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A new modulated structure in a-Fe, O3 nanowires™
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A new modulated structure consisting of periodic (1120) stacking faults (SFs) in the a-Fe,O3 nanowires (NWs)
formed by the thermal oxidation of Fe foils is reported, using a combination of high-resolution transmission electron
microscopy (HRTEM) observations and HRTEM image simulations. The periodicity of the modulated structure is 1.53 nm,
which is ten times (3300) interplanar spacing and can be described by a shift of every ten (3300) planes with 1/2 the
interplanar spacing of the (1120) plane. An atomic model for the Fe,Oj3 structure is proposed to simulate the modulated
structure. HRTEM simulation results confirm that the modulated structure in -Fe;O3 NWs is caused by SFs.

Keywords: crystal structure, nanocrystalline materials, electron microscopy, simulation and modeling

PACS: 74.62.Bt, 75.50.Tt, 87.64.Ee, 61.43.Bn

1. Introduction

Hematite (a-Fe;O3) has received much attention be-
cause of its chemical stability in ambient conditions, " low
toxicity, and great potential for a wide range of applica-
tions in gas sensors, electrode materials,*! magnetic record-
ing media,* pigments,®! and spintronic devices.!®! It is an
n-type semiconductor with a band gap of 2.1 eV. Recently,
a-Fe; O3 nanowires (NWs) have been successfully fabricated
by the thermal oxidation of iron (Fe) in an oxygen-containing

57-13] Extensive studies have been carried out to

atmosphere. !
understand the growth mechanism of these NWs. 14161 How-
ever, detailed microstructural information is also needed to de-
velop a better understanding of the growth processes. In our
earlier study of Fe,O3 NWs,!!7! the growth mechanism was
discussed, but the modulated structure was not investigated
comprehensively. Modulated structures play an important role
in the synthesis, stabilization and properties of many systems
such as InAs/InP!!8) and n-Si/p-Si!'”! NWs. Naturally occur-
ring modulated structures have been demonstrated in ZnS %]
and ZnSe?!! NWs. Therefore, it is significant to clarify the
microstructure of the modulated structures since it could pro-
vide significant insights into how to control the microstructure
of the NWs and, correspondingly, their properties for practical
applications.

In this paper, we report our investigation of the mi-
crostructure of a modulated structure in Fe; O3 NWs synthe-

sized by the thermal oxidation of Fe using HRTEM. It is found
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that the modulated structure is formed by stacking faults (SFs).
Based on our HRTEM observations, a new atomic model is
proposed to explain this modulated structure, which is further
confirmed by HRTEM image simulations. In addition, elec-
tron energy-loss spectroscopy (EELS) has been carried out to
confirm the existence of SFs in the NWs.

2. Experiment

The Fe,O3 NWs were synthesized by the thermal oxi-
dation of Fe foils. First, the high-purity (99.99%) Fe foils
were rinsed with deionized water followed by ultrasonication
in acetone for 5 min. Then the cleaned Fe substrates were
put on a substrate heater in a vacuum chamber, and the tem-
perature was monitored using a K-type thermocouple in con-
tact with the heater. The chamber was pumped to a vacuum
of about 2 x 10~ Torr, and then filled with 200-Torr-oxygen
(oxygen purity: 99.999%) (1 Torr= 1.33322 x 10% Pa). Subse-
quently, the chamber was sealed and the Fe foil was heated to
600 °C at a rate of 20 °C/min in the oxygen gas. After the Fe
foil was oxidized for 1 h, it was cooled down in the same oxy-
gen atmosphere to room temperature at a rate of ~ 10 °C/min.

Transmission electron microscope (TEM) samples of
Fe,O3 NWs were prepared by peeling off the black product
from the surface of the oxidized Fe foil, ultrasonicating them
in ethanol for several minutes, and dispersing a drop onto a
holey-carbon-film-coated copper grid. Selected-area electron
diffraction (SAED), bright field (BF), and HRTEM examina-
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tions were carried out using a JEOL JEM 2100F TEM oper-
ating at 200 kV. EELS was performed on an FEI Tecnai F20
TEM. The EELS spectra were acquired in an image mode with
a collection half angle of ~16 mrad.

3. Results and discussion

After the thermal oxidation of Fe foils in oxygen atmo-
sphere, three different kinds of NWs are relatively aligned
and perpendicular to the substrate surface, namely, single-
crystalline, bi-crystalline and tri-crystalline NWs. The growth
mechanism of the Fe,O3 NWs was investigated in our previ-
ous work.!!” Herein, we focus on developing a detailed under-
standing of the microstructure of the single-crystalline Fe;O3
NWs, since far fewer reports have been published on this struc-
ture than on the other structures. By examining many indi-
vidual single-crystalline NWs, we identify a previously unob-
served modulated structure in these NWs. Figure 1(a) shows a
typical bright-field (BF) TEM image of an Fe,O3 NW with a
diameter of about 25 nm. The NW has a smooth surface. Fig-
ure 1(b) is a typical SAED pattern of the NW in Fig. 1(a),
which corresponds to a [0001] zone-axis of hexagonal «-
Fe;O3. The growth direction for the NW can be determined
to be [1120]. It can be found that superlattice diffraction spots
exist in the SAED pattern, which are indicated by arrows.
HRTEM images were taken to clarify the origin of these su-
perlattice diffraction spots. Figure 1(c) shows a [0001] zone-
axis HRTEM image obtained from the NW in panel (a). This
HRTEM image is taken with a defocus value of about 58 nm.
In Fig. 1(c), (3300) lattice planes are marked by two paral-
lel white lines. To further clarify the nature of the structural
modulation, an enlarged HRTEM image is shown in Fig. 1(d).
It can be seen that the atomic sequences are disturbed at the
locations of stripes. The (1120) lattice planes are shifted 1/2
interplanar spacing toward [1120], which is characteristic of a
stacking fault. Accompanying the periodic shift of the lattice
planes, modulated structures are produced. Hence, the mod-
ulated structure is caused by a periodic appearance of SFs in
the NWs. The periodicity of the modulated structure is about
1.53 nm, which is ten times the (3300) interplanar spacing.
In the literature, similar superlattice diffraction patterns were
also observed in Fe, O3 NWs, 22231 but no SFs were observed
in their HRTEM images. It was thus speculated that the mod-
ulated structure was formed by oxygen vacancies. However,
we believe that the modulated structure observed in our work
is caused by the shear stress along the [1120] direction, which
results in the appearance of the SFs. Different growth condi-
tions might lead to the formation of two different modulated

structures in Fe,O3 NWs.

Fig. 1. (a) BF TEM image of a single-crystalline Fe,O3 NW; (b) and (c)
SAED pattern and HRTEM image for the NW in panel (a), respectively;
(d) Enlarged HRTEM image of panel (c).

To confirm that the modulated structure is caused by the
SFs instead of oxygen vacancies, EELS spectra have been ac-
quired from an individual Fe,O3 NW. Figure 2(a) is the spec-
trum from a single-crystalline NW with SFs, and figure 2(b)
shows the spectra from a single -Fe,O3 NW with oxygen
vacancies and pure a—Fe;O3 powder. The peaks of the O-K
edge at ~ 532 eV can easily be found in the spectra. In general,
peak a is derived from the O 1s to 2p core level hybridized with
the Fe 3d orbital, while peak b originates from the O 2p states
hybridized with the Fe 4s and 4p states.?*) Compared with the
pure a-Fe; O3 powder, Chueh ef al. thought that the decreased
intensity in peaks a and b is caused by oxygen vacancies in-
side at-Fe, O3 NWs, resulting in a diminishing hybridization of
metal 3d orbitals with O 2p orbitals.*?] However, in our spec-
trum, no evident decrease of the peak intensity can be found in
peaks a and b compared with the a-Fe, O3 powder. Therefore,
it can be deduced that the modulated structure in our single-
crystalline NWs results from SFs instead of oxygen vacancies.

To further investigate the nature of the modulated struc-
ture and confirm our experimental results, we constructed an
atomic model for the Fe,Os3 structure and carried out a sys-
tematic HRTEM image simulation by changing the thickness
and defocus value. Figure 3(a) is the [0001] zone—axis atomic
model for the Fe, O3 structure. Based on our HRTEM images
shown in Fig. 1, the SFs in the Fe;O3 NW are produced by
shifting 1/2 interplanar spacing of the (1120) planes for every
ten (3300) planes. To validate our atomic model, a series of
HRTEM images were simulated using a multislice method.

Figures 3(b)-3(i) are the simulated HRTEM images with
the same defocus value of 60 nm but with different thick-
nesses. In these figures, the modulated structure is obvi-
ous, which is consistent with the HRTEM image shown in
Fig. 1(d). The simulated modulation is also composed of ten
(3300) planes and the (1120) planes also have a shift of 1/2
interplanar spacing. It can be deduced that the thickness vari-
ation from 24.5 nm to 58.8 nm has no significant effect on
the appearance of the modulated structure in the Fe, O3NW.
Through careful examinations of these images, it can be seen
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that when Fe,Oj3 is thin, such as 24.5 nm shown in Fig. 3(b),
O atoms (grey) and Fe atoms (white) can be distinguished in
the simulated HRTEM image. However, with the increase in
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Fig. 2. EELS spectra of (a) a single-crystalline a-Fe;O3 NW with
SFs; (b) o-Fe; O3 NW with oxygen vacancies and o-Fe; O3 powder. 22!
(Reprinted with copyright permission from Wiley-VCH).

(b) (d)

the thickness, the contrast for O atoms becomes darker. Even-
tually, only the white dots that represent the Fe atoms are vis-
ible. In addition, it can be also observed that the contrast for
white dots becomes increasingly sharp with increasing thick-
ness. However, when the thickness reaches 39.2 nm, the white
dots gradually become obscure and at last lose sharp contrast.

We next look at the defocus effect on the HRTEM im-
age contrast. Figure 4(a) is still the [0001] zone—axis atomic
model for the Fe,Os structure. Figures 4(b)-4(i) are simu-
lated HRTEM images with the same thickness (24.5 nm) but
with different defocus values. The thickness of Fe,Oj3 is set to
be 24.5 nm because it is approximately the same as the exper-
imentally determined diameter of the Fe;O3 NW as shown in
Fig. 1(a). It can be seen that the simulated modulation is also
obvious and is consistent with our HRTEM images. Through
careful comparison of these figures, it is obvious that when
the defocus value of Fe,Os3 is not very large, such as 50 nm,
the white dots representing the Fe atoms show sharp contrast.
However, with the increase of the defocus value, the contrast
of these images is reversed such that the white dots become
black dots. But this reversal does not lead to the disappear-
ance of the modulated structure.

From the HRTEM simulations, it can be found that the
simulated HRTEM image with a thickness of 24.5 nm and
a defocus value of 55 nm agrees well with our experimental
results. It can be deduced that the simulated images can truly

Fig. 3. (color online) (a) [0001] zone—axis atomic model for Fe,O3; Simulated HRTEM images with same defocus value of 60 nm but
with different thicknesses, (b) 24.5 nm, (c) 29.4 nm, (d) 34.3 nm, (e) 39.2 nm, (f) 44.1 nm, (g) 49 nm, (h) 53.9 nm, and (i) 58.8 nm.

() (b) (c) (d)

() (2) (h) (@)

Fig. 4. (color online) (a) [0001] zone—axis atomic model for Fe;03; Simulated HRTEM images for 24.5-nm-thick Fe,O3 at different
defocus values, (b) 50 nm, (c) 55 nm, (d) 60 nm, (e) 65 nm, (f) 70 nm, (g) 75 nm, (h) 80 nm, and (i) 85 nm.
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reflect the essence of this modulated structure. The modulated
structure in Fe, O3 NWs is caused by the formation of SFs with
the (1120) planes shifting 1/2 interplanar spacing for every ten
(3300) planes.

4. Conclusion

In conclusion, a new modulated structure has been ob-
served in Fe,O3 NWs.
by SFs with the (1120) planes shifting 1/2 interplanar spacing

The modulated structure is formed

over every ten (3300) planes. The periodicity of the modulated
structure is 1.53 nm which is ten times the (3300) interplanar
spacing. The good match between the simulated and experi-
mental HRTEM images supports our proposed atomic model.
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