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The mean inner potential V0 is a volume-averaged electrostatic potential of a solid. This potential is 
related to the diamagnetic susceptibility and the variations in charge density in materials, thus it is 
important for detection of magnetic field and charge transfer. Under a kinematical approximation, V0 
can be calculated from the phase shift φ of electron wave, with φ=CEV0t. CE is a constant that only 
depends on the electron energy, and t is the specimen thickness. Electron holography is the typical 
method for phase measurement in transmission electron microscopy (TEM), but the technical 
demands and the requirement of biprism and vacuum area for the reference waves greatly refined its 
application. 
 
As a possible alternative to electron holography, transport of intensity equation (TIE) is a phase 
retrieval method by simply using only three TEM images taken at different focus [1]. A central 
image is used to measure the intensity distribution on the plane, the other two images with symmetric 
or asymmetric defocus difference from the central image are used to estimate the intensity derivative 
on the plane. Two algorithms were developed for TIE derivation [2,3]. Following the one proposed 
by Paganin and Nugent [2], which gives the relationship among the image intensity, I(r), phase shift, 
ϕ(r), and the intensity derivative at the same defocus, z,  the TIE equation can be expressed as Eq. 
(1), where r is a three-dimensional vector, 
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The phase information can be obtained by solving this equation. In order to reduce the low-
frequency noise amplified during solving TIE equation, a high pass filter (HPF) was introduced [4]. 
By measuring the phase shift of silver nanoparticles, Mitome et al. [5] reported that TIE can 
quantitatively retrieve the phase information by using appropriate defocus difference and HPF. 
However, the retrieved phase shifts were scattered for the particles with similar size. In this study, 
we retrieved the phase shifts of gold nanoparticles by TIE, and demonstrated that the mean inner 
potential of gold nanoparticles were reproducibly measured. 
 
Colloid solution with gold nanoparticles of 5 nm in average diameter was dispersed in ethanol and 
then dropped onto copper mesh with thin carbon support films (about 10 nm in thickness). TEM 
observation was carried out using 50pm-resolved R005 with cold field emission gun and double 
aberration correctors. Accelerating voltage was 300 kV. During observation, the electron beam 
illumination was expanded greatly in order to get a parallel beam to meet the assumption of TIE 
method. Long exposure time of 10 s was adopted to compensate the reduction in signal-to-noise (S/N) 
ratio of the image with a resolution of 0.19 nm/pixel. The TIE phase retrieval procedure was carried 
out by a plug-in software QPt for DigitalMicrograph (HREM Research Inc.). 
 
Figure 1(a-c) show three serial images of a single gold nanoparticle absorbed on thin carbon film, 
which were taken at underfocus 2000 nm, in-focus, and overfocus 2000 nm, respectively. 
Underfocus image (a) and overfocus image (c) show different Fresnel fringes around the 



 

Figure 2 Mean inner potential 
distribution measured from thirteen 
gold nanoparticles using TIE method. 

nanoparticle, while the central in-focus image (b) has almost no contrast. The phase map (d) was 
then obtained using these three images. A HPF of 0.017 nm-1 was adopted to remove the low 
frequency noise. The line profile in (e) shows the phase shift from the centre of gold nanoparticle to 
the carbon film background by radially averaging the phase shift values inside the circular area as 
indicated in (d). 
 
As shown in (e), the thin carbon films caused a phase shift of about 0.2 rad, while the gold 
nanoparticle itself has a phase shift of about 0.8 rad at maximum. Since CE = 6.523×106 rad·V-1·m-1 
for 300 kV accelerate voltage in φ=CEV0t, and the gold nanoparticle in our experiment was measured 
to be about 6.5 nm in diameter, thus the estimated mean inner potential is about 18.5 V. This value is 
slightly lower than the reported one of about 21-23 V in experiment [6]. 
 
In order to demonstrate the reproducibility of the mean inner potential obtained by TIE, we measured 
13 gold nanoparticles with diameters distributed from ~5 nm to ~6.8 nm. All the observations were 
done under the same defocus difference, beam strength and exposure time. The results are shown by 
histogram in Fig. 2. Although there is still a scattering of the obtained inner potential, the average 
value is about 18.5 V. It is necessary to remark that gold nanoparticles with strong Blagg diffraction 
gave obviously lower phase shift and inner potential than the ones without or with weak Blagg 
diffraction (as shown by grey and blue bars in Fig. 2). In summary, the mean inner potential of small 
gold nanoparticle was quantitatively and reproducibly obtained using TIE. The reasons that resulted 
in the relatively lower value of mean inner potential in our experiments will be explored next. 
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Figure 1 TEM images of a gold nanoparticle (about 6.5 nm in diameter) absorbed on thin carbon film 
taken at different defocuses: (a) underfocus at 2000nm, (b) in-focus, (c) overfocus at 2000nm; (d) 
The retrieved phase map obtained by TIE method with the use of HPF for 0.017 nm-1, the phase shift 
is represented by grey scale; (e) The radial profile drawn from the centre of the particle to the carbon 
film background inside the yellow circular area indicated in phase map (d). 
 


