. Note that the absorption vanishes when the light polariz-
ation is along the ZZ direction.
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The characteristic linear polarization of excitons in phos-
phorene is determined by the interband dipole matrix elements
connecting the VBM and CBM. The numerical evaluation of
these matrix elements, combined with the associated optical
selection rules, show that the transition dipole is oriented along
the AC direction, with a magnitude of 6.862 nm™".

Light absorption can be described by the Elliot formula,®>
which is obtained from the semiconductor luminescence
equations®® and derived from the Heisenberg equation of

motion:°

‘ i

2 n

o (w) = E Im - X 6
abs( ) h - E,I; h Z(YZ F’(;) ( )

where on the left-hand-side, I denotes the absorption intensity,
and o represents the polarization of the absorbed light. On the
right-hand-side, in the numerator, Mg is the optical matrix
element, given by the expression M: =d, & > ¢, where d,
is the interband dipole of the valley for the giveh states, and &,
is the unit vector of incident light polarization. In the denomi-
nator, the first term Ef; is the exciton binding energy for the
exciton stater; the second term Aw corresponds to the energy
of the incident light; and the final term accounts for two
broadening mechanisms: the optical broadening y; arising
from radiative decay is defined by:

. heimel? 2

" 2m2eyAncE;

> ¢k

k

(7)

where n is the refractive index and M7 is the interband dipole
between conduction and valence bands. Th phonon-induced
broadening T represents the dephasing of state ;5 at zero
center-of-mass momentum.

Indirect I'-V excitons are optically dark due to large
momentum transfer and hence do not couple to light.

The calculated interband dipole indicates that the dipole is
aligned along the AC direction, and light absorption will be
greatly suppressed when the polarization of the incident light
is along the ZZ direction which is perpendicular to the AC
direction. Fig. 2(e) shows the absorption spectrum of phos-
phorene, with a nearly vanishing absorption when light polar-
ization is along the ZZ direction. There are two visible peaks
when the light polarization is parallel to the interband diople
(the AC direction), which stem from the 1s and 2s exciton
states. In contrast, since the parity of p, is odd, the absorption

of state 2p, is forbidden by symmetry. The sum Z #f in Mg is
k

zero due to the odd parity. These anisotropic results are in
good agreement with previous works.®

3.3. Phonon-mediated exciton dynamics

Exciton dynamics, the time evolution of excitons scattering
between states mediated by phonons, is a key factor in under-
standing exciton linewidths, relaxation, and transport.

3.3.1. Exciton dispersion and linewidth. In studying
exciton dynamics, an accurate description of the exciton

This journal is © The Royal Society of Chemistry 2026
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energy is needed in order to reliably track the evolution of
exciton states. The excitonic dispersion can be described as a
parabolic dispersion, stemming from the electronic and hole
valleys, and a Q-dependent long-range exchange interaction
Kq:

h2Q2
Ee ="

- Ebinding + Egap + KQy (8)

where M = m, + my, is the total mass of the exciton. The long-
range exchange interaction resembles a dipole-dipole inter-
action and has the form:**

Kq = % (Z $(k)Q- dk+Q) (Z #(K)Q- dk’Q> 9
K K

where A is the area per unit cell, and d}’f“ey denotes the inter-
band dipole matrix element within a given valley. We include
the exchange interaction only for the I'T excitons, since the
large momentum mismatch in I'V excitons suppresses the
long-range interaction, and we neglect the short-range
exchange interaction as it is typically weak in two-dimensional
materials.®® The short-range exchange interaction has a negli-
gible effect on the exciton dispersion in 2D materials.®>®®
While the direct and long-range exchange interactions
depend on small momentum transfers g <« G, such that the
Coulomb interaction decays slowly as 1/q, the short-range
depends on large momentum transfers g > G and decays very
quickly 1/¢>. Therefore the short range interaction is typically
small in these systems. The long-range exchange interaction
can be expressed as a dipole-dipole interaction, and therefore
it depends on the transition dipole which is highly aniso-
tropic. In phosphorene, the optical transition dipole is largely
aligned along the AC direction. Since exctions can be
regarded as dipoles within the material, their energies are
strongly affected by the long-range interaction, leading to the
change of energy dispersion. In other words, the long-range
interaction couples to the exciton’s center-of-mass momen-
tum. The importance of long-range exchange interactions has
been observed in many other works.®”””° For example, first-
principles calculations of phosphorene have demonstrated
the importance of these long-range exchange interactions in
the resulting exciton band dispersion.®® The Keldysh poten-
tial takes the form V(Q) ~ c/(aQ® + bQ), implying that for
small Q, the linear term hQ dominates and K scales linearly
with Q. For large Q, K, tends to a constant, and the energy
dispersion adopts to parabolic form driven by the shape of
the electron and hole valleys.

Fig. 3(a) shows the energy dispersion of the 1s state of the
I'T excitons. The intrinsic anisotropy of the effective masses
leads to more dispersive excitonic energy bands along the AC
direction compared to the ZZ direction. Moreover, since the
dipole moment d is oriented along the AC direction, the
scalar product Q-d vanishes in the ZZ direction, further
enhancing the anisotropy in the energy dispersion. As dis-
cussed above, the pink dashed line of Fig. 3(a) highlights
how the original parabolic energy band is distorted by the
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Fig. 3 (a) Total exciton energy of the 1s state. The figure is divided into

two parts: the left shows the ZZ direction, and the right shows the AC
direction. The band distortion indicated by the pink dashed line shows
the effect of the exchange energy. (b) Linewidth I'q-o With and without
exchange interaction. The red and black curves correspond to results
without and with exchange interaction, respectively. (c) Schematic illus-
tration of the exciton relaxation cascade. (d) Time evolution of the inco-
herent exciton population. The light pulse is shown with orange shadow
area, and the total population is shown with solid line. Individual popu-
lation of each states is demonstrated with different colours, as indicated
in the legend.

exchange-induced linear term for small Q, but exhibits the
expected parabolic profile at larger Q. The exchange contri-
bution for small Q significantly affects exciton diffusion, as
will be discussed later.

We show the linewidth I';® in Fig. 3(b), which is signifi-
cantly different when the long-range exchange interactions are
included or excluded. Including the exchange interaction sig-
nificantly reduces the linewidth because the linear dispersion
at low Q makes scattering from Q = 0 less likely, owing to the
reduced excitonic density of states and more restrictive energy
and momentum conservation.
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3.3.2 Exciton relaxation. Fig. 3(c) provides a schematic
illustration of the exciton relaxation cascade. The final therma-
lised exciton population is independent of the initial exciton
state that is excited. In our calculations, we choose to excite
coherent excitons in 2s states by a resonant light pulse in
order to illustrate how excitons relax from a higher to lower
energy states. While 2p states are not optically active, we do
include 2p states in the relaxation cascade because the mecha-
nism driving the relaxation cascade is exciton-phonon coup-
ling, so the excitonic population redistribution does not rely
on the optical selection rules. During the relaxation process,
coherent excitons in 2s states are scattered by phonons to
other incoherent exciton states.*® This polarization-to-popu-
lation transfer is modeled by the following two microscopic
differential equations:

€,

My As() - (10)

QP! = (%Ef,’ - F,,)P” +i

(11)

NG = > (WERNG — WENG) + > WP
n\Q U

The first equation describes the process of creating a coher-
ent excitonic polarization, where P' = (X, o_, ) is the excitonic
polarization driven by a Lorentzian-like vector field A,(¢) repre-
senting the laser pulse. We assume that the light polarization is
parallel to the interband dipole. The second equation describes
the exciton dynamics of population Ng, across exciton state 7 at
momentum Q. The first term on the right-hand side determines
the population transfer among exciton states, which will lead to
the thermal equilibration among exciton states at long times.
The final term accounts for the incoherent population gener-
ated from coherent excitons via exciton-phonon scattering.

As shown in Fig. 3(d), a 60 fs Lorentzian pulse excites the 2s
state of the I'T" exciton, which also increases the population of
all other exciton states via phonon scattering. We do not con-
sider the recombination of the electron-hole pair forming the
exciton, so the total exciton population saturates after the
pulse. At the beginning, the populations of 2p,, 2s and 1s
states of I'T" excitons grow. In this regime, the scattering from
the 2s-I'T state into the 2p,-I'T exciton is much faster than that
into the 1s-IT exciton because the energy difference between
the final 2p,-IT state and the initial 2s-IT state is approxi-
mately 40 meV at Q = 0, which closely matches the phonon
energy of the third optical phonon mode, causing stronger
intravalley scattering matrix elements for this transition com-
pared to the 2s to 1s transition. From about 40 fs, the sub-
sequent dynamics between all states leads to the populations
of the 2p, and 2s states starting to fall, while that of the 1s
state continues to rise, and its population surpasses those of
the 2p, and 2s-IT excitons around 80 and 170 fs, respectively.
As the system relaxes towards thermal equilibrium, the long-
time population becomes largest for the lowest energy 1s-I'T
state, while the populations of the 2p, I'T -exciton and the 1s
I'V-exciton converge to similar values beyond 300 fs because
the energies of these states are very similar. The 2s I'T-exciton
has the lowest population since its exciton energy is higher
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than that of other states. Finally, we omit the 2p, and 2s states
of the I'V exciton in the figure due to their negligible contri-
butions. We refer the reader to Fig. 2 and Tables 1, 2 for the
excitonic binding energies, electron-phonon coupling coeffi-
cients, and phonon mode energies of the system that drive the
above relaxation processes.

3.3.3 Exciton transport. Exciton transport can be described
by tracking the spatiotemporal evolution for an initial exciton
distribution. In an anisotropic system, this is well-described by
Fick’s second law of diffusion,**”" and is given by d:N(r) =
(Dx0x2 + Dy0)2)N(x). In the formula, ¢ denotes time, N is the
exciton population, and D; represents component i of the
diffusion constant:

D Wy’ e Ean/ksT
’* 2ry, z

Q7

(12)

where v’é’i is the group velocity associated with the exciton in
state 5 and centre-of-mass momentum Q along the ith direc-
tion, Iy, is the dephasing, Eq,, is the exciton energy, and Z is
the partition function.

Here, we assume the system is under thermal equilibrium,
representing steady state diffusion. While time-dependent
exciton transport is beyond the scope of this work, we predict
that the impact of intermediate scattering channels, such as
the I'V and 2p excitons, will not significantly increase the
diffusion. In fact, the lack of long-range exchange in these
optically dark excitons will reduce their group velocity making
them slower than the 1s I'T exciton states.

In Fig. 4(a and b), we compare the diffusion constants with
and without the inclusion of the exchange interaction. In both
cases, Dxc (D) is much larger than Dy, (D)), which can be
rationalized through the associated band dispersions. Fig. 4(b)
shows that even without long-exchange exchange interactions
there is a large diffusion anisotropy in phosphorene.
Specifically, the diffusion coefficient is proportional to the
square of the group velocity, which in turn can be expressed as

1 . o .
vy = 7 VqEq,, where Eq, has the form in eqn (8). This implies

that the diffusion constant is inversely proportional to the
squared value of the effective mass, explaining why the diffusion
coefficient Dpc is much larger than D,,. The directional depen-
dence of diffusion coefficients is significantly enhanced by the
exchange interaction. Since the exchange energy is proportional
to the scalar product Q-d, the energy influence is maximized
along the dipole direction (the AC direction).

Another important feature of the diffusion coefficients is
their temperature dependence. As shown in Fig. 4(a and b),
the diffusion coefficients (with or without exchange) decrease
in the high temperature regime. This is driven by an increase
in dephasing with rising temperature, leading to a reduction
in the diffusion constants at high temperature. Fig. 4(c) and
(d) show the dephasing landscapes at temperatures of 50 K
and 300 K, respectively, illustrating that the values at 300 K are
significantly greater than those at 50 K. In the opposite low-
temperature limit, the value of the diffusion constant in the
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Fig. 4 Calculated diffusion coefficients of phosphorene. (a) With
exchange interaction (b) Without exchange interaction. The red and blue
curves correspond to AC and ZZ directions, respectively. The 2D
dephasing strength at (c) 50 K and (d) 300 K. Thermal expectation values
of |vg|? - Vg at (e) 50 K and (f) 300 K. Arrows indicate the direction of V.

AC direction soars. This is driven by a combination of the fact
that the exciton population accumulates around Q = 0 at low
temperature, and the steep gradient of the energy dispersion
for small Q due to exchange along the AC direction.

Fig. 4(e) and (f) show the landscapes of the thermal expec-
tation value of \v’é\z - at 50 K and 300 K, respectively. Exciton
velocity vectors in these two figures evidently align more with
the AC direction, and the magnitude is bigger with small Q,
especially at low temperature. This anisotropic enhancement
in mobility has direct implications for temperature-tunable
excitonic device design.

Finally, we note that the calculated values of the diffusion
coefficient for the AC and ZZ directions at 300 K are 7.40 and
0.48 cm” s™', with their average value similar to the experi-
mental value for a 2 nm amorphous phosphorene sample at
5.0 cm® s .72

4. Conclusions

We have investigated the excitonic behavior of phosphorene
using a fully microscopic framework, with all essential para-
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meters calculated from first principles. Our results illustrate
the large impact that the intrinsic structural anisotropy of
phosphorene has on its excitonic properties. The anisotropy in
optical absorption originates from the directionality of the
interband dipole moment, which aligns along the armchair
(AC) direction, in good agreement with experimental obser-
vations. For exciton transport, our calculations reveal that both
exciton effective masses and long-range exchange interactions
significantly contribute to highly different diffusion constants
in the two in-plane directions, with exchange making a signifi-
cant contribution in enhancing diffusion in the AC direction.
Our findings unveil the intrinsic anisotropy in the excitonic be-
havior of phosphorene.
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