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absTracT

The stacking structure of tubular halloysite, which is easily damaged by electron-beam radiation, 
has been investigated by high-resolution transmission electron microscopy (HRTEM) using a new 
TEM with a computer-assisted minimal-dose system. The new TEM is equipped with a high-speed 
beam blanker by which the specimen is beam-irradiated only during image acquisition by the recording 
media. Using a few images taken by a CCD camera with a short exposure time (0.04 s), TEM opera-
tions such as area search and brightness adjustment are completed by the computer-assisted system, 
which can decrease the electron dose delivered before recording final HRTEM images by a factor of 
100. The specimen used was halloysite (7 Å) with a tubular morphology from Eureka, Nevada, U.S.A. 
HRTEM images were taken with the incident electron beam perpendicular to the tube axis, which is 
parallel to the Yi-axes of the dioctahedral 1:1 layer of halloysite. Lattice fringes in halloysite were 
almost extinguished with an electron dose of ∼2000 electrons (e)/Å2, and it was almost impossible 
to record crossed lattice fringes without radiation damage using conventional TEMs. By contrast, 
HRTEM images of high quality and without damage could be recorded with ∼400 e/Å2 in the new 
TEM system. The stacking structures recorded in such images were generally disordered, but ordered 
packets with one-layer periodicity were often observed. Among them, a stacking sequence that has 
never previously been observed in kaolinite was identified.
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inTroducTion

Recent aberration-correction techniques for magnetic lenses 
have drastically improved the resolution of transmission electron 
microscopy (TEM) (Haider et al. 1998) and scanning TEM 
(STEM) (Krivanek et al. 1999). However, such advanced high-
resolution imaging cannot be applied to organic materials and 
many minerals such as zeolite and clay minerals, because they are 
easily damaged by electron-beam radiation. Therefore, reduction 
of electron dose on specimens is essentially important for the 
observation and image recording of such beam-sensitive miner-
als. Recently, Kogure and his coworkers made the first report 
of near-atomic-resolution TEM images of beam-sensitive clays 
and related minerals such as kaolin group minerals (Kogure and 
Inoue 2005a, 2005b; Kogure et al. 2010), pyrophyllite (Kogure 
et al. 2006a), and talc (Kogure et al. 2006b), by combining 
quick operations with innovations in TEM. These works have 
unraveled real structures of stacking faults or stacking disorder 
that are abundant in such phyllosilicates but are difficult to elu-
cidate by conventional diffraction methods. However, some clay 
minerals are more beam-sensitive than these minerals, and more 
improvement in high-resolution TEM (HRTEM) recording is 
desired. Such minerals include halloysite, sepiolite/palygorskite, 
imogolite/allophane, etc. Moreover, cation migration in the dioc-
tahedral 2:1 layer of phyllosilicates induced by dehydroxylation 

with radiation is another type of beam damage recently reported 
(Kogure 2007; Kogure and Drits 2010).

Halloysite, Al2Si2O5(OH)4⋅nH2O, where n varies between 
zero and two, is one of the kaolin-group minerals, common as 
weathering, pedogenesis, or hydrothermal alteration products of 
various rocks and minerals (Joussein et al. 2005). The halloysite 
structure consists of curved kaolinite-like dioctahedral 1:1 layers 
and water molecules, possibly located at the interlayer region. 
One of the characteristic features of halloysite is its various 
morphologies, typical of which are tubes and spheres (see the 
summarized table in Joussein et al. 2005). It was proposed that 
such morphologies originate from lateral misfit between smaller 
octahedral and larger tetrahedral sheets (Bates et al. 1950). In 
the case of kaolin-group minerals with a planar morphology, 
hydrogen bonds are formed across the interlayer region, between 
the basal O atoms on the tetrahedral sheet and hydroxyls on the 
octahedral sheet, which regulates the mutual position of the 
adjacent layers. However, similar hydrogen bonding is probably 
incomplete or partial in the curved morphologies of halloysite. 
Hence, the stacking structure of halloysite may be different from 
the other kaolin-group minerals, even if the existence of water 
molecules at the interlayer region is not considered. Several 
researchers reported that halloysite has a two-layer cell, which 
was derived from electron diffraction in TEM (Honjo and Mihara 
1954; Honjo et al. 1954; Chukhrov and Zvyagin 1966; Kohyama 
et al. 1978; Singh and Gilkes 1992). Among them, Chukhrov * E-mail: kogure@eps.s.u-tokyo.ac.jp


