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Dynamical phase-field model of coupled electronic and
structural processes
Tiannan Yang 1 and Long-Qing Chen1✉

Many functional and quantum materials derive their functionality from the responses of both their electronic and lattice
subsystems to thermal, electric, and mechanical stimuli or light. Here we propose a dynamical phase-field model for predicting and
modeling the dynamics of simultaneous electronic and structural processes and the accompanying mesoscale pattern evolution
under static or ultrafast external stimuli. As an illustrative example of application, we study the transient dynamic response of
ferroelectric domain walls excited by an ultrafast above-bandgap light pulse. We discover a two-stage relaxational electronic carrier
evolution and a structural evolution containing multiple oscillational and relaxational components across picosecond to
nanosecond timescales. The phase-field model offers a general theoretical framework which can be applied to a wide range of
functional and quantum materials with interactive electronic and lattice orders and phase transitions to understand, predict, and
manipulate their ultrafast dynamics and rich mesoscale evolution dynamics of domains, domain walls, and charges.
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INTRODUCTION
The functionalities of a vast majority of functional materials,
including quantum materials, are directly determined from the
responses of both of their lattice and electron subsystems to
external thermal, mechanical, electric, and magnetic stimuli. For
example, in quantum materials, interactions among four funda-
mental degrees of freedom, i.e., charge, spin, orbit, and lattice are
dynamically intertwined, giving rise to complex electronic states
and coupled electronic and structural processes1–3. At the
mesoscale (i.e., from the length of a nanometer to a few microns),
emergent orders arise in the form of domains, interfaces, and
surfaces etc., exhibiting rich phenomena linking the atomic-scale
quantum physics and device-scale applications. Modeling and
control of the material at the mesoscale4 is critical to translating
quantum phenomena into functional devices and systems.
However, existing mesoscale material models that have been
developed for predicting chemical5–7 and structural8–10 patterns
and processes of classical systems do not apply to systems
involving interactive electronic orders. Here we report a computa-
tional model for understanding the dynamics of simultaneous
structural and electronic processes in functional and quantum
materials, discovering their mesoscale fundamental physics, and
predicting their functionalities.
As an example, we consider the dynamical interplay between

charge and lattice orders to illustrate the application of a
generalized phase-field framework11 to model the excited-state
simultaneous evolution dynamics of electronic carriers and
structural domains. We consider a specific example involving the
excited-state relaxation dynamics of a ferroelectric crystal invol-
ving strong charge-lattice coupling. A ferroelectric crystal almost
always contains electrically switchable mesoscale domains of
spontaneous polarization, separated by uncharged/charged
domain walls. Many of the common ferroelectric materials may
be considered as wide band-gap semiconductors in which the free
electron and hole concentrations, albeit intrinsically low, can be
transiently raised by orders of magnitude upon external excitation
through diverse types of stimuli such as light or current injections.

The excited carriers may possess prolonged lifetimes through
polarization-induced band bending12 and coevolve with lattice
responses, giving rise to various transient properties and
phenomena vastly different from those of ground states and
quasi-static conditions, including enhanced structural
responses13–17, the emergence of metastable phases18,19, and
terahertz radiation20, etc.
The excited-state dynamics of an inhomogeneous ferroelectric

system involves a few essential characters, including both
timescale and spatial scale for charge generation, separation,
and relaxation, the coupling and decoupling between the carrier
and structural domain evolutions, and the role of the type of
domain structures, etc. Consider a general case of the evolution of
excited carriers in a polar domain structure. Regions with net
bound charges like domain walls (as illustrated in Fig. 1) generate
local electric potential extrema which serve as traps for charge
carriers (i.e., band bending). Upon excitation by any external
stimuli, electrons (holes) will migrate and concentrate at positively
(negatively) charged regions within a ferroelectric domain
structure, leading to charge separation around these regions. This
further alters the dipolar electrostatic interaction within the
ferroelectric domain structure and may induce a transient
response of the polarization as well as a lattice deformation.
The above process involves the evolution of multiple degrees of

freedom of the system, which can be described by 4 sets of
independent variables, including the ferroelectric polarization
P x; tð Þ, the mechanical displacement u x; tð Þ, the free electron and
hole concentrations n x; tð Þ and p x; tð Þ, and the electric potential
Φ x; tð Þ. All these variables directly respond to external stimuli
while they coevolve interactively with one another, as illustrated
in Fig. 2. Existing mesoscale models for ferroelectric domains
either neglect the free electrons degree of freedom21,22 or only
consider equilibrium carrier conditions and quasi-static structural
kinetics23–27 for quasi-static timescales, and thus do not apply to
the carrier and domain dynamics at nanosecond and shorter
timescales. To establish a comprehensive model on the coupled
spatiotemporal response of the system, a consistent description of
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the time-dependent dynamics of all sets of variables is adopted as
follows.
First, the structural dynamics of the system adopts that of a

recently developed dynamical phase-field model28, where the
evolution of ferroelectric polarization and mechanical displace-
ment is governed by the polarization dynamics equation and the
elastodynamics equation, respectively,

μ€Pþ γ _P ¼ � δF
δP

; (1)

ρ€u ¼ ∇ � σþ βσð Þ; (2)

where μ and γ are the mass and damping coefficients of
polarization dynamics, F is the total free energy of the domain
structure22 with its expression provided in Methods, ρ and β are
the material mass density and the stiffness damping coefficient
respectively, and σ x; tð Þ is the stress field.
Second, we incorporate the charge carrier dynamics by

temporally and spatially evolving the electron and hole concen-
trations through transport, generation, and relaxation,

_n ¼ �∇ � je þ Se þ R; (3)

_p ¼ �∇ � jh þ Sh þ R: (4)

where je x; tð Þ and jh x; tð Þ are the net fluxes of free electrons and
holes, respectively, Se x; tð Þ and Sh x; tð Þ are carrier injection rates
from external sources, and R x; tð Þ is the generation rate of
electron-hole pairs. The net carrier fluxes are given by je ¼
�Men

e ∇μe and jh ¼ �Mhp
e ∇μh, where e is the elementary charge,

Me and Mh are the electron and hole mobilities, and μe x; tð Þ and
μh x; tð Þ are their electrochemical potentials. Expressions of μe, μh,
and R are presented in Methods.
Last, the electric potential Φ is given by the electrostatic Poisson

equation,

∇ � �κ0κ
b∇Φþ P

� � ¼ e p� nð Þ: (5)

κ0 and κb are the vacuum permittivity and background
dielectric constant, respectively. Equation (5) incorporates electro-
static interaction among electric polarization and free charge
carriers, and thus couples the evolutions of structural domains
(Eqs. (1–2)) and carriers (Eqs. (3–4)). This completes the phase-field

equation system. A more detailed description of the model is
provided in Methods.

RESULTS
To illustrate the application of the model, we consider the excited-
state dynamics of typical 90° tetragonal twin domains in a
ferroelectric PbTiO3 crystal upon applying an above-bandgap light
pulse. Tetragonal domain structures consisting of 90° a1 and a2
domains can be classified into three types based on the
orientation and the bound charges of the domain wall, including
(I) uncharged head-to-tail domain walls, (II) pairs of head-to-head
and tail-to-tail domain walls parallel to each other, and (III) charged
tilted head-to-tail domain walls, as shown in Fig. 3a. They are
defined using the angle between the wall normal and the
polarization of the a1(a2) domain located at (I) −45°(45°), (II) 45°
(135°), and (III) some angle slightly different from −45°(45°) (taking
−35°(55°) as an example in the present study), respectively. The
bound charge distribution of these types of domain structures in
PbTiO3 shows (I) a zero net charge within the uncharged head-to-
tail domain walls, (II) high charge density within head-to-head and
tail-to-tail domain walls, and (III) intermediate charge density
within tilted head-to-tail domain walls. The uncharged domain
wall is the most prevalent type of domain walls in PbTiO3, while
charged walls also tend to appear within more complicated
domain structures or under external constraints29,30. To stabilize
the highly charged domain structures in (II), a layer of space
charges with a fixed area density of −0.02 C m−2 and +0.02 C m−2

are placed along the head-to-head and tail-to-tail walls, respec-
tively, to partially compensate the bound charges. This represents
the effect of possible aggregation of charged defects like oxygen
vacancies and dislocations at the domain walls.
We apply a 400 nm light pulse with a total fluence of 5 J m−2.

The time dependence of the light intensity follows a Gaussian
distribution centered at time t= 1 ps with an effective duration of
100 fs. We first examine the light-excited strain dynamics by
analyzing the response of the average strain Δε11 along the
domain wall normal, as presented in Fig. 3b. Of all three domain
structures, the head-to-head and tail-to-tail twin domains show
the strongest strain responses with a strain increase before t= 2
ps, and then remaining relatively steady before t= 200 ps except
for transient oscillations, till eventually relaxing back to the
original equilibrium on a nanosecond timescale. The domains with
charged tilted walls show a similar time-dependent response with
weaker amplitudes. The twin domains with uncharged walls show
the weakest response with only a slight strain oscillation. In all
three domain structures, the original strain is recovered
within 20 ns.

Carrier dynamics of head-to-head and tail-to-tail domains
To understand the coupled strain and charge carrier responses, we
examine the transient carrier and structural evolution within each
type of domain structure, starting from the head-to-head and tail-
to-tail domains which show the strongest responses. Figure 4
presents the carrier concentration evolution within head-to-head
and tail-to-tail domains. The application of the light pulse
instantaneously excites electron-hole pairs throughout the
domain structure, leading to an almost homogeneous increase
in carrier concentrations (around t= 1 ps). Then the electrons and
holes start migrating in opposite directions due to the electric
potential distribution (see Supplementary Fig. 1), with an
accumulation (depletion) of electrons (holes) around positively
charged head-to-head walls and a depletion (accumulation)
around negatively charged tail-to-tail walls, respectively, mostly
within the time range of t < 2 ps.
Meanwhile, the recombination of excited electrons and holes

starts to take place, manifesting in their concentration decreases.

Fig. 1 Schematics of electronic and structural excitation around a
charged ferroelectric domain wall. A positively charged ferro-
electric domain wall shows a slighted raised electron concentration
n and a locally maximized electric potential Φ at equilibrium. Upon
excitation by an external stimulus, free electrons will migrate to the
domain wall, resulting in an increased local concentration n which
will partly compensate the polarization bound charge. This leads to
a transient flattening of the electric potential profile Φ around these
regions, which may further excite a transient response of the
ferroelectric domains.
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The electron-hole recombination process is prominent and almost
homogeneous inside a1 and a2 ferroelectric domains with a decay
time constant of about 4 ps, whereas it is much slower at domain
walls leading to a much longer survival time. At head-to-head
walls, due to a fast depletion of holes before t= 10 ps (see Fig. 4a),
the carrier recombination slows down considerably compared to
that inside the domains, while electrons are trapped by a local
electric potential maximum preventing their migration away from
the domain walls. This allows the local electron concentration to
remain steady at 10 ps < t < 200 ps, till it further relaxes with a
much longer characteristic decay time of about 3 ns. The same
applies to tail-to-tail walls, at which electron holes have a
considerably prolonged lifetime. As a result, the charge carrier
dynamics follows a sequence of excitation, migration, and a two-
step relaxation across picosecond to nanosecond timescales.

Structural dynamics of head-to-head and tail-to-tail domains
The transient spatial redistribution of charge carrier further
induces structural responses via the electrostatic interaction.
Accumulation of electrons and holes at the domain walls within
t < 2 ps greatly compensates the bound charges at the walls and
flattens the electric potential profile (see Supplementary Fig. 1).
Such release of the internal electric field favors an increase of
ferroelectric polarization component P1 parallel to the wall normal
and leads to a rotation of the polarization in both domains, as
shown in Fig. 5a. This is accompanied by damped oscillations of
both P1 and P2 which last about 50 ps (see Fig. 5b), showing an
intrinsic dielectric response of the polarization. The domain walls
also undergo an oscillation of polarization P2, which has a larger
amplitude and a slightly lower frequency compared with the
domain interiors, due to the higher local energy and reduced
stability of the walls. Such polarization dynamics is coupled to the
strain response through piezoelectric coupling and induces a
transient tensile strain ε11 and subsequent strain oscillations in
both the domain interior and domain wall regions, as presented in
the bottom panels of Fig. 5a, b. A frequency analysis of the strain
oscillation within the first 50 ps (see Supplementary Fig. 2b)
reveals two major frequency peaks at 0.45 THz and 0.67 THz,

which are mainly attributed to the structural response around the
domain walls and that inside the domains, respectively.
After the oscillational responses die out, the polarization and

strain evolutions enter a steady stage with a transient change of
Δ P1j j ¼ 0:08 C m�2 and Δε11 ¼ 0:8% inside the domains com-
pared with the original state, as shown in Fig. 5b. Then at the
nanosecond timescale, both P1 and ε11 eventually relax back to
the original value within t < 20 ns, due to a recovery of the electric
potential to the original state (see Supplementary Fig. 1) caused
by the decay of carrier concentrations at the domain walls within
the same time period. Consequently, the overall structural
response of the ferroelectric domains shows a sequence of an
initial rapid rise (at 1–2 ps) followed by sub-terahertz damped
oscillations (2–50 ps) and a subsequent steady stage (50–200 ps)
within the picosecond timescale and a relaxation (200 ps–20 ns) at
the nanosecond timescale, closely coupled to the carrier
dynamics.

Tilted head-to-tail domains
We next examine the case of tilted head-to-tail domains which
shows the second strongest strain response. The strain evolution
of the tilted head-to-tail domains (see Fig. 3b) also consists of an
initial rise followed by damped oscillations, an intermediate steady
stage, and a final relaxation. The corresponding carrier evolution
(see Supplementary Fig. 3b) shows a two-step relaxation with an
intermediate steady stage (50–200 ps) for the electrons and holes
accumulated at the tilted domain walls. Both of the strain and
carrier responses are similar to those of the head-to-head and tail-
to-tail domains but with notably smaller amplitudes, showing a
weaker interaction between carriers and the tilted domains
caused by the lower bound charge density of the domain walls.
As presented in Fig. 6a, the a1 and a2 domains both undergo
counterclockwise polarization rotations, leading to a tensile strain
change Δε11 in the a1 domain and a compressive one in the a2
domain, which partly offset each other and result in a reduced
average strain response within the domain structure.
The tilted domains further show a distinctive additional feature

of a notable slower oscillational component of strain dynamics
with a period on the order of 10 ps. This is attributed to the
domain wall motion in addition to the response inside the
domains. Due to the different angles of the polarization on
the two sides of the domain wall with respect to the wall normal,
the tilted head-to-tail domain wall is electrically asymmetric with a
higher bound charge density at the a2 domain-side of the wall
than the a1 domain-side (see Fig. 3a). As a result, light-excited
carriers that accumulate around the domain walls (i.e., electrons
for positively charged walls and holes for negatively charged
walls) tend to tilt towards the a2 side of the domain walls rather
than distribute symmetrically about the walls, inducing a slightly
asymmetric electric potential field at the domain wall (see
Supplementary Fig. 3a and Supplementary Fig. 5). Such symmetry
breaking of the electrostatic condition activates a domain wall
motion towards the a2 domain. As shown in Fig. 6b, the domain
wall first oscillates with a maximum amplitude of about 0.5 nm
and then stabilizes into an intermediate steady stage until it finally
relaxes back to the original position following the nanosecond-
timescale carrier relaxation. This generates a strong strain
response around the domain wall area, contributing to the
observed strain evolution of the twin domains, which shows a
superposition of slow and fast oscillational components within the
first 50 ps. A frequency analysis of the strain response reveals a
0.06 THz frequency for the domain wall and 0.51 THz and 0.71 THz
frequencies for the domains (see Supplementary Fig. 2c). It is
further noted that the electronic carriers trapped at the domain
walls closely follow the domain wall motions, due to the much
shorter response time (<1 ps) of the carrier migration compared
with the oscillation period of the domain walls (~17 ps).

Fig. 2 Diagram of the governing equations of all degrees of
freedom of the phase-field model. 4 sets of independent variables
are used to describe the electron-lattice system of a ferroelectric
semiconductor, including the structural phase order (i.e., ferro-
electric polarization) P, the mechanical displacement u, the free
electron and hole concentrations n and p, and the electric potential
Φ. The dynamics of these variables can be excited directly by various
external stimuli or via the interplay among one-another. A
combination of the governing equations of each of the variables
yields a complete spatiotemporal description of the coupled
dynamics of the charge carriers and structural domains.
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Head-to-to-tail domains
For the uncharged head-to-tail domains, the overall strain dynamics
shows the weakest strain response with only a small oscillation at
the nanosecond timescale and no transient steady-state stage. The
light-induced evolution of carrier concentration, polarization, strain,
and electric potential is provided in Supplementary Figs. 6–8. The
uncharged domain walls have very small amounts of charge with
opposite signs on two sides of the wall and a zero net charge (see
Fig. 3a), which exhibit an almost flat equilibrium electric potential.
Thus, these walls interact very weakly with free carriers, resulting in a
single-component fast relaxation of the carrier concentration upon
light excitation. The polarization and strain dynamics both show a
weak oscillational response at a picosecond timescale, indicating a
slight loosening of the domain walls.

DISCUSSION
The proposed phase-field model integrates the dynamical phase-field
equations for both electronic and lattice subsystems at the mesoscale.
It offers a theoretical framework for understanding and predicting the
coupled electron and structural dynamics of excited states in
materials that possess interactive charge, polarization, and lattice
orders. It also lays the foundation for further application of mesoscale
models to a wide variety of functional and quantum materials to
understand and control their mesoscale quantum phenomena and
translating them into next-generation functional devices. Future
model development may advance towards specific materials systems
like topological insulators and high-temperature superconductors,
through further incorporating the evolution dynamics of additional
degrees of freedom including electronic phase orders and spin orders
etc., as well as the cross-coupling mechanisms among them.
In the present example of the light excitation of PbTiO3

ferroelectric domains, the proposed phase-field model reveals the
following information. First, it provides the timescales of charge
separation within the ferroelectric domain structure and the
dynamics of a two-component charge relaxation with different
timescales for free electronic carriers and carriers trapped by the
domain walls. Second, it predicts the response of structural domains
that coevolve with carriers, containing several picosecond oscilla-
tional components and a nanosecond relaxational component,
indicating rich dynamics involving domains, domain walls, and
charges. Similar light-induced transient strain with notable

components at both picosecond and nanosecond timescales has
also been experimentally captured in PbTiO3 and BiFeO3 films14,31, in
agreement with our simulation. Also note that in the present
example, although the coupled electronic processes strongly affect
the excited-state transient structural processes, its influence on the
equilibrium-state domain structure is negligible due to the very low
equilibrium concentration of electronic charge carriers of the wide-
bandgap semiconductor. The equilibrium domain structure of twin
domains both before and after the excitation converges to previous
theoretical predictions that did not account for electronic
processes32,33. However, for doped systems, systems containing
charged defects, or metallic systems, the equilibrium electronic
carrier concentration may become significant in determining the
equilibrium-state domain structure. Last, it captures the role of
different types of domain walls in determining the electron-lattice
interactions. The current phase-field model can also be applied to
study the mesoscale evolution of other coupled electronic and
structural processes of theoretical interests in various ferroelectric
materials, including nucleation of domains and transition of
topological phases34–36 assisted by excited carriers. The theoretical
insights on the carrier-related ferroelectric dynamics provide
guidance for controlling the generation, relaxation, and transport
of charge carriers, which is essential to the development of a
number of emergent ferroelectric functionalities, such as domain
wall conduction37–40 and bulk photovoltaic effect41,42.

METHODS
Basic variables and their governing equations
The electron-lattice system is described using 4 sets of independent
variables that are spatially inhomogeneous over position x and evolving
with time t, including the ferroelectric polarization P x; tð Þ, the mechanical
displacement u x; tð Þ, the free electron and hole concentrations n x; tð Þ and
p x; tð Þ, and the electric potential Φ x; tð Þ. A set of governing equations are
solved for the time-dependent evolution of these variables:
The evolution of polarization field P follows the polarization dynamics

equation28,

μ€Pþ γ _P ¼ � δF
δP

; (6)

μ and γ are the mass and damping coefficients of the polarization. F is
the total free energy of the system with expression provided in the next
section.

Fig. 3 Types of 90° twin domains and their light-excited strain
dynamics. a Three types of 90° a1-a2 twin domain structures,
including (top panel, I) uncharged head-to-tail domain walls, (middle
panel, II) a pair of head-to-head and tail-to-tail domain walls, and
(bottom panel, III) charged tilted head-to-tail domain walls, possess
different spatial patterns of bound charge densities ρbound. Polariza-
tion directions within each domain (black arrows) as well as
crystallographic axes a1 and a2 (red arrows) and their angles to the

domain wall normal (gray dashed lines) are shown. The scale bar is 5
nm. b Upon application of an above-bandgap light pulse, a transient
strain response Δε11 is induced in all three structures within
picosecond-to-nanosecond timescales. The head-to-head and tail-
to-tail twin domains (II) show the strongest strain response, while the
uncharged twin domains (I) show the weakest response. The inset
shows the shape of the applied light pulse centered at t= 1 ps.
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The mechanical displacement u is governed by the elastodynamics
equation28,

ρ€u ¼ ∇ � σþ β _σð Þ; (7)

ρ and β are the material mass density and the stiffness damping
coefficient, respectively. σ x; tð Þ is the stress field, dependent on the
structural variables through the Hooke’s law σij ¼ cijkl εkl � ε0kl

� �
, where c is

the elastic stiffness tensor, ε x; tð Þ is the strain field given by
ε ¼ ½∇uþ ∇uð ÞT �=2, and ε0 x; tð Þ is the eigenstrain field given by
ε0ij ¼ QijklPkPl , with Q being the electrostrictive coefficient. An Einstein
summation convention of automatic summation over repeated indices
i; j; k; l ¼ 1; 2; 3 is employed herein.
The evolution of the electron and hole concentrations follows the

electron transport equations,

_n ¼ �∇ � je þ Se þ R; (8)

_p ¼ �∇ � jh þ Sh þ R; (9)

je x; tð Þ and jh x; tð Þ are the net fluxes of free electrons and holes,
respectively, given by je ¼ �Men

e ∇μe and jh ¼ �Mhp
e ∇μh, where e is the

elementary charge. Here Me and Mh are the electron and hole mobilities,
and μe x; tð Þ and μh x; tð Þ are their electrochemical potentials which are
formulated as functions of n and p with given information on the
electronic band structure. Se x; tð Þ and Sh x; tð Þ are carrier injection rates
from external sources, taken as zero in the present paper. R x; tð Þ is the
generation rate of electron-hole pairs which may include contributions
from intrinsic electron-hole creation/recombination and light-induced
excitation. Note that in a polar microstructure with strong internal
electrostatic fields, an electron-hole pair will separate almost instantly
upon excitation, so we herein neglect the exciton (i.e., excited bound
electron-hole pair) concentration which has been used as an additional
independent variable for the excited electronic system in some theoretical
models43,44.
The electric potential Φ is governed by the electrostatic Poisson

equation,

∇ � �κ0κ
b∇Φþ P

� � ¼ e p� nð Þ: (10)

κ0 and κb are the vacuum permittivity and background dielectric
constant, respectively.
A combination of Eqs. (6–10) provides a complete description of the

dynamics of the charge carriers and structural domains. By numerically
solving Eqs. (6–10), we obtain the spatiotemporal response of the coupled
electron-lattice system under given conditions and external stimuli.
Material constants of PbTiO3 are provided in Supplementary Table 1.
Computer simulations are performed using the Extreme Science and
Engineering Discovery Environment (XSEDE)45.

Free energy of the ferroelectric domains
The thermodynamics of the ferroelectric domains follows those of existing
phase-field models22. The free energy F is formulated as the sum of the Landau

free energy, the gradient energy, the electrostatic energy, and the elastic
energy, i.e.,

F ¼ FLandau þ Fgradient þ Felectrostatic þ Felastic: (11)

The energy contributions are given by

FLandau ¼
Z

aiP
2
i þ aijP

2
i P

2
j þ aijkP

2
i P

2
j P

2
k

� �
dx3; (12)

Fgradient ¼
Z

gijkl
∂Pi
∂xj

∂Pk
∂xl

dx3: (13)

Felectrostatic ¼
Z

� 1
2
κ0κ

b
ij EiEj � EiPi

� �
dx3; (14)

Felastic ¼
Z

1
2
cijkl εij � ε0ij

� �
εkl � ε0kl
� �

dx3; (15)

ai, aij, and aijk are the Landau coefficients, g is the gradient energy
coefficient, and E x; tð Þ is the electric field given by E ¼ �∇Φ. Equation (14)
indicates a coupling between the structural evolution and the carrier
evolution through electrostatic interaction.

Electrochemical potentials of charge carriers
We formulate the electrochemical potentials μe and μh as functions of variables
n, p, and Φ. For simplicity, we take a parabolic assumption of the density of
states D ξð Þ in both the conduction band and the valence band, following

D ¼ KDC ξ � EC þ eΦð Þ1=2; (16)

D ¼ KDV �ξ þ EV � eΦð Þ1=2; (17)

where EC and EV are the energy levels at the bottom of the conduction
band and the top of the valence band, respectively. KBC and KDV are
material constants related to effective electron mass and effective hole

mass through KDC ¼
ffiffi
2

p
m�3=2

e

π2�h3
and KDV ¼

ffiffi
2

p
m�3=2

h

π2�h3
, where �h is the reduced

Planck constant. The values of KDV and KDC for PbTiO3 are fitted using
the density of states data in ref. 46. Following Fermi statistics, the
electrochemical potentials of electrons in the conduction band and
holes in the valence band are related to local electron and hole

Fig. 4 Charge carrier dynamics in 90° domains with head-to-head
and tail-to-tail domain walls. a Spatial distribution at selected
times. b Their temporal evolution inside a1 and a2 domains and at
the center of domain walls. Fig. 5 Structural dynamics in 90° domains with head-to-head and

tail-to-tail domain walls. a Spatial distribution of initial and excited-
state polarization P1, P2, and strain ε11 at selected times. All 3 fields
are symmetric about x1 = 20 nm. For clarity, we only show the x1 <
20 nm half of the data at t � 10 ps and x1 > 20 nm half of the data at
t > 10 ps. The middle panel contains a schematic showing polariza-
tion rotation of each domain. The average lattice parameter within
the whole sample before the light excitation is used as a reference
for calculating ε11, i.e., the average original ε11 is set as zero.
b Temporal evolution of the changes Δ P1j j, ΔP2, and Δε11 inside a1
and a2 domains and at the center of domain walls, with respect to
the initial state.
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concentrations n and p as well as electric potential Φ through

μe ¼ EC � eΦþ kBTF
�1
1=2

2nffiffiffi
π

p
k3=2B T3=2KDC

 !
; (18)

μh ¼ �EV þ eΦþ kBTF
�1
1=2

2pffiffiffi
π

p
k3=2B T3=2KDV

 !
: (19)

Here kB is the Boltzmann constant, T is the temperature, and F�1
1=2 xð Þ is

the inverse function of the Fermi integral with an order of 1/2. Using the
center of the band gap as a reference, for chemically homogeneous
systems, it follows EC ¼ Eg=2 and EV ¼ �Eg=2, with Eg being the band gap
width. Here we neglect the effect of band bending due to chemical
inhomogeneities, including impurities and vacancies as has been reported
by first-principles studies47,48. For chemically inhomogeneous systems, EC
and EV in Eqs. (16–19) may take spatially inhomogeneous values that are
determined by the local chemistry.

Generation rate of charge carriers
The generation rate R of electron-hole pairs including contributions from
intrinsic electron-hole creation and above-bandgap light excitation is given
by49

R ¼ Keh neqpeq � np
� �þ Rlight; (20)

where Keh is a material constant related to the electron lifetime, and neq
and peq are the equilibrium electron and hole concentrations, respectively,
given by Eqs. (18–19) under the condition μe;eq þ μh;eq ¼ 0. Rlight x; tð Þ is
the light-induced excitation rate determined by the light input and the
band structure. Under an assumption of a two-parabolic-band model, Rlight
is given by the Fermi’s golden rule, written as50

Rlight ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 �hω� Eg
� �q

πKDVe2EgI

2κ0cmeω2�h
1þme

m�
h

� �
gF μh �

�hω
2

� �
gF μe �

�hω
2

� �
;

(21)

with KDC ¼ KDV taken for simplicity. Here ω and I are the angular frequency
and intensity of the light, respectively. gF μð Þ is the Fermi distribution
function, expressed as

gF μð Þ ¼ 1

exp μ
kBT

� �
þ 1

: (22)
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