
Introduction
The materials act as a phase object for an electron beam, 

and a high-resolution image observed by transmission electron 
microscopy (TEM) reflects a phase modulated by the object. 
For a thin sample, this phase modulation is proportional to the 
electrostatic potential of the sample, which is approximately 
proportional to the atomic number. Therefore, the phase contrast 
image obtained by TEM is important for analyzing the atomic 
structure of the sample. In recent years, scanning transmission 
electron microscopy (STEM) has become remarkably popular 
owing to its compatibility with analysis capabilities, such 
as electron energy loss spectroscopy. Especially, STEM is 
particularly effective in analyzing atomic structures in conjunction 
with aberration correction technology. In high-angle annular dark-
ÀHOG��+$$')��LPDJHV�REWDLQHG�E\�67(0��KHDY\�HOHPHQWV�FDQ�
be selectively detected, since image contrast is approximately 
SURSRUWLRQDO� WR� WKH� VTXDUH�RI� WKH�DWRPLF�QXPEHU��+RZHYHU��
WKLV�PHDQV�WKDW�+$$')�LPDJHV�DUH�QRW�VXLWDEOH�WR�GHWHFW�OLJKW�
HOHPHQWV��5HFHQWO\�� WKH�DQQXODU�EULJKW�ILHOG��$%)��67(0�>�@�
that can detect light elements has been proposed, but its contrast 
does not directly represent a phase change as observed by TEM. 
From the reciprocity theorem the bright-field method in STEM 
using a small disc-shaped detector, as shown in Fig. 1 (a), makes 
it possible to obtain a phase contrast image equivalent to that in 

7(0��+RZHYHU��WKH�LPDJLQJ�HIÀFLHQF\�RI�WKLV�EULJKW�ÀHOG�67(0�
is extremely poor compared with the one for the phase contrast 
in TEM, since only a part of incident electrons that hit the small 
detector contribute to the image formation.
'HNNHUV�DQG�GH�/DQJ�>�@�SURSRVHG�GLIIHUHQWLDO�SKDVH�FRQWUDVW�

�'3&��PLFURVFRS\�WR�REVHUYH�D�SKDVH�REMHFW�LQ�67(0��ZKHUH�DOO�
transmitted electrons are collected by a split detector as shown in 
)LJ�����D���DQG�WKH�GLIIHUHQFH�VLJQDO�EHWZHHQ�WKH�RXWSXWV�IURP�WZR�
segments is used to create an image. They demonstrated that using 
a scanning optical microscope, a phase change perpendicular 
WR�WKH�ELVHFWRU�RI�WKH�GHWHFWRU�FDQ�EH�REVHUYHG��/DWHU��:DGGHOO�
DQG�&KDSPDQ�>�@�VKRZHG�WKDW� WKH�FHQWURLG��FHQWHU�RI�PDVV��RI�
the electron diffraction intensity is proportional to a gradient 
of the phase distribution function. They also showed that the 
difference signal from the split detector closely approximates the 
component of the centroid perpendicular to the bisector. Then, if 
ZH�XVH�D�IRXU�VHJPHQW��TXDGUDQW��GHWHFWRU�>�@�DV�VKRZQ�LQ�)LJ����
(b), without rotating the split detector, approximate differentials 
of the phase distribution in two perpendicular directions can be 
obtained simultaneously with a single beam scan. Recently, it has 
EHHQ�VKRZQ�WKDW�WKH�'3&�VLJQDOV�ZLWK�DWRPLF�UHVROXWLRQ�FDQ�EH�
REWDLQHG�XVLQJ�PXOWLSOH�TXDGUDQW�GHWHFWRUV�>�@��1RZ��DQ�HLJKW�
segment (double-quadrant) detector and an annular four-segment 
GHWHFWRU�DV�VKRZQ�LQ�)LJV�����F��DQG��G���UHVSHFWLYHO\��KDYH�EHHQ�
made commercially available. It should be noted here the phase 

Scanning transmission electron microscopy (STEM) becomes popular owing to its compatibility with analytical 

capability. However, it is difficult to observe a phase object using STEM. The differential phase contrast (DPC) 

microscopy has been proposed to overcome this limitation. Here, a detector is split into two halves, and an image 

signal (the DPC signal) is given by a difference between the signals from two segments. The split detector has 

been used to observe a magnetic structure at a low/medium magnification. On the other hand, it has recently been 

shown that the DPC signals with atomic resolution can be obtained using a multiple quadrant detector. Since it has 

been demonstrated that the DPC signal is a derivative of phase distribution function of an exit wave, the phase 

distribution can be restored by integrating the DPC signal. In this report, we introduce the discrete cosine transform 

(DCT) to integrate the DPC signals for obtaining the phase distribution, because the DCT is consistent with the 

Neumann boundary condition that is applicable to the data observed only in a finite region. In addition, we describe 

the real-time integration method that displays the phase distribution in accord with STEM scanning. After that, using 

the model structure we compare the phase distributions restored by the DCT and the method based on fast Fourier 

transform (FFT). Then, using experimental data obtained from single-layer graphene we will discuss on observation 

of phase objects in atomic resolution.

Observation of Phase Objects 
using STEM - Differential Phase 
Contrast (DPC) Microscopy
$NLPLWVX�,VKL]XND��.D]XR�,VKL]XND���
+5(0�5HVHDUFK�,QF�
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GLVWULEXWLRQ�FDQ�EH�REWDLQHG�E\�LQWHJUDWLQJ�WKH�'3&�VLJQDO��VLQFH�
WKH�'3&�VLJQDO�LV�D�JUDGLHQW�RI�WKH�SKDVH�GLVWULEXWLRQ�IXQFWLRQ��
7KHUHIRUH��'3&�LQ�67(0��67(0�'3&��QRW�RQO\�DOORZV�XV�WR�
detect a phase object, but also gives us an electrostatic potential 
of a sample that is important for analysis of a sample structure, by 
LQWHJUDWLQJ�WKH�'3&�VLJQDO�

On the other hand, the propagation direction of electrons is 
FKDQJHG�E\�/RUHQW]�IRUFH�RI�DQ�HOHFWUR�PDJQHWLF�ILHOG��ZKLFK�
JLYHV�FRQWUDVW�RI�/RUHQW]�PLFURVFRS\�LPDJH�LQ�7(0��6LPLODUO\��
&KDSPDQ�HW�DO�� >�@�VKRZHG�WKDW�HOHFWUR�PDJQHWLF�ÀHOGV�FRXOG�
be observed, if the displacement of the transmission disk 
when the electron beam passes through the sample is detected 
E\�D� VSOLW� GHWHFWRU� DW� HDFK� VFDQQLQJ�SRLQW�RI� WKH�67(0��$�
UHFHQW�VWXG\�RI�PDJQHWLF�ÀHOG�REVHUYDWLRQ�ZLWK�DQ�DEHUUDWLRQ�
corrected STEM was discussed by a group at Glasgow 
8QLYHUVLW\�LQ�-(2/�1HZV�>�@�
,Q�UHFHQW�\HDUV��D�KLJK�VSHHG�SL[HODWHG�GHWHFWRU��)LJ�����H���WKDW�

measures diffraction intensity distribution from each scanning 
point is getting closer to practical use. In this case, since two-
dimensional diffraction intensity is obtained for each two-
GLPHQVLRQDO�VFDQQLQJ�SRLQW��WKH�IRXU�GLPHQVLRQDO��'�67(0�GDWD�
LV�REWDLQHG��7KHQ��D�KLJKO\�DFFXUDWH�'3&�VLJQDO�FDQ�EH�REWDLQHG�
from the centroid of the diffraction intensity distribution of the 
�'�67(0�GDWD��%\�XVLQJ�WKLV�'3&�VLJQDO��LW�LV�DOVR�SRVVLEOH�WR�
obtain the phase distribution in quasi-real-time.

In this report we firstly describe the integration methods 
IRU�REWDLQLQJ�WKH�SKDVH�GLVWULEXWLRQ�IURP�WKH�'3&�VLJQDO��DQG�
WKHQ� LQWURGXFH� WKH�T'3&�>�@��D�'LJLWDO0LFURJUDSK��SOXJ�LQ��
to which the described integration methods are implemented. 
,Q�DGGLWLRQ��ZH�PHQWLRQ�WKH�6'�PRGXOH� WKDW�GLUHFWO\�FDSWXUHV�
VLJQDOV�IURP�D�VHJPHQWHG�GHWHFWRU�LQWR�'LJLWDO0LFURJUDSK��DQG�
SHUIRUPV�SKDVH�LQWHJUDWLRQ�LQ�UHDO�WLPH��DQG�DOVR�WKH��'�67(0�
module that performs quasi-real-time phase integration from 
�'�67(0�GDWD�REWDLQHG�E\�D�SL[HODWHG�GHWHFWRU��7KHQ��ZH�
DSSO\�'3&� LQWHJUDWLRQ� WR� DQ� H[SHULPHQWDO� �'�67(0�GDWD�
obtained from single-layer graphene. Finally, we compare the 
SKDVH�GLVWULEXWLRQ�REWDLQHG�E\�3W\FKRJUDSK\�>�@�ZLWK�WKH�SKDVH�
GLVWULEXWLRQ�REWDLQHG�E\�LQWHJUDWLQJ�WKH�'3&�VLJQDO�

Integration of the DPC signal
$V�GHVFULEHG�DERYH��WKH�'3&�VLJQDO�LV�WKH�JUDGLHQW�RI�D�SKDVH�

distribution function, i.e., differential of the phase distribution 

in two orthogonal directions. Therefore, a phase distribution can 
EH�UHVWRUHG�E\�LQWHJUDWLQJ�WKH�'3&�VLJQDO��)RU�WKLV�SXUSRVH��WKH�
following Fourier transform relationship may be used:

���

+HUH�� � � � � � � � � � � LV� D�)RXULHU� WUDQVIRUP�RI� � � � � � � � �� DQG� FDQ�EH�
efficiently calculated by using a fast Fourier transform (FFT). 
:KHQ�LQWHJUDWLQJ�WKH�'3&�VLJQDO�XVLQJ�WKH�)RXULHU�WUDQVIRUP��
D�VROXWLRQ�WKDW�VLPXOWDQHRXVO\�VDWLVILHV�WKH�WZR�'3&�VLJQDOV�
� � � � � � � � � DQG� � � � � � � � �� VKRXOG�EH� VHDUFKHG��$PRQJ� DQ\� OLQHDU�
FRPELQDWLRQV��&ORVH� HW� DO�� >��@�PXOWLSOLHG�RQH�RI� WKH�'3&�
signals by an imaginary unit i ��ZH�FDOO�WKLV�PHWKRG�))7����

���
 
2Q�WKH�RWKHU�KDQG��D�3RLVVRQ�HTXDWLRQ�IRU�WKH�SKDVH�GLVWULEXWLRQ�
�����������FDQ�EH�REWDLQHG�ZKHQ�ZH�GLIIHUHQWLDWH�WKH�WZR�'3&�VLJQDOV�
and add them together:

���

In general, it is necessary to assume a boundary conditions to 
VROYH�D�3RLVVRQ�HTXDWLRQ��/D]LF�HW�DO�� >��@�SURSRVHG�D�PHWKRG�
using an FFT that assumes periodic boundary conditions (we 
FDOO� WKLV�PHWKRG�))7�����,W�PD\�EH�QRWHG�KHUH�WKDW�ZH�REVHUYH�
WKH�'3&�VLJQDO� WKDW� LV� WKH�GHULYDWLYH�RI� WKH� IXQFWLRQ� WR�EH�
REWDLQHG��7KHUHIRUH�� LW� VKRXOG�EH�EHWWHU� WR�XVH� WKH�1HXPDQQ�
boundary condition that assumes the derivative at the boundary. 
7KHQ��WKH�GLVFUHWH�FRVLQH�WUDQVIRUP��'&7��FDQ�EH�XVHG�WR�VROYH�
WKH�3RLVVRQ�HTXDWLRQ�XQGHU�1HXPDQQ�ERXQGDU\�FRQGLWLRQV�>��@�

���

+HUH��'&7  indicates the discrete cosine transform, and
�����������������������������������:H�KDYH�LPSOHPHQWHG�WKH�'&7�EDVHG�
VROXWLRQ�IRU�LQWHJUDWLQJ�WKH�'3&�VLJQDO�WR�WKH�T'3&�>��@�
1RZ��ZH�VKRZ� WKH�VXSHULRULW\�RI� WKH�'&7�VROXWLRQ� WR� WKH�

FFT solutions using a synthetic model. Figure 2 (a) shows the 
PRGHO�GLVWULEXWLRQ��DQG�)LJV�����E��DQG��F��VKRZ�WKH�GLIIHUHQFHV�
�'3&[��'3&\��RI� WKH�PRGHO�GLVWULEXWLRQ� LQ� WZR�GLUHFWLRQV�DV�
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(e)

(c)(b)

Detectors
Split 

(d)

BF
Detector

Fig. 1   Schematic diagram for differential phase contrast (DPC)

In DPC, all transmitted electrons are detected by a split detector as shown 
in (a). Using the difference signal between two segments the structure of a 
phase object that changes perpendicular to the bisector is observed. By using 
a four-segment detector as shown in (b), it is possible to measure orthogonal 
DPC signals in two directions simultaneously with a single beam scan. (c) and 
(d) show a double quadrant (eight-segment) and annular quadrant detectors, 
respectively, which are commercially available. (e) illustrates schematically a 
pixelated detector, in which more pixels actually exist.
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an approximation of the derivative. Then, we added a random 
QRLVH�RI�������RI�WKH�GDWD�UDQJH�WR�WKHVH�GLIIHUHQFHV�DV�VKRZQ�
in (d) and (e), which were used as the model of observed 
'3&�VLJQDOV��$�UHFRQVWUXFWHG�PRGHO�GLVWULEXWLRQ�REWDLQHG�E\�
LQWHJUDWLQJ� WKH�QRLVH�DGGHG�'3&[�DQG�'3&\�XVLQJ� WKH�'&7�
is shown in Fig. 3 (a). For comparison, model distributions 
REWDLQHG�E\�XVLQJ� WZR�))7�PHWKRGV�DUH�VKRZQ� LQ�)LJ���� �E��
DQG��F��� ,Q� WKH� ORZHU�SDUW�RI�)LJ���� �G�� WR� �I��� VKRZ�WKH�HUURU�
in each reconstruction from the model distribution. You may 
note that in the reconstructions with the FFT there are gradual 
fluctuations originated from inappropriate periodic boundary 
FRQGLWLRQV�� ,Q�FRQWUDVW�� WKH� UHFRQVWUXFWLRQ�ZLWK� WKH�'&7�WKDW�
HPSOR\V� WKH�1HXPDQQ�FRQGLWLRQV�XVLQJ� WKH�GLIIHUHQWLDO�DW� WKH�
boundary, does not show any appreciable deviation from the 
model. For this reason, the error in the reconstruction with 

WKH�'&7� LV�GLVSOD\HG�DIWHU�PXOWLSOLHG�E\�����ZKLFK� VKRZV�
ÁXFWXDWLRQ�HTXLYDOHQW�WR�WKH�UDQGRP�QRLVH�DGGHG�WR�WKH�VLJQDO��
:H�PD\�QRWH�KHUH�WKDW�WKH�UHVXOWV�REWDLQHG�E\�WKH�'&7�DV�ZHOO�
DV�WZR�))7V�DUH�VPRRWK��ZKLFK�PHDQV�WKH�LQÁXHQFH�RI�UDQGRP�
QRLVH�DGGHG� WR� WKH�'3&�VLJQDO� LV�PRVWO\�VXSSUHVVHG��$V�ZLOO�
be described later, using this observation, we can obtain a 
noise suppressed electric / magnetic field by differentiating 
the restored phase distribution obtained by integrating an 
H[SHULPHQWDO�'3&�VLJQDO�

The integration method described above can be applied 
only after the whole data are collected at the end of scanning. 
+RZHYHU�� WKH�'3&� VLJQDOV� FDQ�EH�SURJUHVVLYHO\�GLVSOD\HG�
DFFRUGLQJ� WR� VFDQQLQJ� DV� RWKHU� 67(0� VLJQDOV��:KHQ� WKH�
phase distribution is displayed in live mode, the throughput of 
H[SHULPHQW�ZLOO�EH�VLJQLÀFDQWO\�LPSURYHG��,I�WKHUH�LV�QR�QRLVH�LQ�

(b) FFT-1(a) DCT

x10

(c) FFT-2

(d) (e) (f)

(a)  Model (b) DPCx (c) DPCy

Add 10% noise

(d) (e)

Fig. 3   Phase distributions restored by integration

Fig. 2   Model for evaluating the integration method

(a): Phase distribution restored by discrete cosine transform 
(DCT). (b) and (c): Phase distributions restored by two fast 
Fourier transforms, FFT-1 and FFT-2, respectively. Errors of the 
reconstructed phase distributions from the model function are 
shown in (d) to (f), respectively. Since the phase distribution 
reconstructed by DCT is very close to the model function, 
the error (d) is displayed after multiplied by 10. On the other 
hand, the phase distributions restored by the two FFTs show 
additional slow variations, which result from the failure of the 
periodic boundary condition. 

(a): Model distribution function (256 × 256 pixels). (b) and (c): 
Ideal DPC signals, namely differences of model distribution 
function along two perpendicular directions that approximate 
the derivatives. (d) and (e): Noise added derivatives that 
emulate experiment DPC signals. We attempt to restore the 
model function from the noise added derivative. 
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WKH�'3&�VLJQDO��D�SKDVH�GLVWULEXWLRQ�PD\�EH�REWDLQHG�E\�VLPSO\�
DGGLQJ�WKH�'3&�VLJQDOV�VHTXHQWLDOO\�LQ�WKH�VFDQQLQJ�GLUHFWLRQ��
+RZHYHU�� WKHUH� LV�QR�H[SHULPHQWDO�GDWD�ZLWKRXW�QRLVH��:KHQ�
ZH�VLPSO\�DGG�WKH�QRLVH�DGGHG�'3&�VLJQDOV��VKRZQ�LQ�)LJ�����
in the horizontal direction, the pronounced horizontal stripes 
become visible as shown in Fig. 4� �D���+HUH�� WKH�UHODWLRQVKLS�
between the horizontal scan lines is determined by adding the 
OHIWPRVW�YHUWLFDO�'3&�VLJQDO�� ,Q�FRQWUDVW��ZH�FDQ�REWDLQ�)LJ��
�� �E���ZKHQ�ZH�HVWLPDWH� WKH�YDOXH�RI� WKH�QHZ�VFDQQLQJ�SRLQW�
IURP�WKH�DYHUDJH�RI� WKH� WZR�GHULYDWLYHV� �'3&�VLJQDOV��DW� WKH�
point directly above and the point immediately before. The 
reconstructed phase is considerably improved compared to (a), 
although a slowly varying faint pattern appears from top-left to 
ERWWRP�ULJKW��7KLV�HQFRXUDJHV�XV�WR�XVH�PRUH�WKH�'3&�VLJQDOV�WR�
HVWLPDWH�WKH�SKDVH�DW�D�QHZ�VFDQQLQJ�SRLQW�RI�LQWHUHVW��+HUH��ZH�
use the fact that all points on the preceding scan line have been 
already integrated and thus their values have been determined, 
and that all derivatives on the current scan line are known. 
Then, using a set of horizontal derivatives on the left and right 
of the scanning point of interest and a set of vertical derivatives 
between the previous and current scanning lines, we estimate an 
integrated value of the said scanning point by the least square 
PHWKRG� >��@�� ,Q�)LJ���� �F��� WKH�SKDVH�YDOXH�RI� WKH� VFDQQLQJ�
point is determined from the four horizontal and five vertical 
GHULYDWLYHV� �WKH� WRWDO�RI�QLQH�'3&�VLJQDOV���)URP�)LJ���� �G���
which shows the error between the model distribution and this 
integral, it can be seen that the model distribution is determined 
VXIÀFLHQWO\�ZHOO�ZLWKRXW�LQÁXHQFH�RI�QRLVH�

About qDPC Capability
7KH�T'3&� >�@� LV� D� SOXJ�LQ� IRU�'LJLWDO0LFURJUDSK��� DQG�

LPSOHPHQWV� WKH�RIIOLQH� FDSDELOLWLHV�RI� LQWHJUDWLQJ� WKH�'3&�
VLJQDOV�GLVFXVVHG�DERYH��1DPHO\�� WKH�T'3&�KDV�WKH�IROORZLQJ�
features:
���)XQFWLRQV� WR� FUHDWH� WKH�'3&�VLJQDO� IURP� WKH� VLJQDOV�RI� D�

quadrant detector
���)XQFWLRQV� WR�FDOFXODWH�SKDVH�GLVWULEXWLRQ�E\�'&7�IURP� WKH�
'3&�VLJQDO

���8WLOLWLHV�WR�FRUUHFW�WKH�'3&�VLJQDO

In addition, it is possible to evaluate the phase calculated by FFT 
and the real-time integration routine.
$W� ILUVW�� ZH� GHVFULEH� WKH� XWLOLWLHV� WR� FRUUHFW� WKH�'3&�

VLJQDO��6RPH�GHÀFLHQFLHV� WKDW�DUH�QRW�GLVFHUQLEOH� LQ� WKH�'3&�
signal becomes remarkable when the phase distribution is 
REWDLQHG�E\�LQWHJUDWLQJ� WKH�'3&�VLJQDO��)RU�H[DPSOH��D�VPDOO�
adjustment error to the dark level of the segmented detector or 
misalignment of the transmitted wave on the detector results 
LQ� D� FRQVWDQW� LPEDODQFH� LQ� WKH�'3&� VLJQDO��$OWKRXJK� WKLV�
imbalance is not visually detectable, it introduces a distinct 
SKDVH�JUDGLHQW�ZKHQ�WKH�'3&�VLJQDO�LV�LQWHJUDWHG��,Q�DGGLWLRQ��
LI�DQ�DGMXVWPHQW�RI� WKH�EHDP�GHÁHFWLRQ�V\VWHP�LV� LQDFFXUDWH��
the transmitted wave moves on the detector according to the 
EHDP�VFDQQLQJ��:KHQ� WKLV�PRYHPHQW� LV� OLQHDU�ZLWK� UHVSHFW�
WR� WKH� VFDQQLQJ� SRVLWLRQ�� D� VORSH�ZLOO� DSSHDU� LQ� WKH�'3&�
signal. Since a linear function becomes a quadratic function 
E\� LQWHJUDWLRQ�� D� VOLJKWO\� LQFOLQHG�SODQH� LQ� WKH�'3&�VLJQDO�
may give a remarkable parabolic surface in the integrated 
SKDVH��7KHUHIRUH�� WKH�T'3&�SURYLGHV� WKH�RII�OLQH�IXQFWLRQV�RI�
FRUUHFWLQJ�D�FRQVWDQW�YDOXH�DQG�RU�D�FRQVWDQW�VORSH�IURP�D�'3&�
signal.
:KHQ�SHUIRUPLQJ� WKH� LQWHJUDWLRQ�� WKH�FRRUGLQDWH�V\VWHP�RI�

WKH�'3&�VLJQDO��QDPHO\� WKH� URWDWLRQ�DQJOH�RI� WKH�VHJPHQWHG�
detector, should coincide with the coordinates of STEM 
LPDJHV��QDPHO\� WKH�VFDQQLQJ�V\VWHP��$OVR��ZKHQ�GLVSOD\LQJ�
HOHFWULF�RU�PDJQHWLF�ÀHOG�YHFWRUV�RQ�D�67(0�LPDJH�EDVHG�RQ�
'3&�VLJQDOV��WKH�RULHQWDWLRQ�RI�WKH�VHJPHQWHG�GHWHFWRU�VKRXOG�
be known in terms of the STEM image coordinate. For this 
reason, when the segmented detector is installed, the direction 
of the deflection system is made to match the coordinates of 
the segmented detector for some camera lengths, or the mutual 
angle between them is measured and stored as correction data 
for a later use. In an actual experiment, the operator often 
rotates the direction of the scanning system, i.e., the STEM 
image, with respect to the direction of the sample orientation. 
Therefore, this ad hoc image rotation should be also considered 
LQ� WKH�UHODWLRQVKLS�EHWZHHQ�WKH�FRRUGLQDWHV�RI� WKH�'3&�VLJQDO�
and the image system. Since the rotation adjustment of the 
'3&�VLJQDO� LV� VR� LPSRUWDQW�� WKH�T'3&�KDV� WKH� IXQFWLRQ� WR�
GHWHUPLQH� WKH� URWDWLRQ�DQJOH� IURP� WKH�DFTXLUHG�'3&�VLJQDO�

(a) 

(d) (c) 

(b) 

Fig. 4   Phase distribution restored by real-time integration

a): The DPC signals are simply added in the scanning direction (horizontal). Pronounced 
horizontal stripes result from the added noise. (b): The value of a scanning point is obtained 
by averaging two DPC signals at the directly preceding point and the directly above point. 
Although weak oblique stripes appear, the restored phase is significantly improved. (c): The 
value of a scanning point is obtained using four horizontal and five vertical (total of nine) DPC 
signals in a least-square sense (see text). The error from the model distribution is shown in 
(d), which demonstrates that the model distribution is obtained without influenced by added 
noise. 
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LWVHOI��+HUH��ZH�XVH� WKH� IROORZLQJ�DWWULEXWH�RI� LQWHJUDWLRQ�RI�
WKH�'3&�VLJQDO��:KHQ�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�FRRUGLQDWH�
systems is correct, the differential of the integration of 
WKH�'3&�VLJQDO� VKRXOG� UHSURGXFH� WKH�RULJLQDO�'3&�VLJQDO��
&RQWUDU\�� LI� WKH� UHODWLRQVKLS�EHWZHHQ� WKH�FRRUGLQDWH�V\VWHPV�
LV�QRW�FRUUHFW�� WKH� LQWHJUDWLRQ�RI� WKH�'3&�VLJQDO�ZLOO�QRW�EH�
performed correctly, and thus the differential of the phase 
GLVWULEXWLRQ�ZLOO�QRW�UHSURGXFH�WKH�RULJLQDO�'3&�VLJQDO��8VLQJ�
WKLV�SURSHUW\��ZH�URWDWH� WKH�REVHUYHG�'3&�VLJQDO�DV�D�YHFWRU��
integrate the rotated signal to obtain the phase distribution, and 
GLIIHUHQWLDWH�WKH�SKDVH�GLVWULEXWLRQ�WR�REWDLQ�DQ�HPXODWHG�'3&�
signal. Finally, we calculate the sum of squared difference 
�66'��EHWZHHQ� WKH�HPXODWHG�DQG� WKH�RULJLQDO�'3&�VLJQDOV��
Since the differential of the integrated signal returns to the 
original signal at the correct rotation angle for a noiseless data, 
WKH�DQJOH� WKDW�PLQLPL]HV� WKH�66'�ZRXOG� LQGLFDWH� WKH�URWDWLRQ�
angle for the real-world data (See Fig. 6).

SD module
7KH�T'3&�KDV�WKH�RSWLRQDO�RQ�OLQH�PRGXOH��WKH�6'�PRGXOH��

where the signals from a segmented detector are acquired 
LQ� UHDO� WLPH�XVLQJ�*DWDQ
V�'LJL6FDQTM� ,,��+HUH�� WKH� SKDVH�
distribution is obtained by using the real-time integration 
URXWLQH�RI�WKH�T'3&��DQG�GLVSOD\HG�DFFRUGLQJ�WR�WKH�SURJUHVV�
RI� WKH� VFDQ�� 6LQFH� WKH�'LJL6FDQTM II is usually used to 
FDSWXUH� WKH�%)�DQG�RU�+$$')�VLJQDOV��ZH�DGG�'LJL6FDQTM 
II to collect the signals from the segmented detector and 
WUDQVIHUUHG� WKHP� LQ� OLYH� WR�'LJLWDO0LFURJUDSK��DV�VKRZQ� LQ�
Fig. 5��,Q�WKH�FDVH�RI�WKH�6$$)�2FWD��ZKLFK�LV�D�FRPPHUFLDO�
GRXEOH� TXDGUDQW� GHWHFWRU� IURP� -(2/�� LW� LV� SRVVLEOH� WR�
DFTXLUH� HLJKW� VLJQDOV� VLPXOWDQHRXVO\�XVLQJ� WZR�'LJL6FDQTM 
,,� �*DWDQ�0LFURVFRS\� 6XLWH�� �*06�� ���� VXSSRUWV� XS� WR�
IRXU�'LJL6FDQTM� ,,���+HUH�� WKH�'3&�VLJQDOV�DUH� V\QWKHVL]HG�
IURP�WKH�VLJQDOV�FDSWXUHG� LQWR� WKH�'LJLWDO0LFURJUDSK��� WKHQ�
they are integrated in real time, and a phase distribution is 
displayed in accord with the scanning (see Fig. 10). The 
phase distribution obtained by real-time integration makes it 
possible to evaluate the sample and experimental conditions 
LQ� OLYH�PRGH�� DQG� WKXV� ZH� H[SHFW� WKH� 6'�PRGXOH� ZLOO�
substantially accelerate the experiment. It is also possible 
WR� REWDLQ� D�PRUH� DFFXUDWH� SKDVH� GLVWULEXWLRQ� E\� WKH�'&7�
integration just after the completion of scanning.

4D-STEM module
7KH�T'3&�KDV�DOVR�DQRWKHU�RSWLRQDO�H[WHQVLRQ��WKH��'�67(0�

PRGXOH�� IRU�D�SL[HODWHG�GHWHFWRU��7KH��'�67(0�PRGXOH�KDV�
DQ�RIIOLQH�IXQFWLRQ� WKDW�FDOFXODWHV�'3&�VLJQDOV� IURP�H[LVWLQJ�
�'�67(0�GDWD��2QFH� WKH�'3&�VLJQDO� LV�REWDLQHG� IURP� WKH�
�'�67(0�GDWD��WKH�SKDVH�GLVWULEXWLRQ�FDQ�EH�FDOFXODWHG�RIÁLQH�
XVLQJ� WKH�T'3&� IXQFWLRQ��7KH��'�67(0�PRGXOH�KDV� DOVR�
DQ�RQOLQH� IXQFWLRQ� WKDW�FDOFXODWHV�'3&�VLJQDOV� MXVW�DIWHU� WKH�
completion of each scan, and obtains the phase distribution in 
TXDVL�UHDO�WLPH�XVLQJ�WKH�'&7��,Q�WKH�FDVH�RI�WKH��'&DQYDVTM, 
D�FRPPHUFLDO�SL[HODWHG�GHWHFWRU�RI� -(2/�� WKH�'3&�VLJQDOV�
become available immediately after the completion of scanning, 
DQG�WKHUH�LV�QR�QHHG�WR�FDOFXODWH�WKH�'3&�VLJQDO�IURP��'�67(0�
data. Therefore, a high-precision phase distribution can be 
REWDLQHG� E\� WKH�'&7� LQWHJUDWLRQ� MXVW� DIWHU� WKH� VFDQQLQJ��
which makes it possible to judge the sample and experimental 
conditions, and thus greatly facilitates the experiment.

Results and Discussion
8S� WR�QRZ�� WKH� LQWHJUDWLRQ�PHWKRG�RI� WKH�'3&�VLJQDO�KDV�

EHHQ�VWXGLHG�ZLWK�D�PRGHO� VWUXFWXUH��+HUH��ZH�FRPSDUH� WKH�
'&7�DQG�))7� LQWHJUDWLRQ�RI� WKH� LGHDO�'3&�VLJQDO��ZKLFK� LV�
obtained as the centroid of the diffraction intensity acquired 
ZLWK�D�SL[HODWHG�GHWHFWRU��QDPHO\�WKH��'&DQYDVTM provided by 
-(2/��7KH��'�67(0�GDWD�XVHG�KHUH� LV�REWDLQHG�IURP�VLQJOH�
OD\HU�JUDSKHQH�REVHUYHG�DW����N9�E\��'&DQYDVTM attached to a 
-(2/�-(0�$50���)��DQG�WKH�QXPEHU�RI�SL[HOV�LV�����ð������
)LJV�����D��DQG��E��VKRZ�WKH�'3&�VLJQDOV��WKH�FHQWURLG�RI� WKH�
GLIIUDFWLRQ�LQWHQVLW\��FDOFXODWHG�IURP�WKH��'�67(0�GDWD�LQ�WKH�
FDPHUD�FRRUGLQDWH�V\VWHP��7KH�'3&�VLJQDOV�LQ��F��DQG��G��DUH�
REWDLQHG�E\�URWDWLQJ� WKH�UDZ�'3&�VLJQDOV�� �D��DQG��E���E\����
GHJUHHV�XVLQJ�WKH�IXQFWLRQ�RI�WKH�T'3&�PHQWLRQHG�DERYH��7KH�
SKDVH�GLVWULEXWLRQV�REWDLQHG�E\�WKH�'&7�DQG�WKH�))7���XVLQJ�
WKH�'3&�VLJQDO�DIWHU�URWDWLRQ�FRUUHFWLRQ�DUH�VKRZQ�LQ��H��DQG��I���
UHVSHFWLYHO\��%\�FRPSDULVRQ�EHWZHHQ� WKH� WZR�� LW�FDQ�EH�VHHQ�
that the remarkable difference appears in the upper right corner 
of the phase distributions. In this example, unfortunately 
multilayer graphene is present at three corners except the upper 
right of the observation area. Therefore, the periodic boundary 
condition assumed in the FFT breaks down considerably, and a 
false image contrast appears at the upper right corner in FFT-

SAAF Octa

DigiScanTM II 1

DigiScanTM II 2

DigiScanTM II 3

BF, ADF etc.

Inner

Outer
DigiScanTM II 4

qDPC
SD Module

Gatan
DigitalMicrograph®

Fig. 5  SD module

The signals from the segmented detector are taken into DigitalMicrograph® using multiple DigiScanTM lls (Gatan), and the DPC signals are synthesized. Then, the phase 
distribution obtained from of the DPC signals by real-time integration is displayed in accord with the scanning. In the case of SAAF Octa, a commercial segmented detector of 
JEOL, it is possible to acquire eight signals simultaneously using two DigiScanTM  ll. (See Fig. 10). 
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���FRQVXOW�FRPSDULVRQ�ZLWK�3W\FKRJUDSK\�LQ�Fig. 9���1RWH�WKDW�
a clear six-membered ring like in (e) and (f) does not appear 
ZKHQ�WKH�SKDVH�GLVWULEXWLRQ�LV�REWDLQHG�IURP�DV�DFTXLUHG�'3&�
signals, (a) and (b).
1H[W��ZH� FRPSDUH� WKH� SKDVH�GLVWULEXWLRQV� UHFRQVWUXFWHG�

IURP� WKH�HPXODWHG�'3&�VLJQDOV� IRU� WKH�GLIIHUHQW� VHJPHQWHG�
GHWHFWRUV�XVLQJ� WKH� VDPH��'�67(0�GDWD��Figure 7 (a) and 
�E�� VKRZ� WKH�SKDVH�GLVWULEXWLRQV�REWDLQHG�E\�'&7�IURP� WKH�
'3&�VLJQDOV� HPXODWHG� IRU� D�TXDGUDQW� DQG�DQQXODU�TXDGUDQW�
detectors, respectively. The both phase distributions are very 
VLPLODU� WR� WKH�RQH�VKRZQ�LQ�)LJ�����H��REWDLQHG�IURP�WKH�'3&�
signal estimated as the centroid of the diffraction intensity. The 
KLVWRJUDPV�RI� WKH�SKDVH�GLVWULEXWLRQV�RI�)LJ�����H��DQG�)LJV����
(a) and (b) are shown in Figs. 8 (a), (b) and (c), respectively. 
The histogram (c) obtained from the annular quadrant detector 
is very similar to the result (a) obtained from the pixelated 
GHWHFWRU��)LJXUH���DOVR�VKRZV�FRUUHODWLRQ�GLDJUDPV�RI�WKH�SKDVH�
GLVWULEXWLRQV�RI�)LJV���� �D��DQG� �E��ZLWK� UHVSHFW� WR� WKH�SKDVH�
GLVWULEXWLRQ�VKRZQ�LQ�)LJ�����H���7KH�FRUUHODWLRQ�GLDJUDP�DOVR�
GHPRQVWUDWHV�WKDW�WKH�SKDVH�GLVWULEXWLRQ�RI�)LJ�����E��REWDLQHG�
from the annular quadrant detector is very close to the phase 
GLVWULEXWLRQ�RI�)LJ�����H��REWDLQHG�IURP�WKH�SL[HODWHG�GHWHFWRU��
:H�PD\�QRWH�WKDW�WKH�SKDVH�FKDQJH�IURP�VLQJOH�OD\HU�JUDSKHQH�
KDV�EHHQ�PHDVXUHG�E\�HOHFWURQ�KRORJUDSK\�DV���������PUDG�
>��@��7KH�ZLGWKV�RI�WKH�PDLQ�SHDN�RI�WKH�KLVWRJUDPV�VKRZQ�LQ�
)LJ�����D��DQG��F��DUH�DERXW����PUDG��ZKLFK�FORVHO\�FRUUHVSRQGV�
WR� WKH� UHVXOW�PHDVXUHG�E\�HOHFWURQ�KRORJUDSK\��+RZHYHU��DQ�
atomic resolution phase distribution as obtained here is not 
UHSRUWHG� LQ� >��@��7KLV�VHHPV� WR�EH�EHFDXVH� WKH�'3&�LV�PRUH�
immune to quantum noise.
1RZ�� WKH� SKDVH�GLVWULEXWLRQ�REWDLQHG�E\�XVLQJ� WKH�'3&�

signal will be compared with the phase distribution obtained 
E\�3W\FRJUDSK\��)LJXUH����D��VKRZV� WKH�SKDVH�GLVWULEXWLRQ�RI�
VLQJOH�OD\HU�JUDSKHQH�REWDLQHG�E\�3W\FKRJUDSK\�IURP�WKH�VDPH�
�'�67(0�GDWD� >��@��7KH�SKDVH�GLVWULEXWLRQ�RI�3W\FKRJUDSK\�
LV�FORVH�WR�WKH�UHVXOW�RI�WKH�'&7��)LJ�����H����DQG�WKH�DEQRUPDO�
FRQWUDVW� DV� VKRZQ� LQ� WKH� UHVXOW�RI� WKH�))7� �)LJ���� �I���GRHV�
QRW�DSSHDU�DW�WKH�XSSHU�ULJKW��+RZHYHU��WKH�'&7�UHVXOW�VKRZV�
a slight contrast change in the single-layer graphene region, 
and the contrast of the multilayer graphene regions is slightly 
GLIIHUHQW� IURP� WKH�3W\FKRJUDSK\� UHVXOW�� 6LQFH� WKH�'&7�RU�
FFT integration includes a division by frequency during the 
processing, low frequencies are apt to be emphasized. Figure 
�� �E�� VKRZV� WKH�SKDVH�GLVWULEXWLRQ�ZKHUH� WKH� ORZ�IUHTXHQF\�
LV� VOLJKWO\� DWWHQXDWHG� IURP� WKH�'&7� UHVXOW��ZKLFK�EHFRPHV�
FORVHU� WR� WKH�RQH�REWDLQHG�E\�3W\FKRJUDSK\��:H�KDYH�DOUHDG\�
FRQÀUPHG�WKDW� WKH�SKDVH�GLVWULEXWLRQV�REWDLQHG�IURP�WKH�'3&�
VLJQDOV�FRUUHVSRQGLQJ� WR� WKH�VHJPHQWHG�GHWHFWRUV� �)LJ�����DUH�
VLPLODU�WR�WKH�SKDVH�GLVWULEXWLRQ�REWDLQHG�IURP�WKH�'3&�VLJQDO�
HVWLPDWHG�IURP�WKH�SL[HODWHG�GHWHFWRU��)LJ�����H����7KHUHIRUH��LW�
has been demonstrated that the phase distribution that is used 
for a practical application can be obtained by integrating the 
'3&�VLJQDO�IURP�WKH�VHJPHQWHG�GHWHFWRU��$V�LQWURGXFHG�LQ�WKH�
next section, the phase distribution can be observed in live 
PRGH�E\�XVLQJ� WKH�'3&�VLJQDO� IURP�WKH�VHJPHQWHG�GHWHFWRU��
&RQWUDU\��3W\FKRJUDSK\� LV�QRW� VXLWDEOH� WR�REWDLQ� WKH�SKDVH�
distribution in real-time, since it requires a two-dimensional 
)RXULHU� WUDQVIRUP�DW�HDFK�GLIIUDFWLRQ�SRLQW�RI� WKH��'�67(0�
GDWD�>�@�
)LQDOO\��ZH�ZLOO� VKRZ� WKH�6'�PRGXOH� DSSOLHG� WR� -(2/�

6$$)�2FWD��ZKHUH� WKH�SKDVH� LV�GLVSOD\HG�DFFRUGLQJ� WR� WKH�
scan as described in the section for the real time integration 
PHWKRG��)LJXUH����LV�D�VFUHHQVKRW�DW�WKH�WLPH�WKH�6'�PRGXOH�LV�
RSHUDWLQJ��ZKHUH� WKH�VDPSOH� LV�672�>6U7L2�@��7KH�XSSHU�SDUW�

(e) (f)

(c) (d)

(a) (b)

(a) (b)

Fig. 6   Phase distributions restored from 
the DPC signal obtained from the 
pixelated detector

The integration methods were compared using an ideal DPC signal obtained 
as the centroid of the diffraction intensity of 4D-STEM data. The sample 
was single-layer graphene, and 4D-STEM data was acquired by 4DCanvasTM 

mounted on JEM-ARM200F. Top (a and b): DPC signals in two directions 
calculated from the 4D-STEM data in the camera coordinate system. Middle 
(c and d): DPC signals in the scanning direction, where the DPC signals are 
rotated by 31 degrees using the DPC signal correction function. Bottom (e 
and f): Phase distributions obtained by DCT and FFT-2, respectively, from the 
rotated DPC signals. A remarkable difference between two phases appears in 
the upper right, which result from the failure of the periodic boundary condition 
assumed by FFT (cf. Fig. 9).
Experimental conditions: JEM-ARM200F (acceleration voltage 80 kV, 
magnification 50M), 4DCanvasTM (264 × 66 pixels (binning 4), 4,000 fps), 
number of scan points 256 × 256, data acquisition time 16s. 

The DPC signals were emulated for a quadrant detector (a) and an annular-quadrant 
detector (b) from the 4D-STEM data used in Fig. 6. The phase distributions 
obtained by the DCT from the DPC signals for the quadrant and annular-quadrant 
detectors are very close to the phase distribution shown in Fig. 6 (e).

Fig. 7   Phase distributions obtained from 
the DPC signals emulated for the 
segmented detectors
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displays four signals from the inner or outer quadrant detector, 
and the lower part from the left corresponds to two synthesized 
'3&�VLJQDOV�� D�SKDVH�GLVWULEXWLRQ� LQWHJUDWHG� LQ� UHDO� WLPH�� D�
VLPXOWDQHRXVO\�DFTXLUHG�+$$')�LPDJH��DQG�DQ�HOHFWULF�ÀHOG�
PDS� LQ�FRORU�GLVSOD\�PRGH��$OWKRXJK�QR�FRQWUDVW� LV�YLVLEOH�
DW� WKH� SRVLWLRQ� RI� R[\JHQ� LQ� WKH�+$$')� LPDJH�� FRQWUDVW�
IURP�R[\JHQ�DSSHDUV� LQ� WKH�'3&�VLJQDO��SKDVH�GLVWULEXWLRQ��
DQG�HOHFWULF�ÀHOG�PDS��7KH�HOHFWULF�ÀHOG�YHFWRU�KHUH�XVHV� WKH�

derivative of the phase distribution instead of the observed 
'3&�VLJQDO��7KHUHIRUH�� WKH�UDQGRP�QRLVH� LQ� WKLV�HOHFWULF�ÀHOG�
PDS�LV�UHGXFHG�FRPSDUHG�WR�WKH�FDVH�ZKHUH�WKH�REVHUYHG�'3&�
signal is displayed. This is because the influence of random 
QRLVH� LQFOXGHG� LQ� WKH�REVHUYHG�'3&�VLJQDO� LV� VXSSUHVVHG�E\�
WKH� LQWHJUDWLRQ�DV�GHVFULEHG�EHIRUH��$OWKRXJK� WKLV� UHDO�WLPH�
integration can be done in live, the integrated phase is an 
approximate solution, and does not simultaneously satisfy 
WKH�HQWLUH�'3&�VLJQDO� FRQWUDU\� WR� WKH� VROXWLRQ�RI� WKH�'&7��
1HYHUWKHOHVV�� WKH� UHDO�WLPH� LQWHJUDWLRQ�ZLOO� DFFHOHUDWH� WKH�
H[SHULPHQW�VLJQLÀFDQWO\��VLQFH� LW�JLYHV�D�VXIÀFLHQWO\�DFFXUDWH�
phase distribution, from which the sample and experimental 
conditions can be safely evaluated. 

In Conclusion
'LIIHUHQWLDO�SKDVH�FRQWUDVW��'3&��XVLQJ�D�WZR�VHJPHQW��VSOLW��

detector has been proposed as a method of observing a phase 
object in scanning transmission electron microscopy (STEM). 
)URP� WKH�'3&�VLJQDO�ZH�FDQ�REWDLQ� WKH�SKDVH�GLVWULEXWLRQ��
VLQFH�WKH�'3&�VLJQDO�LV�D�GHULYDWLYH�RI�WKH�SKDVH�GLVWULEXWLRQ��,Q�
WKLV�UHSRUW��ZH�LQWURGXFHG�WKH�GLVFUHWH�FRVLQH�WUDQVIRUP��'&7��
as a method of integration to obtain the phase distribution 
XVLQJ�WKH�1HXPDQQ�ERXQGDU\�FRQGLWLRQ��ZKLFK�LV�QRW�DIIHFWHG�
E\�WKH�ERXQGDU\�RI�GDWD�DFTXLUHG�LQ�D�ÀQLWH�LQWHUYDO�LQ�FRQWUDVW�
to the method based on the fast Fourier transform (FFT) that 
XVHV� D�SHULRGLF�ERXQGDU\�FRQGLWLRQ��:H�DOVR�GHVFULEHG� WKH�
real-time integration method that displays the phase in accord 
with the scanning of the STEM. Then, we examined the 
SKDVH�GLVWULEXWLRQV�REWDLQHG�E\�'&7�IURP� WKH�'3&�VLJQDOV�
emulated for the segmented detectors using experimental data 
of single-layer graphene obtained by a pixelated detector, 
�'&DQYDVTM. In addition, we compared the phase distribution 
REWDLQHG�E\�'3&�ZLWK�WKH�RQH�REWDLQHG�E\�3W\FKRJUDSK\��DQG�
demonstrated that the segmented detector provides a phase 
distribution that can be used for a practical application. The 
phase distribution can be observed in real time by using the 
'3&�VLJQDO�IURP�D�VHJPHQWHG�GHWHFWRU��ZKLOH�3W\FKRJUDSK\�LV�
not suitable for real-time application, since it requires a large 

Processed by R. Sagawa (JEOL)

(b)(a)

(a) Pixel

mrad

(b) Split

(c) Annular Split

(a): Phase distribution of single-layer graphene obtained by Ptychography. (b): 
Phase distribution obtained by slightly attenuating low frequencies of Fig. 6 
(e). The distribution especially at multilayer graphene regions becomes more 
similar to (a). This demonstrates that a practically acceptable phase distribution 
can be obtained using the DPC signal from a segmented detector. 

Fig. 8   Comparison of phase distributions 
obtained from the DPC signals of 
various detectors

(a): Histogram of the phase distribution of Fig. 6 (e). (b) and (c): Histograms of 
the phase distributions of Figs. 7 (a) and (b), respectively, where the correlation 
diagrams with the phase distribution of Fig. 6 (e) are also shown. The histogram 
and correlation diagram demonstrate that the phase distribution of the annular 
quadrant detector is close to that of the pixelated detector. The horizontal axis 
of the phase histogram is mrad. 

Fig. 9   Comparison of the phase 
distributions obtained by 
Ptychography and DPC integration
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DPRXQW�RI�FDOFXODWLRQ��:H�LQWURGXFHG�DOVR�WKH�6'�PRGXOH�WKDW�
DFTXLUHV� WKH�VLJQDO�IURP�D�VHJPHQWHG�GHWHFWRU��VXFK�DV�6$$)�
2FWD��XVLQJ�*DWDQ
V�'LJL6FDQTM� ,,��FDOFXODWHV� WKH�'3&�VLJQDOV�
and displays the phase distribution in live mode. Furthermore, 
ZH�LQWURGXFHG� WKH��'�67(0�PRGXOH� WKDW�GLVSOD\V� WKH�SKDVH�
GLVWULEXWLRQ�IURP�WKH��'�67(0�GDWD�LQ�TXDVL�UHDO�WLPH��QDPHO\�
LPPHGLDWHO\�DIWHU� WKH�HQG�RI�VFDQQLQJ��:H�H[SHFW� WKDW� WKHVH�
RQOLQH�PRGXOHV�ZLOO�DFFHOHUDWH�'3&�REVHUYDWLRQ�LQ�67(0�

Finally, we have been providing a suite of plug-ins of 
'LJLWDO0LFURJUDSK���*DWDQ��IRU�TXDQWLWDWLYH�DQDO\VLV�IRU�HOHFWURQ�
PLFURVFRS\��6RPH�RI�WKHP�ZHUH�LQWURGXFHG�LQ�-(2/�1HZV�>��@��
:H�ZRXOG�EH�JUDWHIXO�LI�\RX�FRXOG�ORRN�WKRXJK�LW�DOVR�
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Fig. 10  SD module

Screenshot showing the SD module in action, where the upper row shows four signals from the inner or outer quadrant detector, while the lower row (from left) shows two 
synthesized DPC signals, a real-time integrated phase, a HAADF image acquired simultaneously, and an electric field map displayed in color mode. The SD module palette 
is shown in the right. Pressing the Start button updates these images in accord with the DigiScanTM signal data update. Here, the sample is STO [SrTiO3], and no contrast is 
seen at the oxygen position in the HAADF image, while some contrast appears in the DPC signal, phase distribution, and electric field map. Since the electric field map here is 
obtained by differentiating the phase distribution, random noise is reduced compared with the electric field map created by using the observed DPC signal.
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