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Direct Observation of Continuous
Electric Dipole Rotation in Flux-Closure
Domains in Ferroelectric Pb(Zr,Ti)O3
Chun-Lin Jia,1* Knut W. Urban,1 Marin Alexe,2 Dietrich Hesse,2 Ionela Vrejoiu2

Low-dimensional ferroelectric structures are a promising basis for the next generation of
ultrahigh-density nonvolatile memory devices. Depolarization fields, created by incompletely
compensated charges at the surfaces and interfaces, depress the polarization of such structures.
Theory suggests that under conditions of uncompensated surface charges, local dipoles can
organize in flux-closure structures in thin films and vortex structures in nano-sized ferroelectrics,
reducing depolarization fields. However, the continuous rotation of the dipoles required in vortex
structures and the behavior of unit cell dipoles in flux-closure structures have never been
experimentally established. By aberration-corrected transmission electron microscopy, we obtained
experimental evidence for continuous rotation of the dipoles closing the flux of 180° domains
in a ferroelectric perovskite thin film.

Ferroelectric thin films have demonstrated
great potential for microelectronics ap-
plications (1–5). In ferroelectric random

access memories, information is stored and read
by switching and detecting the polarization ori-
entation in the ferroelectric material. Microscop-
ically, polarization switching is realized through
the motion of domain walls driven by an exter-
nal electric field. Phenomenologically, domain
arrangements are characterized by the angle be-
tween polarization directions in adjacent domains.
Stripes of 180° domains have been reported for
thin films of PbTiO3 on SrTiO3 (6, 7). In epi-
taxial thin-film systems, the domain pattern is

determined by the growth conditions and by
the mechanical interface strain and the electric
boundary conditions related to the depolariza-
tion field at surfaces or interfaces. Ideally, two
such boundary conditions can be distinguished
according to whether the surface or interface
charges are perfectly screened (e.g., by conduct-
ing electrodes) or unscreened (vacuum or insu-
lating surface layers). In addition, the effect of
anisotropic electrostriction must be considered.
It imposes a substantial energy cost for rotating
the polarization away from the normal symmetry-
allowed lattice directions. Theoretical studies on
Pb(Zr1–xTix)O3 have revealed a variety of differ-
ent domain patterns depending on the competi-
tion between these factors. Nonetheless, theory
predicts as a general feature the formation of a
stripe-type pattern of Landau-Lifshitz polariza-
tion with 90° flux-closure structures at surfaces
or interfaces, whereby the strength of the de-

polarization field is reduced (8–11). Flux-closure
structures in ferroelectric materials are current-
ly a subject of intensive interest. Recent experi-
ments reported their existence at the junctions
of multiple 71° or 90° domains (12, 13). Flux-
closure structures, which were predicted by the-
ory in ferroelectric film systems with 180° stripe
domains, have not yet been corroborated by
experiment.

Theoretical investigations have shown that
in very small ferroelectric structures a few nano-
meters in size, the local dipoles should organize
in vortices rather than in domains with uniform
polarization because of the large depolarization
fields (14, 15). Experimental results have been
reported for Pb(Zr0.4Ti0.6)O3, Pb(Zr0.3Ti0.7)O3,
BaTiO3 nanodots, and fine-grained polycrystal-
line samples; these have been interpreted in terms
of vortex structures (16–18). However, the spa-
tial resolution of these studies was too low to
provide direct evidence for the formation of a
vortex phase. Recently, Nelson et al. reported
on observations by aberration-corrected scanning
transmission electron microscopy (STEM) of
vortex-like nanodomain arrays at 109° domain
walls at the interface in BiFeO3 films grown by
molecular beam epitaxy on TbScO3 substrates
(19). A vertical 109° domain wall splits into a
mirrored pair of inclined 180° domain walls and
a 109° wall of opposite sense. In this way a vor-
tex domain structure is formed, with the polar-
ization rotating about the intersection of two
109° and two 180° domain walls. This complex
domain wall arrangement, together with the in-
terface epitaxy constraints, leads to a local broad-
ening of the walls, which makes the polarization
rotation quasi-continuous. Although insufficient
resolution prevents the accompanying phase-field
simulations from reproducing this quasi-continuous
rotation, they show that for this particular mate-
rial combination, such a multidomain arrange-
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ment corresponds to a low-energy situation that
minimizes depolarization.

The observations described below, in ad-
dition to giving evidence of the existence of
flux-closure structures at a 180° domain wall,
represent a direct experimental proof of con-

tinuous polarization rotation on the atomic scale.
Using atomic-resolution aberration-corrected
TEM, we studied domain structures of the epi-
taxial thin-film system PbZr0.2Ti0.8O3 (hence-
forth PZT) on SrTiO3 (STO) (20). We made
use of the negative spherical aberration imag-

ing (NCSI) technique, which allows not only
location of all the atomic species but also mea-
surement of their positions, unit cell by unit cell,
with a precision of a few picometers (21–24).
On this basis we calculated the relative ion dis-
placement and the electric dipole moment for
the individual unit cells. The resulting map of
dipole moments depicts the atomic morphology
of domains and domain walls. In this way we
identify a near-interface region within the PZT
film where the local dipoles rotate continuously,
forming a flux-closure structure connecting two
180° domains.

Figure 1 shows an atomic-resolution image
of an area including the interface between the
PZT layer and the STO substrate. The arrange-
ment of the film layers is schematically shown
in fig. S1. In Fig. 1 the structure (one projected
unit cell) of PZT is indicated schematically in
two regions (positions of Zr-Ti, PbO-SrO, and
O atomic columns, seen end-on, are indicated by
red, yellow, and blue circles, respectively). Be-
cause of the particular imaging conditions, dy-
namic electron scattering yields a sharp bright
contrast (25) in the ~11-nm-thick sample for the
Zr-Ti and the O atom columns, whereas the SrO
and PbO atomic columns are relatively weak
(20). The film-substrate interface was marked by
depositing a layer of SrRuO3 (SRO), nominally
1.5 unit cells thick, on STO prior to the deposition
of PZT. The interface, denoted by a horizontal
dashed line, is then determined by observing the
plane of RuO2 (which serves as a marker). A
quantitative contrast analysis revealed that substi-
tutional intermixing of Ru atoms occurred into
the next upper (Zr-Ti)O2 and into the next lower
TiO2 plane. For reasons of symmetry, the hetero-
structure was capped at the upper end by a SRO
layer, nominally 1.5 unit cells thick, followed by
a STO layer 15 unit cells thick.

The vertical shift in the Zr-Ti positions with
respect to the adjacent O positions indicates
that PZT is in a polarized state. On the left side
of Fig. 1, this shift is upward, whereas on the
right side it is downward, resulting in the po-
larization vector directions indicated by the ar-
rows. This indicates the existence of two domains
in a 180° orientation relation. By mapping the
individual atom shifts, the position of the domain
wall (dotted line) is localized. The horizontal
width of this wall is about one ½110� projected
crystal unit cell, which is in agreement with the
results of earlier measurements (22). At the bot-
tom interface, between the two 180° domains,
in-plane displacements of the Zr-Ti positions
with respect to the adjacent oxygen positions are
observed. In-plane displacements have been pre-
dicted to play an important part in stabilizing
such ferroelectric domain configurations (11).

Figure 2 displays an atomic displacement
map superimposed on an image obtained by
converting the grayscale contrast of Fig. 1 into a
false-color scale to enhance contrast. The arrows
located at the Zr-Ti column positions indicate
the modulus and the direction of the “off-center”

Fig. 1. Atomic-resolution image of a flux-
closure structure with continuous dipole
rotation in PbZr0.2Ti0.8O3 (PZT) close to the
interface to the SrTiO3 (STO) substrate. The
interface is marked by a horizontal dashed
line (I), which is determined on the basis
of a SrRuO3 marker layer with a nominal
thickness of 1.5 unit cells at the STO-PZT
interface. The RuO2 marker layer is also
indicated. In the image recorded along the
crystallographic [1 10] direction, the atomic
structure and the electric dipole direction
(arrows) are given. In the image, two larger
domains with 180° orientation can be
identified. The domain wall is indicated by
a yellow dotted line. In the center of the
lower half of the image, an approximately
triangular area (the domain wall is indi-
cated by a dotted blue line) can be seen,
where in the center the dipole direction
makes an angle of 90° with the two large
domains. The inset at the lower right shows
a calculated image demonstrating the ex-
cellent match between the atomic model
and the specimen structure. RuO21 nm 

Fig. 2. Map of the atomic dis-
placement vectors. The displace-
ment of the Zr-Ti atoms (arrows)
from the center of the projected
oxygen octahedra is shown here
superposed on the atomic image
of Fig. 1. To enhance contrast,
the gray scale is converted into
a false-color representation. The
length of the arrows represents
the modulus of the displace-
ments with respect to the yellow
scale bar in the lower left cor-
ner. The arrowheads point into
the displacement directions.
Note the continuous rotation
of the dipole directions from
“down” (right) to “up” (left),
which closes the electric flux
of the two 180° domains.

40 pm

0.5 nm 
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displacement with respect to the middle point of
the horizontal line connecting the two neighbor-
ing O atom positions (taking the cubic structure
with an inscribed oxygen octahedron in the
nonpolar state as a reference). The scale at the
lower left indicates a displacement of 40 pm.
We note that a uniform atomic shift of this mag-
nitude corresponds to an integral polarization
of 108 mC/cm2 (22, 26).

The displacement map provides direct evi-
dence of a continuous rotation of the dipole di-
rection from downward in the right-hand domain
through a 90° orientation to upward in the left-
hand domain, forming a particular type of flux-
closure structure. The reorientation of the dipoles
occurs within a well-defined area of triangular
shape, with a maximum width of ~2.5 nm at the
interface. The displacement vector modulus is
small at the top, increasing toward the interface.
The transition region from the downward orien-
tation of the electric dipoles to the 90° orien-
tation is about two projected unit cell widths on
the right-hand side and up to about twice as
wide on the left-hand side. No direct informa-
tion is available on possible atom shifts along
the ½110� viewing direction. However, the fact
that we do not observe any in-plane elongation
of the projected atom column contrast can be
interpreted as evidence of the dipole rotation
occurring exclusively in the image plane.

In Fig. 3, the [001] vertical crystal lattice pa-
rameter c and the modulus of the vertical dis-
placements of the Zr-Ti atoms d001 are displayed
as a function of the distance from the STO-PZT
interface to the interface at the capping STO layer
(not shown in Figs. 1 and 2). The values were
obtained by averaging, at a given vertical dis-

tance from the interface, the measured c values
for the individual unit cells along the horizontal
direction parallel to the interface. Starting (Fig.
3A) with a value of ~0.410 nm at the lower in-
terface, c reaches a plateau value of 0.420 nm
in the central part of the film layer before sub-
sequently decreasing to 0.395 nm at the upper
interface. The plateau and the upper-interface
values are in good agreement with the values
measured before for the fully polarized state and
the depolarized state of PZT, respectively (22).
This allows us to conclude that the presence of
the flux-closure area at the lower STO-PZT
interface reduces the depolarization field to such
an extent that the polarization can essentially
maintain its “bulk” value. On the other hand, the
depolarization field at the upper interface (where
we do not observe a flux-closure structure with-
in the field of view) is so strong that polarization
decays to a value close to zero. This conclusion
is corroborated by the behavior of the shift pa-
rameter d001 displayed in Fig. 3B. At the lower
interface, both the left (upward-polarized) and
right (downward-polarized) domains show a sta-
ble value on the order of 0.03 nm, typical for the
polar state (22), down to the second horizontal
atom plane (counted from the SROmarker plane).
It is only in the first layer that the polarization
decays. This behavior is in contrast to that in the
direction to the upper interface, where d001 starts
to decrease six unit cells away from the in-
terface, ultimately reaching a value of zero.

In bulk PZT, the c-axis lattice parameter and
the atomic displacement of Zr-Ti and O show an
equivalent behavior during the paraelectric-to-
ferroelectric transition; that is, the value of both
parameters increases. By contrast, we note that

inside the flux-closure area, c shows the same
behavior as in the adjacent domains. This means
that its value is essentially unaffected by the
rotation of the electric dipoles of up to 90°,
which in principle should lead to a reduction of
the c-axis parameter and to an expansion per-
pendicular to this axis (i.e., parallel to the STO-
PZT interface). This behavior can be understood
as a consequence of the mechanical coupling to
the neighboring 180° domains, whereupon the
epitaxy constraints, because of lattice parameter
misfit (27, 28), lead to a compressive stress in
the PZT close to the interface.

Our results provide direct experimental evi-
dence for the continuous rotation of the atomic-
scale polarization dipoles over a distance directly
relevant for the formation of vortex structures
as predicted by theory (14, 15). Our observations
agree well with the results of calculations for thin-
film epitaxial systems by first-principles techniques,
where the lateral extension of the flux-closing area
was found to be quite narrow (8, 10, 29, 30), con-
sistent with our own results. Furthermore, theory
yields a continuous rotation of the polarization
direction rather than a closure domain with a 90°
polarization orientation and relatively narrow do-
main boundaries, as known for ferromagnetics.

The quantitative structural details of the flux-
closure domain structure can be discussed in
accordance with a thermodynamic theory (31)
based on a Landau-Ginzburg-Devonshire free
energy density taking into account polarization,
mechanical stress, electric field, and domain
wall structure. The equilibrium state, subject to
consistency with Maxwell’s equations and lin-
ear elasticity theory, was determined for a fer-
roelectric PbTiO3 heterostructure comprising a
substrate and capping layer of (nonconducting)
STO. The result was an approximately triangu-
lar flux-closure area with a basis in the interface
on the order of a few nanometers. In addition,
the depolarization field was quite strong at the
top interface, essentially destroying polarization
in the sample, although it was rather low in the
environment of the flux-closure structure. This
is confirmed by our study carried out at genuine
atomic resolution, permitting access to the
individual elementary electric dipoles.

With respect to potential charge screening at
the SRO-containing interfaces, the following is
essential. For SRO, a transition from metallic-
conducting to insulating has been observed at
layer thicknesses below four unit cells (32–34)
and two unit cells (35). In the present case, the
nominal SRO layer thickness at the PZT-STO
interface is lower than these minimum thick-
nesses. In addition there is evidence of chemical
intermixing destroying the chemical order, which
is considered important for conductivity in these
reference materials. Therefore, it can be concluded
that the SRO layer used as a marker for the in-
terface position is nonmetallic and thus cannot
screen the depolarization field at the interface.

Continuous rotations of electric dipoles with-
in flux-closure regions of ferroelectrics of the

Fig. 3. (A) The vertical [001] lat-
tice parameter c as a function of the
distance from the lower interface.
The value of c adopts a maximum
value at the middle of the film layer
and decreases when approaching
the bottom and top interfaces. The
behavior is the same in all three
domain areas (red symbols for the
left domain, blue for right domain,
and green for flux-closure domain).
(B) The shift parameter (d001), that
is, the off-center displacements along
the vertical [001] direction as a
function of the distance from the
lower interface. The blue symbols
denote the upward displacements
in the left domain; the red sym-
bols indicate the downward displace-
ments in the right domain. At the
lower interface, the values change
from the bulk value to a value close
to zero within the distance of a sin-
gle unit cell, whereas at the upper
interface the shift parameter starts
to decrease six unit cells away from
the interface, reaching a value of
zero there.
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type observed in this work were concordantly
predicted by numerous theoretical treatments.
The result (19) on vortex-like domain structures
in rhombohedral materials such as BiFeO3 cor-
roborates our observations in the epitaxial PZT-
STO system. We would like to point out that the
vortex-like domain structures brought about by
the comparatively simple 180°-90°-180° domain
arrangement of our work are observed in films
of highly tetragonal PbZr0.2Ti0.8O3, where polar-
ization rotation might be considered less likely
than in rhombohedral materials like BiFeO3. Both
studies show that in perovskite-oxide heterostruc-
tures, polarization-closure structures do occur.
Our work demonstrates the unique capabilities
of mapping of the dipole vector, unit cell by unit
cell, by means of atomic-resolution TEM. This
technique can therefore be used to study further
details of domain structures close to interfaces in
ferroelectric heterostructures and of vortex-like
structures in ferroelectric materials. Because these
structures are sensitive to the balance between
competitive interactions, even small changes
in the interface properties could have substan-
tial effects on the depolarization field behav-
ior. In fact, theory predicts striking effects for
thicknesses on the order of a few nanometers
in the PZT layer, where the top and bottom
layers (metallic or insulating) cannot be treated

separately (10). In addition, “dead” layers one
unit cell thick (e.g., due to local deviations in
permittivity caused by nonstoichiometry) are ex-
pected to change the flux-closure domain struc-
ture. Such investigations are also of potential
importance for further progress in technology,
in which increasingly thinner and smaller fer-
roelectric heterostructure systems are being con-
sidered for microelectronic applications.
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Vibrationally Quantum-State–Specific
Reaction Dynamics of H Atom
Abstraction by CN Radical in Solution
Stuart J. Greaves,1 Rebecca A. Rose,1 Thomas A. A. Oliver,1 David R. Glowacki,1

Michael N. R. Ashfold,1 Jeremy N. Harvey,1 Ian P. Clark,2 Gregory M. Greetham,2

Anthony W. Parker,2 Michael Towrie,2 Andrew J. Orr-Ewing1*

Solvent collisions can often mask initial disposition of energy to the products of solution-phase chemical
reactions. Here, we show with transient infrared absorption spectra obtained with picosecond time
resolution that the nascent HCN products of reaction of CN radicals with cyclohexane in chlorinated
organic solvents exhibit preferential excitation of one quantum of the C-H stretching mode and up to two
quanta of the bending mode. On time scales of approximately 100 to 300 picoseconds, the HCN products
undergo relaxation to the vibrational ground state by coupling to the solvent bath. Comparison with
reactions of CN radicals with alkanes in the gas phase, known to produce HCN with greater C-H stretch
and bending mode excitation (up to two and approximately six quanta, respectively), indicates partial
damping of the nascent product vibrational motion by the solvent. The transient infrared spectra therefore
probe solvent-induced modifications to the reaction free energy surface and chemical dynamics.

Inachemical reaction, the partitioning of energy
between translational, rotational, vibration-
al, and electronic degrees of freedom of the

products depends on, and therefore provides infor-
mation about, the potential energy landscape over

which bonding changes occur (1). Early insights
came from Polanyi (2), who demonstrated the
importance of the location of an energy barrier along
a reaction pathway in determining the fraction of
the available energy that is released as product
vibrational excitation. An expanding array of ex-
perimental techniques, complemented by theory,
is enabling study of the dynamics of reactions in
ever-increasing detail under low-pressure, gas-phase
conditions in which the molecules are largely iso-
lated from collisions and from the perturbations of
a surrounding medium such as a solvent (1, 3–5).

Much synthetic, environmental, and biologi-
cal chemistry occurs in solution, however, and
the solvent will have a pronounced effect on the
dynamics of chemical reactions (6–8). The very
short time intervals between collisions in the liquid
phase, and the hindered motions of molecules sur-
rounded by a solvent cage, prevent application of
many of the velocity- and quantum-state–specific
experimental methods developed to examine gas-
phase collisions (9). Spectroscopic methods using
ultrafast lasers can be used to measure the time
scales for reactions in solution (10–13), study
solvent-solute complexes (14, 15), and examine
molecular vibrational excitation, which can per-
sist in solution for tens or hundreds of picoseconds
(16). For a solution-phase bimolecular reaction,
observation of vibrational quantum-state–specific
energy disposal might provide comparable mecha-
nistic insight to the infrared (IR) chemiluminescence
(1, 2) and more recent velocity-map imaging (3)
studies of gas-phase reactions and therefore un-
ravel the influence of the solvent on the dynamics.
This prospect was recognized byHochstrasser and
co-workers (10, 11), who used transient IR ab-
sorption to examine the products of reactions of
Cl atoms or CN radicals with organic solvents.
These pioneering experiments provided evidence
that ~20% of the DCN products of the CN re-
action with CDCl3 solvent are formed with one
quantum of vibrational excitation in the C-D
stretching mode.

Here, experimental outcomes are presented for
a solution-phase bimolecular reaction, which dem-
onstrate a much greater degree of product vibra-
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