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High-Resolution Electron Microscopic Study of V¢Oi;
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High-resolution structure images of V¢O;; were taken with a 1-MV electron microscope with a cutoff
resolution of 0.14 nm. Individual V atom rows, as well as tunnels in the structure, were resolved. The
effect of the electronic state on the structure image was investigated by comparing the observed image
with the simulated images calculated by assuming various ionized states to the constituent atoms. The
neutral-state model interpreted the observed image more satisfactorily than the ionized-state models.
A modification of V¢0,; was displayed as an image. In order to interpret the image, a structure model
was proposed, which is orthorhombic with lattice parameters @ = 1.1922, b = 1.9912, and ¢ = 0.3680
nm and belongs to the space group Crmma. This structure is derived from the V,0Os structure by
removing all the atoms on every third (001) oxygen atom plane and then introducing crystallographic
shear #{01 1], instead of #[103] in the case of normal V¢O,;. © 1985 Academic Press, Inc.

Introduction

In the vanadium-oxygen system, there
are many line phases called Magnéli
phases. Between V,0; and VO, the line
phases are generally expressed as V,0,,-;
(n = 2-9, ©) (I), and between VO, and
V,0s, they are as V3,0s5,-2 (2) or V,,0z,+1 (n
=2,3,4,6, ©) (3). For V,0,,-1, especially
for V¢Oy; and V70,3, Hirotsu et al. (4-6)
observed the crystallographic shear (CS)
structures and the microsyntactic inter-
growth of several phases with neighboring
n on the unit cell scale by high-resolution
electron microscopy. As a succession of
these studies, the present study was made
for V50,3 belonging to the group V,0z,+;.

The crystal structure of V40,3 was ana-
lyzed by Aebi (7) and refined by Wilhelmi
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et al. (8). The structure is monoclinic and
can be derived from the structure of V,Os
(9) by removing all the atoms on every third
(001) oxygen atom plane and then introduc-
ing the CS of 3[103]. Figures 1a and b show,
respectively, the [010] projection of the
V.05 and V¢O;; structures in an idealized
form, where VOg octahedra link together by
sharing their corners and edges. Every V
atom is displaced appreciably from the cen-
ter of the octahedron.

High-resolution electron microscopic ob-
servations of V¢O;; have been made by Ho-
riuchi er al. (11, 12) by using 100-kV and 1-
MYV electron microscopes. They succeeded
in resolving the individual VOg octahedra.
They also observed the phase transition of
V015 to VO, induced by electron irradia-
tion (/7). In the present study, we suc-
ceeded in resolving individual V atom rows
in the structure. The effect of electronic
state on the structure image was investi-
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Fi6. 1. Idealized structure of (a) V,0s and (b) V¢O;3. [010] projections. Solid circles: V atoms. Open
circles: O atoms. In (b), P and Q are tunnels formed among the VO octahedra. Lattice parameters and
space group: V,0s a = 1.1510, b = 0.3563, ¢ = 0.4369 nm, Pmmn; V{Oi; a = 1.1922, b = 0.3680, c =

1.0138 nm, 8 = 100.87°, C2/m.

gated. A modification of V¢O;; was ob-
served and its structure model was pro-
posed. These are described in this paper.

Experimental

Polycrystalline V¢O;; was produced by
heating a powder mixture of V,0s and V,0;
(mixing atomratio V: 0 = 6:13) sealedina
quartz capsule at 670°C for 3 days. Raw
materials used were commercial V,05 pow-
der (purity 99.9%) and V,0; powder, pre-
pared by reducing commercial V,0s pow-
der in a hydrogen stream at 800°C for 3
days. An X-ray diffraction investigation
identified the produced polycrystalline ma-
terial with V¢O.;3. The V403 sample thus
prepared was crushed in acetone, and fine
flakes produced were scooped on a micro-
grid for use on electron microscopy.

Electron microscopes used are a JEM-
200CX operating at 200 kV (cutoff resolu-
tion 0.29 nm) and the Ultrahigh-Vacuum
High-Resolution 1-MV Electron Micro-
scope (UHV-HR-1 MV EM, cutoff resolu-
tion 0.14 nm) recently installed at Tokyo
Institute of Technology (12, 13). Structure
images were usually taken under the opti-
mum defocus condition. In order to explain

the recorded images, image simulation
were made by applying the multislice
method (14). In Table I, the standard imag-
ing and simulation conditions are shown.

Results

a. Structure Image of V¢Oq3

Figure 2a reproduces a structure image of
V603 taken with the UHV-HR-1 MV EM
and Fig. 2b the corresponding selected area
electron diffraction pattern. The incident

TABLE I
IMAGING AND SIMULATION CONDITIONS

Item 200-kV EM 1-MV EM
Wavelength 2.51 x 1073 nm  0.872 x 1073 nm
No. excited waves 1025 1519
No. imaging waves for 37 89
simulation
Obijective aperture used 2nm~! 3.8 nm~!
(sin 9/\)
Spherical aberration coefficient 2.5 mm 2.5 mm
of objective lens
Width of chromatic 10 nm 15 nm
aberration
Cutoff resolution 0.29 nm 0.14 nm
Angle of beam divergence 7 % 1074 rad 4 x 1074 rad
Scherzer focus 92 nm 47 nm
No. slices 10 10
Slice thickness 0.368 nm 0.368 nm
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FI1G. 2. (a) Structure image of V¢Oy; taken with the UHV-HR-1 MV EM. Incident beam direction is
[010]. The white dots P and Q are the images of tunnels, while the black dots V are the images of V-
atom rows. (b) Selected area electron diffraction pattern. (c) Optically transformed pattern of (a),
where the spots outside a circle with radius 7 nm~! (not shown, passing between 007 and 008 spots)
may be due to the half-spacings arising from the multiple interference of the electron waves.

beam direction is [010]. An optically trans-
formed pattern of the recorded image is
also shown in Fig. 2c. Figure 2d is a simu-
lated image for the amount of defocus 55
nm and the crystal thickness 3.68 nm (=
10b6). The agreement between the recorded
and the simulated images is satisfactory.
From the comparison of Fig. 2a with Figs.
1b and 2d, we can see that the large white
dot P in Fig. 2a corresponds to the large
tunnel P in Fig. 1b and the middle-sized
white dot Q in Fig. 2a to the small tunnel Q
in Fig. 1b. In Fig. 2a, the black dots V are
observed in the vicinity of P and Q. By re-
ferring to the simulated image, the black

dot V in the image can be identified with the
V-atom row aligned in the [010] direction.
Similarly, the small white dot adjacent to
the dot P can be identified with the inter-
stice between the V-atom rows. The rows
of O atoms are not imaged. This is due to
the scattering power of O atom being con-
siderably weaker than that of V atom.

b. Effect of Electronic State on the
Structure Image

The simulated image shown in Fig. 2d
was obtained under the assumption that all
the constituent atoms are neutral. How-
ever, there is a possibility that the constitu-
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ent atoms are ionized. If V40,5 is in the
ideal ionized state, its electronic state may
be expressed as V(1)i'V(2);'V(3)i*0Ol;,
where V(1)**, V(2)’*, and V(3)** ions are at
the 4(i) positions in the space group C2/m
with different parameter values (8).
According to the change in the electronic
state, the atomic scattering factor for elec-
trons varies considerably in the low scatter-
ing angle region smaller than sin /A = 2
nm~! (9: Bragg angle, A: wavelength). This
fact has been used to investigate the elec-
tronic state of some interstitial compounds
(15-18). In the present study, we made
simulation calculations by assuming vari-
ous ionized states to V atoms and com-
pared the results with observed images.
The imaging and the simulation were done
for 200-kV electrons under a defocus value
larger than the optimum one, in order to
make the low-order reflections contribute
effectively to the image formation, by tak-
ing the shape change in the transfer func-
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tion with increasing amount of defocus into
consideration.

As examples, we reproduce in Figs. 3a
and b simulated images for the neutral
model V20}; and ideally ionized model
V5tV3*V4* 0%, respectively. The amount
of defocus is 116 nm and the crystal thick-
ness is 36.8 nm. Figure 3c is a structure
image taken under almost the same condi-
tion. It can be seen that the observed image
resembles Fig. 3a rather than b. This shows
that the use of scattering factor for the neu-
tral atom is more appropriate than the use
of that for the ionized atom for the image
simulation. A similar conclusion has been
obtained in the case of W Nb;O7; (19).

c. A Modification of VsOr3

Some specimen flakes gave structure im-
ages as shown in Fig. 4a, where the image
in the region « is the same as the image
shown in Fig. 2a but the image in the region
B is different. The region 8 does not de-

FiG. 3. Simulated images for (a) the neutral state V0% and (b) the ideally ionized state
V4VitV4t 0% . (c) Structure image taken with 200-kV electron microscope under a defocus of 116 nm.

Incident beam direction is [010].
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Fi1G. 4. (a) Structure image showing the coexistence of a-V¢O,; and B-V¢0O,; taken with 1-MV
electron microscope. (b) Optically transformed pattern of the region g.

velop widely, but is separated by thin « lay-
ers. Figure 4b is an optically transformed
pattern of the region .

The structure image of the region 8 and
its optically transformed pattern can be in-
terpreted by assuming a modification of
V60,5 as shown in Fig. 5a. This structure
model is derived from the structure of V,05
by removing all the O atoms in every third
(001) oxygen atom plane and then introduc-
ing the CS of $[01 1], instead of introducing
the CS of #103] in the case of normal
V¢O13. In order to distinguish the two oxide
forms, we refer to the normal V¢Oy; as «
and its modification as B. This B-V¢Oi3
model is orthorhombic with lattice parame-
ters ag = 1.1922 (= a,), bg = 1.912 (= 2c,
sin B,), and ¢g = 0.3680 nm (= b,). The
space group is Cmma. Approximate atom
positions are shown in Table II. Figure 5b is
a simulated image for 8-V4O;;3 under the
beam incidence along the [001]z. This inter-
prets the observed image fairly well.

Discussion

In the present study, we succeeded in
imaging the V-atom rows in V¢O;; as well as
the tunnels in its structure by using the
UHV-HR-1 MV EM. Although the radia-
tion damage took place under a strong elec-
tron irradiation, it could be avoided by re-
ducing the beam intensity and exposure

TABLE II
TENTATIVE CRYSTALLOGRAPHIC DATA OF 8-V¢O,3

Monoclinic, space group Cmma (No. 67)
Lattice parameters: a = 1.1922, b = 1.9912,

¢ = 0.3680 nm
Number of formula unit in the unit cell: M = 4
Atom positions: (0, 0, 0; 1/2, 1/2, 0) +
V(1) at 16(0) with x = 0.15, y = 0.07, z = 0.75,
V(2) at 8(n) with x = 0.14, z = 0.75,
0O(1) at 16(0) with x = 0.18, y = 0.05, z = 0.25,
0O(2) at 16(0) with x = 0.14, y = 0.15, z = 0.75,
O(3) at 8(n) with x = 0.18, z = 0.25,
0O(4) at  8(m) with x = 0.05, z = 0.75,
O(5) at 4(g) with z = 0.75
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F1G. 5. (a) Crystal structure of 8-V40,3. Upper figure: [100] projection. Lower figure: [001] projec-
tion. Open and solid circles represent V atoms, while O atoms are at the corners of octhadra. (b)
Simulated image of 8-V¢0,;. Incident beam direction is [001].

time. The effect of contamination and the
resulting reduction of V¢Oy; (I11) were not
observed. This is due to a clean vacuum
greater than 1 X 10~° Pa around the speci-
men.

The image simulation showed that the
neutral model interpreted more satisfacto-
rily the observed image than the ionized
model. This might be thought to contradict
with Gossard et al.’s results from the nu-
clear magnetic moment measurement of
various vanadium oxides, where V atoms in
metallic V4O;3 are thought to be in an inter-
mediate state between the neutral and ide-
ally ionized states (20). However, Hirotsu
et al.’s electron diffraction measurement of
crystal structure factor of metallic V0,
(21) has shown that the scattering ampli-
tude for V atom is close to that of the neu-
tral atom in a low scattering angle region
(sin /A < 1 nm~!) and approaches that of an
ionized atom (approximately V3+*) with in-
creasing scattering angle. Roughly speak-
ing, the atomic scattering amplitude in the

low scattering angle region reflects the dis-
tribution of outer electrons, while that in
the higher scattering angle region does the
distribution of inner electrons. Therefore,
we can assume that the electron distribu-
tion in V atom in V,0,; resembles the elec-
tron distribution in the neutral atom for the
outer electrons and the electron distribu-
tion in the ionized atom for the inner elec-
trons. The same consideration may be ap-
plied to the present V¢O;; in the metallic
state. The magnetic moment measurements
provide information on the rather localized
3d electron distribution, but in electron mi-
crographs, the distribution of rather nonlo-
calized valence electrons contributes re-
markably to the image formation through
the low-order reflections. This is consid-
ered to be the reason why the image simula-
tion based on the neutral model interpret
the image more satisfactorily than the io-
nized model.

A modification of VO3, which we
named B-V¢0,;, was imaged, and its struc-
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ture model was proposed. This model is dif-
ferent from the normal «-V¢Oi3 structure
only in the direction of CS plane. The posi-
tional parameters of constituent atoms are
approximate. Although a more refined
structure analysis must be made, this model
is considered to be fairly reliable, since the
simulated image can interpret the observed
image and also the model can interpret the
optically transformed patterns of recorded
images. It seems worthwhile to mention the
following fact: while M,0s (M: W, V) (22)
and M-Nb,0s (23) take the so-called 4 X 4
block structure, and M;0; takes the 3 x 3
block structure (24), the present B-V¢Oi;
takes the 2 X 3 block structure.

Sata and Ito (25) reported a modification
of V403 named as the intermediate com-
pound C. According to their X-ray powder
diffraction pattern, it is cubic with lattice
parameter a = 0.880 nm. Trials have been
made to identify the present 8-V¢O;3 with
their intermediate compound C without
success. This is because their precision of
X-ray data is too low for identification.

In contrast to the cases of V¢O;; and
V,0;; (5, 6), the microsyntactic inter-
growth of neighboring phases was not ob-
served. This may be ascribed to the differ-
ence in the specimen preparation condition.
In the present case, the reaction time to
form V40,; was very long and the produced
specimen was cooled slowly.
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