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Differential phase-contrast microscopy at
atomic resolution
Naoya Shibata1,2*, Scott D. Findlay3, Yuji Kohno4, Hidetaka Sawada4, Yukihito Kondo4
and Yuichi Ikuhara1,5

Differential phase-contrast (DPC) imaging enhances the image
contrast of weakly absorbing, low-atomic-number objects in
optical and X-ray microscopy1–4. In transmission electron
microscopy5, this same imaging mode can image magnetic
fields in magnetic materials at medium resolution6,7. Atomic-
resolution imaging of electromagnetic fields, however, is still
a major challenge. Here, we demonstrate atomic-resolution
DPC imaging of crystals using aberration-corrected scanning
transmission electron microscopy. The image contrast reflects
the gradient of the electrostatic potential of the atoms; that
is, the atomic electric field, which is found to be sensitive
to the crystal ionicity. Both the mesoscopic polarization
fields within each domain and the atomic-scale electric fields
induced by the individual electric dipoles within each unit
cell can be sensitively detected in ferroelectric BaTiO3. The
realization of atomic-resolution DPC microscopy opens a new
dimension of microscopy from crystalline materials through to
biological molecules.

Phase-contrast imaging, whereby phase changes experienced
by the incident probe during the interaction with the object are
converted into image contrast, has been used in a wide range
of microscopy techniques, such as optical, X-ray and electron
microscopy. One key technique for resolving the structure of
weakly interacting phase objects in optical and X-ray microscopy
is so-called DPC imaging, where images are formed by subtracting
intensities on detector segments diametrically opposed about the
optical axis. This converts beam deflection, which relates closely to
the gradient of the phase change through the specimen, into image
contrast1,5. DPC has also been much studied at low-to-medium
resolution in scanning transmission electron microscopy (STEM),
especially for the imaging of magnetic structures6,7. For samples
scattering weakly enough to be regarded as phase objects, DPC
images in STEM represent the gradient of the object potential
(that is, the object electromagnetic field) taken in the direction of
the diametrically opposed detector segments5,8–10. Applying DPC
imaging to sub-ångström resolution STEM may enable the direct
characterization of local electromagnetic fields at the level of single
atoms. Recently, we have developed a segmented-type annular
detector suitable for atomic-resolution STEM imaging11. In the
present study, we demonstrate DPC STEM at atomic resolution
and emphasize the contrast characteristics reflecting the atomic-
scale local electric fields.

Figure 1a,b shows the principle of image contrast formation
assuming an isolated atom for the scattering object, in part
for simplicity and in part to lead into our discussion of
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atomic-resolution imaging. With the probe a long way from the
atom, the electron intensity detected by the two quadrant segments
should be equal.When scanning the electron probe across the atom,
the probe is deflected by the atomic electric field, which is generally
dominated by the positive atomic nucleus. As shown in Fig. 1a and
the intensity profiles of each segment in Fig. 1b, the attraction felt
by an electron beam passing to the left of the atom tends to deflect
it towards the detector on the right; the signal on the right side
detector segment (Y) is a maximum and the signal on the left side
detector segment (X) is a minimum when the electron probe is
slightly to the left of the atomic position. Likewise, the signal on X
is a maximum and the signal on Y is a minimum when the electron
probe is slightly to the right of the atomic position. Subtracting
the signals from the two detector segments (X–Y) produces the
difference profile shown at the bottom of Fig. 1b. This profile
has a node (zero crossing) at the atom location. The profile is
antisymmetric about this point, reflecting the reversal of the electric
field direction across the atom. Thus, the atomic-resolution DPC
STEM image should reflect the projected electric field distribution
in the vicinity of the atom. It is to be anticipated that a well-aligned
crystal will show the same behaviour, provided it is sufficiently thin
and/or weakly scattering that it can be regarded as a phase object.
Care would be needed to interpret atomic-resolution images in
DPCmode frommore strongly scattering specimens.

For an experimental demonstration, we observe a SrTiO3 crystal
along the [001] direction. Figure 1c shows the schematic of the
orientation relationship between the SrTiO3 crystal and the detector
segments labelled X and Y, which are aligned parallel to the
[110] direction of the SrTiO3 sample. The probe-forming aperture
semiangle was set to be 23mrad. The angular range from the
optical axis of the detector segments was 15.3–30.6mrad and the
azimuthal span was 90◦. Figure 1d shows the DPC STEM image and
its intensity profile as projected over the entire vertical direction
in the image. The simultaneous annular dark field (ADF) STEM
image (angular range: 30.6–61.2mrad) and its intensity profile
are used for reference as the peaks in the ADF image have been
well-established as an indicator of the true atomic positions12. It
is found that the DPC image intensity profile behaves such that
there are nodes (zero crossings) at the atom sites. The DPC signal
is antisymmetric about these points. The form of the DPC signal
is thus in excellent agreement with the intuitive model of Fig. 1a
and b. As a check on this interpretation, the usual phase-contrast
transmission electron microscopy procedure of matching to image
simulations was used to establish such experimental parameters
as defocus and thickness (see the Supplementary Information for
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Figure 1 | Schematic showing the image formation mechanism of DPC STEM of a single atom and the experimental DPC STEM image of a SrTiO3 single
crystal observed along the [001] direction. a, Schematic diagrams of the electron trajectory in the vicinity of the atom and the split electron detector
segments, X and Y. b, The image intensity profiles of each detector segment and a DPC (X–Y) image. The intensity profile of the DPC (X-Y) image, shown
at the bottom of the figure, is antisymmetric about the zero crossing. c, Schematic showing the orientation relationship between the SrTiO3 single crystal
and the quadrant annular detector segments used for the DPC STEM imaging. The angle range of the detector segments is set to be 15.3–30.6 mrad. Two
simultaneous STEM images obtained by the two detector segments are also shown. These and all other images shown in this study are filtered by the
radial difference filter20 released by the HREM Research, to subtract background noise. d, Experimental atomic-resolution DPC STEM image of the SrTiO3

single crystal and its intensity profile across the horizontal direction. The simultaneously observed ADF STEM image and its intensity profile are also
shown for reference. The angle range of the ADF detector is 30.6–61.2 mrad. e, Simulated atomic-resolution DPC STEM and ADF STEM images of the
SrTiO3 single crystal and their image intensity profiles. The thickness (t) and defocus (1f) values used for the image simulation were t= 3.1 nm and
1f=−1.1 nm, respectively.

details). We find the thickness to be consistent with the use of
the phase object approximation. A simulated DPC STEM image
and its intensity profile for SrTiO3 with the determined parameters
are shown in Fig. 1e, and are clearly in good agreement with
the experimental results.

The SrTiO3 structure is highly symmetric. This symmetry is
broken in ferroelectric materials through the ferroelectric structural
distortion and the concomitant change of the electric field. The
electric field in ferroelectric materials may be considered to

consist of two components: the uniform, long-range (mesoscopic)
polarization field and another field which varies on the atomic
scale13. Having established that atomic-resolution DPC STEM
imaging of crystalline materials is possible, we further demonstrate
that it is sufficiently sensitive to detect the electric field anisotropy
in ferroelectric materials. We use single-crystalline tetragonal
BaTiO3, a prototypical perovskite ferroelectric. The ferroelectricity
of BaTiO3 originates from the cooperativemovement of ions within
the unit cell. In the room-temperature ferroelectric tetragonal

612 NATURE PHYSICS | VOL 8 | AUGUST 2012 | www.nature.com/naturephysics

© 2012 Macmillan Publishers Limited.  All rights reserved. 

http://www.nature.com/doifinder/10.1038/nphys2337
http://www.nature.com/naturephysics


NATURE PHYSICS DOI: 10.1038/NPHYS2337 LETTERS

DPC (W¬Y)

DPC (X¬Z)

100 nm

[001]

[001]

[001]

[010]

[010]

[100]

[100]

[010]

[100]
P

Ba O Ti

W X

YZ

a c

d

b

Figure 2 |DPC STEM images of domains in a tetragonal BaTiO3 crystal
observed along the [100] direction. a, Unit structure of tetragonal BaTiO3.
b, Schematic showing the orientation relationship between the tetragonal
BaTiO3 crystal and the quadrant annular detector segments used for DPC
STEM imaging. c, Experimental DPC STEM image of (W–Y). The red
arrows in the image indicate the direction of polarization in each domain
gauged by the DPC STEM image intensities. d, Experimental DPC STEM
image of (X–Z).

structure, the Ba andTi sub-lattices are shifted relative to the oxygen
sub-lattice, as shown schematically in Fig. 2a. This tetragonal
distortion splits the centre of charges, resulting in the formation
of a dipole moment P parallel to the c axis. Figure 2b shows
the schematic of the orientation relationship between the BaTiO3
crystal and the quadrant annular detector, and Fig. 2c and d shows
the simultaneous low-magnificationDPC (W–Y) and (X–Z) images
of the 90◦ domain structure observed along the [100] direction.
The domain structure is clearly visualized, with differences in
image contrast due to the different orientation of the mesoscopic
polarization fields in each domain. The image contrast variation
in the two images can be consistently explained if the polarization
directions are oriented as indicated by the red arrows. We also
rotated the detector by 45◦ and observed the same region (see the
Supplementary Information). The contrast changes and relative
intensities on the detector segments also confirm the proposed
domain orientation. Thus DPC STEM can visualize the mesoscopic
polarization fields in a ferroelectric crystal.

Quantification of the mesoscopic fields by DPC is the next step,
and requires precise characterization of the specimen thickness
and detector response. The process for quantifying the mesoscopic
fields by DPC STEM is discussed in detail in the Supplementary
Information, where it is shown that the deflection evidenced by
the contrast variation in Fig. 2c,d is much smaller than would
be expected if the total field were equal to the bulk saturation
polarization. This suggests that the polarization field is screened at
surfaces and/or interfaces within the material.

Figure 3 shows atomic-resolution DPC STEM images inside a
single domain of tetragonal BaTiO3. As schematically shown in
Fig. 3a, the diametric direction of the two detector segments (W and
Y)was carefully oriented parallel to the [001] polarization direction.
Figure 3c shows the atomic-resolutionDPC (W–Y) and ADF STEM
images observed along the [100] direction. The corresponding
projected image intensity profiles across the c axis direction are
also shown. Here, the intensity profiles are projected across the
entire width of the images. The atomic positions determined

by the simultaneous ADF STEM image always lie at the nodes
of the DPC STEM image intensity profile, characteristic of the
atomic-resolution DPC STEM images. However, whereas the DPC
intensity profiles across the Ba columns are nearly antisymmetric
to the zero crossing, those of the Ti–O columns exhibit clear
asymmetry. In contrast, the atomic-resolution DPC (X–Z) STEM
image in Fig. 3d, with the diametrical direction of the segments
oriented perpendicular to the [001] polarization direction, shows
no asymmetric features in either the Ba or Ti–O columns. This
difference must relate to the polarization; the asymmetric profile
is anticipated to indicate the zigzag distortion of the TiO column
which arises from the displacement of the Ti ions relative to the
O ions along these atomic columns in the polarization direction.
Using analysis and simulation to further the interpretation, the
images can tell us even more.

Figure 3e,f show the simulated DPC (W–Y) and DPC (X–
Z) STEM images, the corresponding ADF image, and their
projected image intensity profiles, based on the tetragonal BaTiO3
crystal structure determined by X-ray structure refinement14.
The simulations are seen to be in good agreement with the
experimental findings. Moreover, although the profile asymmetry
in the atomic-resolution DPC (W–Y) signal derives from the
zigzag distortion of the Ti–O columns along the [100] viewing
direction, insomuch as distortion is a prerequisite for asymmetry,
it was further necessary to use scattering factors for ions15 to
obtain agreement with the experimental data. Figure 3b shows
the comparison between simulated DPC (W–Y) profiles of a
tetragonal BaTiO3 crystal using neutral atom (left panel) and
ionic (right panel) potentials (see Supplementary Information for
details). The use of scattering factors for neutral atoms is unable
to reproduce the large profile asymmetry seen in the experimental
images. This discrimination of the ionicity (charge redistribution)
shows just how sensitive the DPC technique is to the atomic-scale
electric fields. The combination of structural distortion and ionicity
detected here are precisely the factors which indicate the electric
dipole formation in the unit cell. This sensitivity, not just to
the structural distortion but also to the electric fields via the
sensitivity to charge state, provides additional information on the
polarization of the material to that from techniques that probe the
structural distortion alone16,17. These previous studies16,17 measure
column shifts but can only estimate spontaneous polarization based
on Born effective charge analysis. Our approach can combine
the two styles of analysis: the new segmented-type annular
detector provides a wealth of signals from which both shifts
of light-element and heavy-element columns and also the total
electric field can be measured directly and simultaneously. It
is important to appreciate that the localized asymmetry in the
atomic-resolution DPC profile is distinct from the effect of the
mesoscopic polarization field, which is by definition uniformwithin
a given domain. A constant field implies a linear potential gradient,
which in DPC corresponds to a constant vertical offset in the
DPC profile. The detector is not sufficiently well characterized to
provide a quantitative measure of this offset at atomic resolution,
which will be difficult to discriminate from the consequences
of slight detector misalignment. It was distinguishable at low
magnification because the sample was thicker, enhancing the
effect, and because it sufficed to see the relative difference
between different domains. But, with further refinements in the
detector system, atomic-resolutionmeasurement of themesoscopic
field should be possible.

In summary, we have demonstrated that DPC imaging at atomic
resolution is possible in aberration-corrected STEM. The ability
to detect very localized fields will assist our fundamental under-
standing of many ferroic and polar materials, where the correlation
between local atomic-scale structures and resultant electromagnetic
fields is the key to understanding their extraordinary properties.
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Figure 3 |Atomic-resolution DPC STEM images of a tetragonal BaTiO3 crystal observed along the [100] direction. a, Schematic showing the orientation
relationship between the tetragonal BaTiO3 crystal and the quadrant annular detector segments used for DPC STEM imaging. The diagonal direction of the
two detector segments (W and Y) is oriented parallel to the [001] direction, whereas that of the detector segments (X and Z) is oriented parallel to the
[010] direction. The angle range of the detector segments is set to be 15.3–30.6 mrad. b, Simulated DPC (W–Y) image intensity profiles of a tetragonal
BaTiO3 crystal using neutral atom (left panel) and ionic (right panel) scattering factors. In these simulations, all the parameters, such as atomic
coordinates, microscope condition, detector size and specimen thickness are the same as in e and f, as given below. c,d, Experimental DPC STEM images
and corresponding projected intensity profiles. c shows the DPC STEM image of (W–Y) and d shows the DPC STEM image of (X–Z). The simultaneous
ADF STEM images and corresponding image intensity profiles are also shown. The image intensity profile of the DPC (X–Z) image seems to be noisier than
that of the DPC (W–Y) image because the scan noise is perpendicular to the direction over which we project to extract the intensity profile of the DPC
(X–Z) image rather than parallel to it, as is the case for the DPC (W–Y) image. e,f, Simulated DPC STEM images and corresponding image intensity profiles
using ionic scattering factors. e shows the simulated DPC STEM image of (W–Y) and f shows the simulated DPC STEM image of (X–Z). In c–f, the profile is
taken along the direction indicated by the arrows after projection over the direction perpendicular to the arrows. The red dotted lines highlight the
alignment of features between the DPC and ADF intensity profiles. The thickness and defocus values used for the image simulation were t= 1.6 nm and
1f=0 nm, respectively.

Methods
Commercially available SrTiO3 and BaTiO3 single crystal substrates were
used as a starting material (Furuuchi Chemical). The substrates were cut and
mechanically polished with diamond suspension to have a total thickness of
less than 100 µm. The samples were then dimpled using a dimple grinder to
obtain a thin area at the centre of the sample. To obtain electron transparency,
we used a standard Ar ion-beam thinning method. The accelerating voltage was
gradually decreased as thinning progressed to minimize surface damage and
contamination. STEM images were taken with a 200 kV JEM-2100F TEM/STEM
electronmicroscope (JEOL) equipped with an aberration corrector (CEOSGmbH).
The instrumentation of the segmented annular all-field detector used in this study
is reported elsewhere11.

The image simulations used the multislice frozen phonon model18,19 based
on the elastic structure factors for ions15. X-ray structure refinement results were

used for the polarized BaTiO3 structure14. To include the long-range field due to
polarization, the BaTiO3 unit was tiled seven times in one direction but placed
within a supercell of length thirteen times the single cell repeat distance. The
superposition of the potentials for the isolated ions at locations as per the polarized
structure then naturally produces a linear potential within the crystal, describing
the long-range polarization field. This tails off in the vacuum gap in the supercell
such that periodicity of the supercell, implicit in the calculations through the
use of Fourier transforms in the multislice algorithm, is maintained. Similar to
the findings in previous work14, the polarization field thus produced differs in
magnitude from that measured experimentally. As discussed in the main text, the
effect of the long-range polarization field on the electron beam is sufficiently small
for our sample that the discrepancy should not affect our results. The microscope
parameters used are based on the experimental values. A 200 keV, aberration-free
(excepting defocus) probe with probe-forming aperture semiangle of 23mrad was
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assumed. The detector angles and orientation relative to the sample were as per
the experiment. As discussed in the Supplementary Information, thickness and
defocus values were determined via systematic matching with the experimental
data from multiple detectors.
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