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ABSTRACT

By utilizing a field emission gun and a biprism installed on a transmission electron microscope (TEM),

electron holography is extensively carried out to visualize the electric and magnetic fields of nanomaterials. In
the electric field analysis, the distribution of electric potential in a sharp tip made of W coated with ZrO, is
visualized by applying the voltage to the tip. Denser contour lines due to the electric potential are observed
with an increase in the bias voltage. In the magnetic field analysis by producing the strong magnetic field with

a sharp magnetic needle made of a permanent magnet, the in sifu experiment is carried out to investigate the
magnetization of hard magnetic materials. The results of these experiments clearly demonstrate that electron

holography is a promising advanced transmission electron microscopy technique to characterize the electric

and magnetic properties of nanomaterials.
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INTRODUCTION

" So far, high-resolution electron microscopy (Cowley,
1981; Spence, 1981; Shindo & Hiraga, 1998) and an-
alytical electron microscopy (Reimer, 1993; Williams &
Carter, 1996; Shindo & Oikawa, 2002) have been exten-
sively carried out in order to characterize nanomaterials.
While the resolution limit of TEMs reaches 0.1 nm, the
probe size of incident electron beam comes down to less
than 1 nm. With such a small probe, energy dispersive
X-ray spectroscopy (EDS) and electron energy-loss
spectroscopy (EELS) have been carried out at a nano-
meter scale. Thus, analytical techniques for microstruc-
ture, composition and electronic structure have been
established and applied to various advanced materials.
Recently, by utilizing a highly coherent electron beam
produced by a cold or thermal field emission gun (FEG),
electron holography experiments have been widely
carried out. Among various electron microscopy techni-

ques, electron holography provides a unique method for
detecting the phase shift of the electron wave due to the
electric and magnetic fields (Sindo & Oikaga, 2002;
Tonomura, 1999; Volkl et al., 1999). Thus, it is expect-
ed that the electric and magnetic properties of various
nanomaterials can be characterized by this technique.
Actually, some of the present authors have carried out
electron holography on various nanomaterials. As elec-
tric field analysis, the mean inner potential of SiO,
particles has been quantitatively evaluated (Lee et al.,
2002), and their charging effect has been analyzed
through computer simulation (Aoyama et al., 2002). On
the other hand, in the magnetic field analysis, the do-
main structures of nanocrystalline soft magnetic ma-
terials, i.e., Fe;; sCu;Nb;Si ; sBo (Shindo et al., 2002)
and Co-Zr-O (Liu et al., 2003) have been analyzed in
detail. Also, the magnetic phase transformation of a
hole-doped manganite Lagg,Sry0MnQ; has recently
been observed (Murakami et al., 2003). In this paper,
electron holography is carried out in situ to investigate
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the electric field and magnetic field of nanomaterials by
applying the voltage and magnetic field to them. A
specially arranged specimen holder (Sindo et al., 2004),
in which the sharp tip can be moved three-dimensional-
ly using a stepping motor and piezo drives, has been
effectively utilized for in situ experiments with applying
the voltage and magnetic field.

MATERIALS AND METHODS

1. Experimental procedure

Electron holography experiment was carried out with
a JEM-3000F TEM installed with a thermal FEG and a
biprism. In a conventional TEM, magnetic domain
structures are broken or modified due to a strong mag-
netic field of the objective lens. To overcome the diffi-
culty, a special objective lens for magnetic‘domain
observation has been introduced (Sindo et al., 2003). A
spherical aberration coefficient (C;) of an objective lens
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A: W-ZrO, tip or magnetic needle
B: Electrode or thin foil specimen

is 165 mm. When the objective lens is turned on, a
spacing of the interference fringes is about 2.4 nm at a
biprism voltage of 50 V, and the magnetic field of the
objective lens at the specimen position is estimated to
be about 1600 A/m. The spatial resolution and width of
field of view are 7.2 nm and 460 nm, respectively. When
the objective lens is turned off, a spacing of the inter-
ference fringes is about 25 nm at a biprism voltage of 40
V, and the magnetic field is estimated to be about 160
A/m. The spatial resolution and width of field of view
are 75 nm and 3,000 nm, respectively.

To perform in situ observations of the electric field
and magnetic field of nanomaterials, a specimen holder,
where sharp tips made of W coated with ZrO, (W-ZrO,
tip) and Nd,Fe 4B can be set as shown in Fig. 1(a), has
been used. The W-ZrO, tip is commercially available as
an electron source for a transmission electron micro-
scope. The magnetic needle was made by a two-step
electropolishing process (Sindo et al., 2004). The mag-
netic properties of the specimens investigated in this
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Fig. 1. (a) Schematic illustration of a part of a specimen holder equipped with a sharp tip. (b) Schematic illustration of hologram

formation in a TEM.
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Table 1. Magnetic properties of sintered Nd,Fe,B and nano-
composite Nd, sFe;;B 55

Specimen Coercivity Remanence ;I)Erl(l)iirugcyt
H. (kA/m) B.(T) (BH),,, (kJ/m®)
Sintered Nd,Fe,,B 1,100 1.39 368
Nanocomposite 248 1.03 58

Nd, sFey;B g5

study are presented in Table 1.

2. Imaging process of electron holography

In this section, the imaging process of electron holo-
graphy on the basis of the digital data analysis is out-
lined. Electron holography is carried out through the
two-step imaging process. In the first step, a hologram
is formed using a biprism by which an object wave
passing through a specimen interferes with a reference
wave passing through the vacuum. In the second step,
the phase shift of the electron wave is extracted from the
hologram using Fourier transform.

Figure 1(b) shows a schematic illustration of holo-
gram formation in a TEM. An electron beam emitted
from a field emission tip is accelerated and then colli-
mated to illuminate an object through a condenser lens
system. An object is located in one half of the object

plane that is illuminated by a collimated electron beam.

Assuming that the object is illuminated by a plane wave
of a unit amplitude having a wave vector parallel to the
optical axis, the change of the scattering amplitude of
the plane wave due to the object, in general, is described
as

g (ry=A(r)exp(ip(r) (1

where A (r) and ¢ (r) are real functions and describe the
amplitude change and the phase shift due to the object,
res-pectively. Since specimens are usually thin films, in
most cases the vector r is confined to the film plane.
Due to the use of the biprism, the object wave and the

. Q Q .
reference wave are tilted by —7" and 7}‘ respectively.

Thus, the intensity of the hologram is given by

A(r)exp [—ni%x+i¢(r)]+ exp [ni%x] ’

I(r)= Iy

=14+A%()+2A () cos <2n%x—¢(r)> )

By performing a Fourier transform (F) of the holo-
gram, one can obtain

FII,(n]=3 )+ FA* ()]
FF[A () exp (ig (r)]%5 [w%]
+FIA() exp(—igb(r))]*é[u—%] 3)
(x: Convolution operation)

where the first and second terms are called “autocor-
relation,” while the other two terms are called “side-

bands.” By selecting the third term, shifting it by %,

and performing an inverse Fourier transform (F~') on
this term, we can obtain the phase shift and the am-
plitude change of the reconstructed image as digital
data. In the following discussion, the intensity of the
reconstructed phase image /,, (r) is represented by a
cosine function, i.e.,

Iph (r)=cos (‘P(")) (4)

If necessary, the amplification of the phase can be
calculated by multiplying the phase ¢ (r) by an integer .
It is noted that the radius of the region (sideband) select-

ed is usually set to be (1/3) <%>

Generally, the phase shift ¢ (r) is contributed from the
electric potential ¢ and the magnetic flux @. The rela-
tion between the phase shift ¢ and the electrical poten-

- tial @is given as

2x
p=0fpyndz (o=- T p=ue)
f AV(A+./1-8%) 5)
where v, ¢, and o are the electron velocity, the light
velocity, and the interaction constants depending on the
accelerating voltage of the electron microscope (V) and
the electron wavelength (A). On the other hand, the
relation between the phase shift ¢ and the magnetic flux
density (and the magnetic flux) is given by
2me 2me 2me
=—— pAds=— | (B, dS=—
¢(r)hj§dshﬂnshq> (6)
where e, i, and A represent the elementary electric
charge, Planck’s constant, and the vector potential, res-
pectively. Further, B, and & correspond to the in-plane
component of magnetic flux density and magnetic flux,
respectively, and they are perpendicular to the incident
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electron beam. It is noted that the sign of the phase shift
changes depending on the direction of the magnetic
flux.

RESULTS AND DISCUSSION

1. Analysis of electric field

Taking a W-ZrO, tip, the electric potential distribu-
tion around the tip is investigated by electron holo-
graphy by applying the voltage. Figures 2(a) and (b)
show a TEM image and an electron hologram of the W-
ZrO, tip, respectively. The top of the tip is observed as a
flat surface of the W (100) plane. Figures 2(c)-(f) show
the reconstructed phase images of the W-ZrO, tip with
different bias voltages applied. It is clearly seen that the
contour lines due to the electric potential are visualized,
and they have a symmetrical distribution around the W-
ZrO, tip. With an increase in the bias voltage, the num-
ber of contour lines increases while the distance bet-
ween the contour lines decreases. These results indicate
that the strength of electric field becomes larger around
the W-ZrO, tip, caused by the bias voltage applied.

Also, it is reasonably considered that a phenomenon of
field electron emission by applying the voltage can be
induced preferentially at the region where the distance
between contour lines is the shortest, i.e., the region
with the strongest electric field.

2. Analysis of magnetic field

Magnetic microstructure is another important target in
electron holography studies. Particularly, by changing
the applied magnetic field, we can perform in situ obser-
vations regarding the magnetization process, from
which essential information of the magnetic properties
is obtained. Here we report our recent observations
about the effects of the applied magnetic field to the
hard magnetic materials.

Although electron holography is an useful technique
to analyze in situ the magnetization process, the mag-
netic field applied in the thin film plane is so limited
due to the deflection of the incident electron beam.
Here, in order to observe the magnetization process of
especially hard magnetic materials, a sharp needle made
of sintered Nd,Fe ,B, which may generate a fairly

strong magnetic field, is prepared and used for magne-

Fig. 2. (a) TEM image of a W-ZrO, tip. (b) Electron hologram of a W-ZrO, tip obtained when the bias voltage is V=100 V. (¢)-(f)
Reconstructed phase images of a W-ZrO, tip obtained when the bias voltages are V=0, 40, 80, and 100V, respectively. The
distance between the W-ZrO, tip and the electrode is 2 um. The phase is amplified by 3.
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Fig. 3. (a) SEM image of the sharp magnetic needle. (b) Simulation of the magnetic needle. (c) Simulated image showing the
magnetic field distribution.

Direction of a needle approaching

Fig. 4. Reconstructed phase images of sintered Nd,Fe ,B with the needie approaching. The phase is amplified by 2. The distance
between the needle and the specimen is shown in each figure. The directions of the needle approaching are indicated with a
big arrow at the top.

tization experiment. Thus, electron holography is carri- netic needle made of sintered Nd,Fe ,B. When a ma-
ed out utilizing this magnetic needle to investigate the gnetic field of 1.0 T was applied to the magnetic needle
magnetization process of hard magnetic materials at a by an electromagnet, the remanence of the sharp needle
nanometer scale. was estimated to be approximately 0.9 T. Figures 3(b)

Figure 3(a) shows a SEM image of the sharp mag- and (c) show the simulations of the magnetic needle and
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Fig. 5. Reconstructed phase images of nanocomposite Nd, sFe;;B ;5 annealed at 983°K. The distance between the needle and the
specimen in (b) is smaller than in (a). Small arrows indicate the direction of lines of magnetic flux, while the big arrow
indicates the direction of the needle approaching. The phase is amplified by 5.

reconstructed phase image showing the magnetic field
distribution. By assuming the remanence of the sharp
needle to be approximately 0.9 T, the magnetic flux
density at the top of the needle is estimated to around
0.7 T through the simulation.

Figure 4 shows reconstructed phase images of a sin-
tered Nd,Fe 4B specimen, which is known as a typical
nucleation-type permanent magnet. In Fig. 4, both the
specimen and the needle are demagnetized Nd,Fe,B.
The distance between the needle and the specimen is
indicated at the top right of each figure. The white
bands or black bands correspond to the distribution of
lines of magnetic flux, whose direction is indicated by
the arrows. The domain walls indicated by dotted lines
shift gradually when the needle comes close to the
specimen. It can be interpreted that the magnetic field
applied acts as a pressure perpendicular to the parallel
domain walls. From the figures, it is observed that the
area of domains magnetized parallel to the direction of
the needle approaching increases, while that of the
domains magnetized in the antiparallel direction grad-
ually decreases. It is seen that the magnetic domain
walls can be shifted easily from the demagnetized state.

Strong magnetic field produced by the sharp magnetic
needle was also applied to nanocomposite Nd, sFe;;B 5.
Figures 5(a) and (b) are reconstructed phase images
showing the magnetization process from the demag-
netized state of nanocomposite Nd, sFe;;B g5 annealed
at 983°K. A magnetic field (2.5 T) was applied to the
needle by an electromagnet. When the distance between
the needle and the specimen is large, the distribution of
lines of magnetic flux forming a closure domain does

not change so much as shown in Fig. 5(a). On the other
hand, when the needle comes close to the specimen in
Fig. 5(b), the direction of lines of magnetic flux tends to
be parallel to the magnetic field generated by the needle,
showing the gradual magnetization process of nano-
composite Nd, sFe;;B 55. Thus, it is demonstrated that
electron holography with a sharp magnetic needle is
quite useful to investigate the magnetization process of
nanocomposite magnets.

CONCLUSIONS

Electron holography was carried out in situ by apply-
ing the voltage and magnetic field to nanomaterials. In
the W-ZrO, tip, the change of distribution of electric
potential with an increase in the bias voltage between
the W-ZrO, tip and the electrode was clarified. On the
other hand, the strong localized magnetic field was
produced through a sharp magnetic needle made of a
permanent magnet set in the specially designed speci-
men holder, and the strong magnetic field was utilized
to investigate the magnetization process of hard mag-
netic materials by electron holography. Electron holo-
graphy with the use of nanotips as demonstrated here is
promising to investigate the electric and magnetic pro-
perties of various advanced nanomaterials.
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