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Determining ferroelectric polarity at the nanoscale
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Position averaged convergent beam electron diffraction �PACBED� in scanning transmission
electron microscopy is shown to be capable of determining the direction of ferroelectric polarity at
the nanoscale. We show that PACBED patterns of ferroelectric materials such as PbTiO3 and
BaTiO3 are sensitive to both unit cell distortion and the absolute direction of polarity within the unit
cell. It is shown that the polarity can be determined even in cases where real-space high-resolution
transmission electron microscopy would not be capable of resolving the atomic displacements. The
method is applied to determine the direction of polarization in an epitaxial BaTiO3 film. © 2011
American Institute of Physics. �doi:10.1063/1.3549300�

The properties of ferroelectric materials depend on the
orientation, stability, magnitude, and spatial arrangement
�domain patterns� of the ferroelectric polarization, the dy-
namics of which determine the ferroelectric response. Sev-
eral methods have been developed to locally characterize the
orientation of the ferroelectric polarization. Piezoresponse
force microscopy allows for the study of domains on sur-
faces at the nanometer scale1,2 but cannot be easily used to
study the polarization within embedded structures such as
superlattices or parallel plate capacitors. X-ray diffraction3

and Raman spectroscopy4 do not have the spatial resolution
to map polarity locally on the nanometer scale. While trans-
mission electron microscopy has been used for the analysis
of ferroelectric domain patterns in bulk materials5 and thin
films,6–8 determining the absolute direction of polarity �such
as across 180° domain boundaries� is challenging when the
atom displacements that cause noncentrosymmetricity are
small, such as in BaTiO3. Convergent beam electron diffrac-
tion �CBED� can determine the absolute polarity of noncen-
trosymmetric crystals.9–12 The typical beam size in CBED is
on the order of 10 nm, which limits its utility for examining
nanoscale variations of the ferroelectric polarization. In this
letter, we show that a scanning transmission electron micros-
copy �STEM� based diffraction technique, position averaged
convergent beam electron diffraction �PACBED�, allows for
the direct determination of the polarity direction in ferroelec-
tric materials at the nanoscale.

The PACBED technique13 uses a scanned, highly coher-
ent, and angstrom-sized electron probe in STEM to form
patterns that exhibit a high sensitivity to specimen thickness
and tilt as well as crystal structure polarity. The method is
compatible with the electron optical settings and specimen
thicknesses used in STEM imaging, and can thus be per-
formed in parallel with atomic resolution imaging. The spa-
tial resolution is given by the area over which the probe is
scanned, which can be as small as a unit cell. For the
PACBED experiments, a 90 nm thick film of BaTiO3 was
grown by hybrid molecular beam epitaxy �MBE�14 on a

�001� SrTiO3 substrate. Cross-section samples were prepared
by wedge polishing to electron transparency. A FEI �Hills-
boro, Oregon� Titan 80–300 kV S/TEM operating at 300 kV
was used in STEM mode with a convergence semiangle of
9.6 mrad, i.e., the same settings that are used for atomic
resolution high-angle annular dark-field �HAADF� imaging
with this microscope.15,16 PACBED patterns were recorded
along �100� by incoherently averaging coherent zone-axis
CBED patterns by rapidly scanning the STEM probe while
recording the pattern on a charge coupled device �CCD�
camera.13 Typically, the acquisition time for one PACBED
pattern was around 4 s. The scanned area from which the
PACBED pattern was acquired was �5�5 unit cells.
PACBED patterns of tetragonal BaTiO3 and PbTiO3 were
simulated using the absorptive Bloch wave method, which
takes into account the influence of thermal diffuse scattering
on the Bragg beam amplitudes.13 Unit cell parameters for the
simulations were taken from Refs. 17 and 18.

Figure 1�a� shows a simulated PACBED pattern of
PbTiO3. The unit cell and direction of polarization are
shown in Fig. 1�b�. The Bragg disk separation allows for
distinguishing the a and c axis, respectively, of the tetragonal
unit cell. Specifically, the �020 disks �outlined in Fig. 1�a��
are well separated due to the smaller a lattice parameter �a
=3.902 Å�, whereas the �002 disks overlap �c=4.156 Å�.
Thus, by recording PACBED patterns across an area of in-
terest, changes in the unit cell orientation can be mapped,
i.e., as may occur across 90° domains. Moreover, the
PACBED patterns allow for determining the absolute direc-
tion of the polarization within the domains, including across
180° domain boundaries. As can be seen from Fig. 1�c�, the
pattern intensity is asymmetric in the top and bottom lobes
along 00l within a practical range of thicknesses. The ob-
served pattern asymmetry results from the noncentrosym-
metricity of PbTiO3 �space group P4mm�. The lobe with the
greater intensity and reduced contrast �bottom lobe� coin-
cides with the direction of the polarization. PACBED pat-
terns can thus distinguish between unit cell distortions
�which affect the Bragg disk separation� and polarity. For
example, a cubic film that is coherently strained to a sub-
strate may exhibit a tetragonal distortion of the unit cell but
may not necessarily be polar. Specifically, PACBED pattern
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simulations of PbTiO3 in the space group P4 /mmm, which is
tetragonal and centrosymmetric, show a symmetric intensity
distribution.

To explore the sensitivity of PACBED patterns to even
smaller polarizations, patterns of BaTiO3 were simulated. In
BaTiO3, the Ti positions are offset by only 4 pm relative to
the c-axis midplane. This is beyond the capability of deter-
mining polarization in high-resolution images, even with ab-
erration corrected microscopes.6 Figure 2�a� shows a simu-
lated PACBED pattern for BaTiO3 and Fig. 2�c� shows the
bottom and top lobes magnified for different thicknesses. As
with PbTiO3, the polar nature of the unit cell causes the

intensity within the bottom lobes �002̄ disk� to be increased
relative to the top lobe, and the increased intensity coincides

with the direction of polarization �Fig. 2�c��. Also note that
in addition to differences in intensity, the contrast in the
lobes is asymmetric �also, see arrows in Fig. 3�, which al-
lows for additional �and perhaps even easier� visual identifi-
cation of the direction of polarization using PACBED than
the intensities alone.

Figure 3�a� shows an experimental PACBED pattern of
the epitaxial BaTiO3 film and the corresponding simulated
pattern. The agreement between experiment and simulation
is very good. As can be seen from the magnified lobes shown
in Fig. 3�b�, the asymmetry allows for the determination of
the polarity in the 5�5 unit cell film region from which the
pattern was recorded. Here, the direction of polarization is
along the surface normal and pointing away from the sub-
strate surface, i.e., the Ti are displaced away from the sub-
strate.

It should be noted that care must be taken to minimize
specimen tilt relative to the incident beam for correct inter-
pretation of the PACBED patterns in terms of specimen po-
larity. Specimen tilt modifies the intensity distribution across
PACBED patterns.13 If the tilt is greater than about 1 mrad,
then small polarities such as in BaTiO3 can no longer be
distinguished by visual inspection. Even if tilt is present, the
polarization direction can be extracted in most cases.19 How-
ever, as discussed in Ref. 13, tilts as small as 1 mrad can be
detected and corrected using PACBED. As also discussed in
Ref. 13, the interpretation is insensitive to aberrations of the
microscope, including Cs. For example, a large defocus will
simply contain patterns averaged over many unit cells rather
than disrupt or change the pattern.

In summary, we have demonstrated that PACBED allows
for the determination of specimen polarity in ferroelectric
materials even when the polarity is smaller than what can be
measured using real-space imaging techniques. The method
can also be applied to nonferroelectric polar materials such
as GaN. Because an angstrom-sized probe is used, the tech-
nique can be applied to layers in superlattices that are on the
order of a few unit cells thick or to nanostructures, provided

FIG. 1. �Color online� �a� Simulated PACBED pattern of 15.2 nm thick
PbTiO3 along �100�. Solid red circles outline the 002/020-type Bragg disks.
�b� Schematic showing the orientation of the PbTiO3 unit cell relative to the
PACBED pattern with the direction of polarization indicated by the arrow.
�c� Magnified images of the lobes from the regions indicated by white rect-
angles in �a� for different thicknesses. The range of image intensities has
been adjusted to accentuate the asymmetry.

FIG. 2. �Color online� �a� Simulated PACBED pattern of 15.2 nm thick
BaTiO3 along �100�. �b� Schematic showing the orientation of the BaTiO3

unit cell relative to the PACBED pattern with the direction of polarization
indicated by the arrow. �c� Magnified images of the lobes from the regions
indicated by white rectangles in �a� for different thicknesses. The range of
image intensities has been adjusted to accentuate the asymmetry.

FIG. 3. �Color online� �a� Experimental and simulated PACBED patterns of
an �15.2 nm thick BaTiO3 sample. �b� Comparison of the top and bottom
lobes �see white rectangles in �a�� in experiment and simulation. Image
contrast and brightness have been adjusted to accentuate the asymmetry.
Arrows in �a� and �b� indicate features apparent only in the lobe pointing in
the direction of polarization. Note that the patterns in this figure are rotated
by 180° relative to those in Fig. 2.

052904-2 LeBeau et al. Appl. Phys. Lett. 98, 052904 �2011�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



that specimen drift is sufficiently small during the acquisition
of the pattern. When combined with in situ heating, electric
field, or straining capabilities, the method allows for real-
time analysis of domain switching and nucleation.

The research at UCSB was supported by DOE Basic
Energy Sciences �Grant No. DE-FG02-02ER45994� and
SRC �Grant No. 1997.001�. N.J.W. also thanks the Intel
Foundation/SRCEA for a graduate fellowship. The work
made use of the UCSB MRL Central facilities supported by
the MRSEC Program of the National Science Foundation
under Grant No. DMR-0520415. L.J.A. acknowledges the
support by the Australian Research Council.

1A. Gruverman, B. J. Rodriguez, C. Dehoff, J. D. Waldrep, A. I. Kingon, R.
J. Nemanich, and J. S. Cross, Appl. Phys. Lett. 87, 082902 �2005�.

2D. A. Bonnell, S. V. Kalinin, A. L. Kholkin, and A. Gruverman, MRS
Bull. 34, 648 �2009�.

3D. D. Fong, G. B. Stephenson, S. K. Streiffer, J. A. Eastman, O. Auciello,
P. H. Fuoss, and C. Thompson, Science 304, 1650 �2004�.

4L. Rimai, J. L. Parsons, J. T. Hickmott, and T. Nakamura, Phys. Rev. 168,
623 �1968�.

5M. Tanaka and G. Honjo, J. Phys. Soc. Jpn. 19, 954 �1964�.
6L. Houben, A. Thust, and K. Urban, Ultramicroscopy 106, 200 �2006�.
7S. Stemmer, S. K. Streiffer, F. Ernst, and M. Ruhle, Philos. Mag. A 71,
713 �1995�.

8C. L. Jia, V. Nagarajan, J. Q. He, L. Houben, T. Zhao, R. Ramesh, K.
Urban, and R. Waser, Nature Mater. 6, 64 �2007�.

9J. Taftø and J. C. H. Spence, J. Appl. Crystallogr. 15, 60 �1982�.
10L. J. Allen and C. J. Rossouw, Phys. Rev. B 39, 8313 �1989�.
11C. J. Rossouw, P. R. Miller, J. Drennan, and L. J. Allen, Ultramicroscopy

34, 149 �1990�.
12Z. H. Zhang, X. Y. Qi, and X. F. Duan, Appl. Phys. Lett. 89, 242905

�2006�.
13J. M. LeBeau, S. D. Findlay, L. J. Allen, and S. Stemmer, Ultramicros-

copy 110, 118 �2010�.
14B. Jalan, R. Engel-Herbert, N. J. Wright, and S. Stemmer, J. Vac. Sci.

Technol. A 27, 461 �2009�.
15J. M. LeBeau, A. J. D’Alfonso, S. D. Findlay, S. Stemmer, and L. J. Allen,

Phys. Rev. B 80, 174106 �2009�.
16J. M. LeBeau, S. D. Findlay, L. J. Allen, and S. Stemmer, Phys. Rev. Lett.

100, 206101 �2008�.
17R. J. Nelmes and W. F. Kuhs, Solid State Commun. 54, 721 �1985�.
18R. H. Buttner and E. N. Maslen, Acta Crystallogr., Sect. B: Struct. Sci. 48,

764 �1992�.
19See supplementary material at http://dx.doi.org/10.1063/1.3549300 for an

example of PACBED patterns of BaTiO3 with tilt.

052904-3 LeBeau et al. Appl. Phys. Lett. 98, 052904 �2011�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2010605
http://dx.doi.org/10.1126/science.1098252
http://dx.doi.org/10.1103/PhysRev.168.623
http://dx.doi.org/10.1143/JPSJ.19.954
http://dx.doi.org/10.1016/j.ultramic.2005.07.009
http://dx.doi.org/10.1080/01418619508244477
http://dx.doi.org/10.1038/nmat1808
http://dx.doi.org/10.1107/S0021889882011352
http://dx.doi.org/10.1103/PhysRevB.39.8313
http://dx.doi.org/10.1016/0304-3991(90)90069-X
http://dx.doi.org/10.1063/1.2405380
http://dx.doi.org/10.1016/j.ultramic.2009.10.001
http://dx.doi.org/10.1016/j.ultramic.2009.10.001
http://dx.doi.org/10.1116/1.3106610
http://dx.doi.org/10.1116/1.3106610
http://dx.doi.org/10.1103/PhysRevB.80.174106
http://dx.doi.org/10.1103/PhysRevLett.100.206101
http://dx.doi.org/10.1016/0038-1098(85)90595-2
http://dx.doi.org/10.1107/S010876819200510X
http://dx.doi.org/10.1063/1.3549300



