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Using time- and spatially resolved hard x-ray diffraction microscopy, the striking structural and electrical
dynamics upon optical excitation of a single crystal ofBaTiO3 are simultaneously captured on subnanoseconds
and nanoscalewithin individual ferroelectric domains and acrosswalls.A large emergent photoinduced electric
field of up to 20 × 106 V=m is discovered in a surface layer of the crystal, which then drives polarization and
lattice dynamics that are dramatically distinct in a surface layer versus bulk regions. A dynamical phase-field
modeling method is developed that reveals the microscopic origin of these dynamics, leading to gigahertz
polarization and elastic waves traveling in the crystal with sonic speeds and spatially varying frequencies. The
advances in spatiotemporal imaging and dynamical modeling tools open up opportunities for disentangling
ultrafast processes in complex mesoscale structures such as ferroelectric domains.
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The fast-paced improvements in ultrafast radiation, from
x-ray and ultraviolet to terahertz frequencies, are enabling a
simultaneous probe of electron, phonon, and spin dynamics
on picosecond-to-nanosecond time scales, as well as
submicrometer length scales [1–10]. There is emerging
recognition now that ultrafast dynamics and the appearance
of new phenomena depend not only on the intrinsic
properties of the compound but also, strongly, on meso-
scale structures such as surfaces, domains, walls, interfaces,
and defects that govern the coupling between various order
parameters [11]. Previous experimental studies on the
dynamics of ferroelectrics largely fall into two categories:
high spatial resolution (down to nanometer or atomic scale)
but slow temporal resolution (millisecond and above)
[12–20], or high temporal resolution (down to 100 fs),
but low spatial resolution (tens of microns and above)
[21–24]. Although the latter provides structural information
on the atomistic scales by ultrafast x-ray diffraction, the
mesoscale dynamics of domain evolution is spatially
averaged [10,24–27]. A key challenge in disentangling
these results is that the former is not suited for discovering
transient phenomena on ultrafast time scales, while in the
latter case, the intricate details of the local dynamics can be
lost via spatially averaged probes.
Here, we report on simultaneous high-resolution spatial

and temporal mapping of domains and domain walls in a
multidomain ferroelectric bulk single crystal of BaTiO3

using ultrafast x-ray and optical pulses. Analysis of the
spatiotemporal structural dynamics reveals an emergent
electric field around 20 MV=m induced by irradiating the
surface with 400 nm femtosecond optical pulses, resulting

in gigahertz polarization and lattice waves. Stroboscopic
probing by x-ray pulses that are ≈100 ps in duration and
≈350 nm in size [28] yields atomistic structural dynamics
within individual domains and across domain walls. Low
frequency gigahertz acoustic pulses excited within domains
are spatially tracked in different domain orientations and
across domain walls. A dynamical phase-field modeling
(DPFM) method is developed to show that this large
surface field tilts the polarization of the a domain out of
plane, and sets up a gigahertz wave which expands the c
domains and shrinks the a domains in a damped oscillatory
motion on picosecond-to-nanosecond time scales [24].
Excellent agreement is observed between the modeling
and the experiments. The combination of theory and
experiments reveals subsonic domain wall motion at speeds
of 2.5 m=s within the first nanosecond after optical
excitation, approaching the ultimate speed limit of wall
motion of a few unit cells on subnanosecond time scales
[29]. The spatial dependence of the surface and subsurface
domain dynamics uncovered by this Letter highlights the
value of such spatiotemporal studies combined with DPFM
in understanding ultrafast phenomena in complex meso-
scale domain structures.
The BaTiO3 single crystal is one of the earliest ferro-

electrics discovered [30–32]. At room temperature, it
exhibits a tetragonal structure with a point group symmetry
of 4 mm. The crystal used in this Letter contains both a
domains, with polarization parallel to the crystal surface
(depicted in green), and c domains, with polarization
normal to the crystal surface (depicted in yellow), as
illustrated in Fig. 1(a). The a domains and c domains
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are separated by 90° domain walls and are clearly revealed
by piezoresponse force microscopy image of the crystal
surface [Fig. 1(b)]. Along the depth of the crystal, the
domain walls are aligned at 45° with respect to the crystal
surface. The acquisition of spatiotemporal x-ray diffraction
(XRD) maps of these domains was performed on the 7ID-C
beam line at the Advanced Photon Source at the Argonne
National Laboratory, and it is depicted in Fig. 1(a) (see
details in the SupplementalMaterial, Sec. I [33]). Figure 1(c)
schematically depicts the a- and c-domain depth profile, and
their respective lattice spacing dð200Þ and dð002Þ, within the
crystal, and the corresponding x-ray probe locations
(marked I–VI). In the area of interest, a fractional volume
of the a domains is ≈30%. An optical pump pulse with
400 nm inwavelengthwas derived by doubling the output of
a Ti:sapphire laser, and it was passed through a fused silica
rod to lengthen the pulse duration for avoiding sample
surface damage. This pump laser pulsewith a pulse duration
of 330–560 fs then was focused to a 50 μm diameter on the
sample with a penetration depth of 30 μm. Given the
penetration depth of x-ray pulses with a photon energy of
11 keV (≈10 μm) [see Fig. S1(c) of the Supplemental
Material, Sec. II [33]], XRD intensity was observed from
both the surface and the underlying subsurface domains at
many locations across the sample, shown as well-separated
diffraction peaks recorded on the area detector. The surface
and subsurface domain type, a or c, can be determined

from the corresponding XRD intensity from each domain
[Figs. 1(d) and 1(e)].Observed changes in theXRD intensity
arise from both crystal distortions and rotations. To separate
the two effects, rocking curves at different probe delay times
were collected in Figs. 1(f) and 1(g). Both the line scans at
different pump-probe time delays [Figs. 1(d) and 1(e)] and
the rocking curves [Figs. 1(f) and 1(g)] form a complete
spatiotemporal data set for this crystal.
We focus our attention on six spatial locations (I–VI)

across different domain walls for the analyses of the
spatiotemporal x-ray data; these locations are indicated
in Fig. 2(a), and the relevant d spacing is indicated in the
schematic diagram of Fig. 2(b). Of these, locations labeled
I, III, IV, and Vare surface a domains, and locations II and
VI are surface c domains. For each of the four above-listed
a-domain locations, there is a subsurface c domain under-
neath it, and similarly for both c-domain imaged locations,
there is a subsurface a domain. Figure 2(c) plots the
temporal diffraction intensity changes at a fixed diffraction
angle for the surface a domain as well as the subsurface c
domain at position I. Clear oscillations are observed with
nanosecond periodicities that indicate gigahertz frequen-
cies. By performing the ω − 2θ scans at each time delay for
a number of spatial locations, one can extract the changes in

the out-of-plane lattice parameter Δd=dð200Þ0 and Δd=dð002Þ0 ,
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FIG. 1. (a) Schematic illustration of a spatially resolved pump-probe experiment and domain configuration of BaTiO3 single crystal
sample. (Inset) The incident plane. The tilting angles of domains χ and ϕ are also shown. a and c domains are depicted in green
(polarization in the crystal plane depicted by double-headed black arrows) and orange (polarization perpendicular to the surface),
respectively. (b) Vertical piezoresponse force microscopy image on the top surface. (c) Schematic domain wall structures derived from
spatial mapping of (200) and (002) reflection intensities at ω ¼ 16.77° and 16.51° for various time delays, shown in (d) and (e),
respectively. The ω scan profiles for various time delays around (f) (200) and (g) (002) reflections at the locations Vand I, respectively,
labeled in (c).
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as plotted in Figs. 2(d) and 2(e). The green curves are the
surface a domains at location I, and the subsurface a
domains at location II. The orange curves are the subsur-
face c domains at location I, and surface c domains at
location II. Similar data were collected for spatial locations
III–VI (see Fig. S2 of the Supplemental Material,
Sec. III [33]).
We first make some general observations from the

spatiotemporal domain dynamics: There are two distinct
sets of structural dynamics, i.e., surface and subsurface. We
estimate the upper bound for the surface region to be
confined to a depth of ≤ 700 nm, as indicated by the data
taken at location V, where the subsurface c domain buried
≈700 nm underneath exhibits lattice dynamics behavior
characteristic of the subsurface region (see Fig. S2 of the
Supplemental Material, Sec. III [33]). After photoexcita-
tion, the out-of-plane lattice spacing increases within the
first ≈100–150 ps for both the surface a domain

(Δd=dð200Þ0 ≈ 0.06%–0.08%), and the surface c domains

(Δd=dð002Þ0 ≈ 0.02%). By contrast, the out-of-plane lattice
spacing slightly increases for the subsurface a domain

(Δd=dð200Þ0 ≈ 0.01%), and it decreases for the subsurface c

domain (Δd=dð002Þ0 ≈ −0.02%) within the same time
period. Thereafter, oscillations about this new lattice
spacing with a damping time constant of a few nanoseconds
are observed, which decay back to zero (not shown) by
the time the subsequent optical pulse arrives at the
sample (∼1 ms).
To quantitatively understand the dynamics, we fit the

time-dependent Δd=dð200Þ0 and Δd=dð002Þ0 data, Figs. 2(d)
and 2(e), after time zero using the following damped
acoustic oscillator model: Δd=d0ðtÞ ¼ Aþ B expð−γtÞ×
cos½2πνðt − ϕÞ�. The fitting parameters at all of the locations
are given in Tables S1 and S2 of the Supplemental Material,
Sec. IV [33]. Typically, the oscillation frequency falls
between ν ≈ 0.2–0.7 GHz, with a damping rate of
γ ≈ 0.03–5 ns−1. The 90° domain walls intersect the surface
at 45° and create wedgelike surface domains viewed from
the cross section. By plotting twice the domain thickness l of
thewedge-shaped surface a and c domains versus the ν−1 of
the gigahertz waves at that location on the wedge (See
Fig. S4 of the Supplemental Material, Sec. IV [33]), we
observe an approximate linear trend of increasing inverse
oscillation frequency ν−1 with an increasing wedge thick-
ness l. The slope 2l=ν−1 ≈ 5.9 × 103 m=s obtained from
Fig. S4 of the Supplemental Material [33] is strikingly close
to the reported speed of sound in BaTiO3 of≈5.2 × 103 m=s
[43]. This suggests that vertical oscillations of the surface
reflect standing elastic waves of sonic frequency between
the surface and the subsurface domain walls. Through
DPFM, we will demonstrate shortly that these oscillations
arise from polarization dynamics.
We focus next on the differences in structural dynamics

between surface and subsurface regions, and their under-
lying mechanism. One notes from Figs. 2(d) and 2(e) that
the c-lattice parameter initially increases for the surface c
domains [see Fig. 2(e), location II], which at first glance
seems to be contrary to a pure thermal effect [44]. We also
carefully considered whether such a lattice parameter
change could arise due to local optical heating of a region
that is clamped by the surrounding unheated region; using
DPFM as described further on, we clearly rule out this
possibility (see the Supplemental Material, Sec. VII [33]).
Furthermore, the maximum expected temperature change,
ΔT, due to the linear absorption of an optical pump is
small, < 0.5 °C [see Fig. S1(d) of the Supplemental
Material, Sec. II [33]]. By estimating the nonlinear
absorption from Ref. [45], the overall temperature change
expected for our experimental pump fluence of
66.2 mJ=cm2 is ΔT ∼ 1 °C − 10 °C; a nonlinear coefficient
of 2.3 cm=GW gives rise to a temperature change of ∼6° C,
which gives the best DPFM fit to experiments, as described
next. Lattice parameter changes caused only by thermal
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FIG. 2. (a) Locations I–VI at which time-delay dependent XRD
measurements were performed. (b) Lattice spacings of (200) and
(002) planes for a and c domains are illustrated. The difference
between rotation angles χ for a and c domains, Δχ, is depicted.
(c) Time-delay dependence of (200) (ω ¼ 16.77°) and (002)

(ω ¼ 16.548°) intensities relative to those before t ¼ 0, I=Ið200Þ0 ,

and I=Ið002Þ0 , respectively, at location I, taken with a pump fluence
of 66.2 mJ=cm2. The (200) and (002) lattice-spacing change for a

and c domains from those before t ¼ 0, Δd=dð200Þ0 , and

Δd=dð002Þ0 , respectively, as a function of time delay at the
locations (d) I and (e) II. The solid lines in (c)–(e) are fits made
by a damped oscillator model.

PHYSICAL REVIEW LETTERS 120, 096101 (2018)

096101-3



expansion are a half order of magnitude smaller than the
changes in the surface lattice parameters observed exper-
imentally. Finally, the pump-fluence dependence of domain
dynamics shown in the Supplemental Material, Sec. V [33]
clearly indicates that the time constant decreases at higher
pump fluences. Since the time constant for thermal dif-
fusion should be independent of the temperature change
and hence the pump fluence, this suggests that the observed
structural changes are not purely driven by thermal dif-
fusion. For all of these reasons, we need to consider
additional nonthermal effects.
To understand the complex dynamics on the ultrafast

time scale revealed by the experiments above, we have
developed a DPFM approach. The dynamic response of the
polarization PðrÞ is described using the modified time-
dependent Ginzburg-Landau equation with an additional
term in the second derivative of P with respect to time,
accounting for intrinsic oscillation of the polarization,
written as

μ
δ2P
δt2

þ γ
δP
δt

þ δF
δP

¼ 0; ð1Þ

where μ and γ are kinetic coefficients related to
domain wall mobility. The equation follows the form of
a nonlinear Klein-Gordon equation previously derived
with a Hamiltonian description of a ferroelectric system
[46,47]. It is numerically solved using a semi-implicit
Fourier spectral method. F¼FLandauþFgradientþFelectricþ
Felastic is the total free energy of the ferroelectric BaTiO3,
where FLandau, Fgradient, Felectric, and Felastic are the ferro-
electric Landau free energy, the ferroelectric gradient
energy, the electrostatic energy, and the elastic energy,
respectively, with formulations given in Refs. [48,49]. The
details of the DPFM modeling are described in the
Supplemental Material, Sec. VI [33].
DPFMwas performed for a BaTiO3 crystal with periodic

boundary conditions, as shown in Fig. 3(a). A pure
temperature change of ΔT ∼ 6 °C results in excellent
agreement with the experimentally observed lattice dis-
tortions in the subsurface region indicated in Fig. 3(b).
However, a pure thermal effect is insufficient to explain the
experimentally observed surface structural dynamics
within the ≤ 700 nm depth near the surface. Motivated
by past reports of a possible surface layer [50–56], we
explored an electric field of ≈2 × 107 V=m in DPFM,
parallel to the polarization direction in the c domains and
perpendicular to the polarization direction in the a
domains. When this field is combined with a temperature
change of ΔT ≈ 6 °C, DPFM predicts gigahertz oscillations
that are in outstanding agreement with experiments, as seen
in Fig. 3(b), and thus provides insight into their origin. The
impulsive photoinduced electric field of 20 MV=m
expands c domains and shrinks the a domains by activating
domain wall motions. As a result, the c domain grows by
≈4 unit cells or ≈1.5 nm within 0.6 ns, leading to a

subsonic domain growth speed of 2.5 m=s within the first
nanosecond after excitation [Fig. 3(c)]. In addition, the
photoinduced surface field induces a polarization normal to
the surface and tilts the polarization of the a domain from
the in-plane to the out-of-plane direction by up to 7.5° over
0.5 ns, which leads to an increase in the out-of-plane lattice
spacing [Fig. 3(c)]. The slight expansion of the c domains
and the tilting of the polarization in the a domains lead to
polarization and lattice waves that propagate at the speed of
sound and exhibit a damped oscillatory behavior with
gigahertz frequencies. The outstanding agreement between
experiments and DPFM for both surface and subsurface
lattice behavior, each for both a and c domains [Fig. 3(a)],
enables these insights. Surface layer electric field geom-
etries in DPFM other than the out-of-plane field discussed
above gave poor agreement with the experiments (see
Fig. S8 of the Supplemental Material, Sec. VIII [33]),
thus ruling them out. The slight dynamic expansion of the c
domain was confirmed using optical pump, optical second
harmonic generation (SHG) probing [see the Supplemental
Material, Sec. IX [33]]. SHG polarimetry shows a c-
domain fraction of ≈54.8% before 400 nm optical pumping
and ≈57.7%, 2 ns after pumping.
In conclusion, spatiotemporal imaging of the structural

and polarization dynamics of ferroelectric domains using
ultrafast XRD microscopy, combined with a newly devel-
oped DPFM code, reveals a large emergent photoinduced
surface layer electric field of 20 MV=m in the surface
region (≤ 700 nm) of BaTiO3 single crystals that is created
by an optical pump pulse. This temporal electric field sets
up polarization dynamics that involves impulsively tilting
the polarization of a domains out of the plane of the crystal
and expanding the c domains at subsonic speeds, which
leads to gigahertz polarization and elastic waves that are
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directly imaged. The excellent agreement between DPFM
and experiments helps reveal many of the subtleties of the
emergent ultrafast phenomena observed in this Letter. In
contrast to spatially averaged ultrafast studies, spatiotem-
porally resolved experiments such as those discussed in this
Letter and in other works under development [3,6,14,57],
combined with new theoretical tools such as DPFM, will
become increasingly critical towards a fundamental under-
standing of ultrafast emergent phenomena on the
mesoscale.
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