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to form spinel on each side of the reaction interface. 
The three phases involved in the spinel-forming 

reaction, i.e. MgO, fl-GazO3 and MgGaaO4, are es- 
sentially cubic close-packed oxygen structures. This 
precludes the need for the formation of an intermediate 
metastable phase whose oxygen arrangement or 
packing would enable a gradual transition from one 
type of oxygen packing to another, e.g. cubic close- 
packed to hexagonal close-packed. 

It is of interest to note that although there is con- 
siderable analogy between topotaxy in metal and 
oxide systems, no comparable studies have been re- 
ported for metal systems for reactions of the type: 
A + B-+C. 
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Under irradiation by an intense electron beam a V6013 crystal reacts with the carbon deposited on the 
surface during microscopic observation. The structural changes during the reaction were directly 
observed by means of lattice images, in which the array of VO6 octahedra was resolved. At the initial 
stage cavities smaller than 20 A in diameter appear preferentially in the thin part of the crystal and some 
crystallographic shear planes are formed in their wall. The cavities with the heavily distorted sur- 
roundings are seen as white regions. Kinks in lattice fringes, indicating the occurrence of stacking faults, 
are simultaneously found in the matrix. At the advanced stage the VO2 phase and its twin component 
are produced. The mechanism of the transition of V6013 to VO2 can be interpreted in terms of the 
cooperative movement of octahedra. 

Introduction 

It is known for a vanadium-oxygen system that there 
are two series of Magn61i phase, i.e. VnO2,_l (n = 3 to 

8) between V203 and VO2, and VnO2n+l (n =3  and 6) 
between WO 2 and V205 (Andersson, 1954; Stringer, 
1965). Tilley & Hyde (1970) reported that a V2Os 
crystal heated by the irradiation of an intense electron 
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Fig. 2. (a) Lattice image of V60~3. The unit cell is outlined; 
a =  11.9 and c= 10.2 A. (b) Electron diffraction pattern ob- 
tained from the area including Fig. 2(a). The circle represents 
the objective aperture used for taking the lattice image in 
Fig. 2(a). 
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Fig. 3. (a) Initial stage of the intense irradiation of V6Ota. White 
regions smaller than 20 ,& in diameter appeared at the 
thin part of the crystal. Kinks in lattice fringes frequently 
occurred in the vicinity of the regions (parts C). They are 
clearly resolved in the encircled parts within the V60,3 
matrix. In the region D, a regular lattice image corresponding 
to a VO2 phase appeared. (b) Corresponding diffraction 
pattern. (c) Structure model of the VO2 phase. 

(b) 
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Fig. 4. (a) The advanced stage of reduction, induced by the 
electron-beam heating. The observed position is the same as 
in Figs. 2(a) and 3(a). The VO2 phases are clearly resolved at 
parts E. (b) The diffraction pattern corresponding to Fig. 
4(a). The reflexions 60]- (V6013) and 60-i" (VO2), or 005 (V60~3) 
and 003 (VO2), overlap to give a strong intensity. That the 
diffraction spots of V6013 are sharp is considered to be due 
to the fact that they are obtained mainly from the part 
outside Fig. 4(a), where little reduction occurs. (c) Schematic 
representation of Fig. 4(b). 
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Fig. 5. (a) A structure observed at a very early stage of 

reduction, corresponding to a small white region in Fig. 3(a). 
(b) Schematic representation by VO6 octahedra of the part 
outlined in Fig. 5(a). 
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beam in an electron microscope showed some struc- 
tural changes. The changes were considered to be due 
to the reduction of the crystal, although the phases 
formed could not be identified as any of the above 
Magn61i phases. 

Iijima, Kimura & Goto (1973) found that in the 
nonstoichiometric Nb12029 crystal, whose oxygen par- 
tial pressure was measured to be about 1 x 10 -12 Torr 
(Kimura, 1973), small black spots of about 5 /~ in 
diameter disappeared during the observation with a 
high-intensity electron beam. They interpreted this as 
being due to the crystal reacting with the carbon de- 
posited on the surface at an elevated temperature and 
being reduced to a stoichiometric composition. 

In the present study the reduction of a V6013 crystal 
by the carbon deposit on beam heating is examined by 
means of high-resolution electron microscopy. Accord- 
ing to the phase diagram (Kosuge, 1967)the V6013 
phase has a narrow homogeneity range from room 
temperature to 708 °C, at which it melts. When it is 
reduced at a temperature lower than the melting 
point, the VO2 phase of the rutile type should first be 
produced. Based on the thermodynamic data of 
Endo, Wakihara & Taniguchi (1974) the following can 
be stated: (1) The decomposition of V6Ola into VO2 
and 02 seems impossible, since it causes little change 
in the free energy of the system assumed present in an 
electron microscope. (2) The standard free energy for 
the reaction 

2V6Oxa + C = 12VO 2 + C O  2 (1) 

can be estimated to be about - 7 3  kcal at 651°C. It is 
therefore possible that the V6Ola crystal reacts with 
the carbon deposit on heating by an electron beam. 
This is a reason for using the V6Ola crystal in the present 
study. 

" " 

" 

N /  
Fig. 1. Idealized structure of V6013 (Aebi, 1948). The darker 

and lighter squares represent the VO6 octahedra, which form 
2 x 3 blocks by their corner-sharing. 

The phase contrast obtained by using a recent high- 
resolution electron microscope with a tilting apparatus 
approximately represents the potential distribution in 
the material observed (Cowley & lijima, 1972). The 
array of metal ions in some complex oxides was really 
resolved and the method was successfully applied to 
identify such crystal imperfections as planar and point 
defects and to clarify the relationship with the non- 
stoichiometry (Iijima, 1971, 1973; Iijima, Kimura & 
Goto, 1973, 1974). Since the V6013 crystal has a block 
structure, as will be mentioned later, the array of VO6 
octahedra in the crystal and its change during the 
reduction are thought to be resolved in a lattice 
image by the high-resolution electron microscope. 
This is another reason for using the crystal. 

Experimental procedure 

Single crystals of V6Ola were prepared by a chemical 
transport method (Saeki et al., 1973). They are elong- 
ated plates of about 1 mm long and 0.2 mm wide. The 
lattice parameters were measured by X-ray diffraction 
to be a = l l - 9 ,  b=3.68, c=10.2 A and fl=100.9 ° 
(monoclinic). 

The procedure to obtain high-resolution lattice ima- 
ges was the same as that reported by Iijima (1971). 
An HU 12A type electron microscope equipped with 
a goniometer stage (+ 35 ° tilt) was used at an acceler- 
ating voltage of 100 kV with illumination from a 
pointed filament. The direct magnification was about 
3 x l0 s. Exposure time was about 2 s. The specimen 
position was lowered by about 1 mm from the standard 
level in order to reduce the spherical aberration. 

The lattice image was generally observed by using 
the aperture of the smallest size (300/~m in diameter) 
for the second condenser lens. The specimen was stable 
in the electron beam for a long time even at the maxi- 
mum intensity. When another aperture of larger diam- 
eter was used and the electron beam was focused on 
the specimen, a structural change did occur. The rate 
of change depended on the intensity of the electron 
beam. The process could be observed in detail on the 
fluorescent screen through the optical magnifier (× 10). 
When the aperture was reset to the smallest size, the 
change immediately stopped. Photographs were then 
taken after recorrection of the astigmatism, the 
amount of defocus and the orientation of the crystal. 

Results and interpretation 

The crystal structure of V6013 , first determined by 
Aebi (1948) and later refined by Wilhelmi, Waltersson 
& Kihlborg (1971), is shown in Fig. 1 ; VO6 octahedra 
form zigzag strings, extending along b by edge- 
sharing. The strings link together by corner-sharing, 
forming single sheets parallel to the ab plane. When 
two single sheets combine by edge-sharing, a double 
sheet, also parallel to the ab plane, is formed. These 
single and double sheets are joined by sharing addi- 
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tional corners and form a three-dimensional lattice of 
monoclinic symmetry. 

Fig. 2(a) shows a lattice image of the V6013 crystal. 
A diffraction pattern obtained from this area coincides 
with the (010) reciprocal-lattice section, i.e. the electron 
beam is incident parallel to b [Fig. 2(b)]. Thick, dark 
lines, running along the a axis, correspond to the 
double sheets mentioned above (Horiuchi & Matsui, 
1974). Dotted lines, running through the middle of 
them, correspond to the single sheets. White spots 
correspond to the tunnels running parallel to the b 
axis (marked A in Fig. 1). Although smaller tunnels 
(B) cannot be resolved, the array of VO6 octahedra 
can be definitely assigned and the unit cell can be 
taken as that shown in Fig. 2(a). The angle between 
the a and c axes is about 101 o, consistent with the 
structure model. Since there are no significant distur- 
bances in the structure image, it can be said that the 
crystal is quite perfect. The specimen was stable in 
the electron beam as long as the smallest aperture was 
used for the condenser lens. The carbon deposited on 
the surface of the specimen owing to the breakdown 
of hydrocarbon vapours during the observation is seen 
as a film with a granular structure of about 20 A in 
thickness. 

The specimen was then irradiated by an electron 
beam of higher intensity with a larger bore for the 
condenser aperture. Some small white regions, in 
which no regular lattice image is observed, appeared 
at the beginning of the heating [Fig. 3(a)]. Most of 
them are smaller than 20 A in diameter. They are 
preferentially formed at the thin part of the specimen. 
They are considered to be regions where the reduction 
of V60~3 by the carbon begins. The lattice image of 
V6013 in the matrix region is not as regular as that 
shown in Fig. 2. Dark lines parallel to the a axis are 
still resolved, although they are often kinked. On kink- 
ing some planar defects in the e* direction must be 
formed. Fig. 3(b) shows a corresponding diffraction 
pattern. Each diffraction spot shows weak streaks 
parallel to e* due to such stacking faults. 

In Fig. 3(a) another type of regular lattice image 
different from that of V60~a is also observed in the 
region D, extending along the a axis. From the image 
a structure model as shown in Fig. 3(c) can be deduced 
on the assumption that, by analogy with the image of 
V60~3, white spots represent the positions correspond- 
ing to the tunnels and dark lines the double sheets. 
The structure is constructed only of the double sheets, 
linked together by corner-sharing. The unit cell of this 
phase has monoclinic symmetry. The lattice parameters 
expected from the model are a =  11.9, b = 3.68, c= 6.14 
A and fl= 107 °, while those measured from the image 
are a=12,  c=6.4 A and fl=107 °. The atomic ratio 
V/O calculated from the model is ½. The phase is 
thus established as being VO2. However, in the dif- 
fraction pattern [Fig. 3(b)] no reflexion peaks from the 
VO2 phase were observed. This is probably because 
the volume fraction was very low. The structural 

changes mentioned above were observed only in the 
thinner part of the specimen, while the thicker part 
still remained almost unchanged. 

The specimen was heated further. The total time of 
heating by the intense electron beam amounted to 
about 2 min. Considerable changes in the image were 
observed not only at the thinner part but also at the 
thicker part of the specimen [Fig. 4(a)]. The image 
became very complicated locally and the VOz phase 
became predominant in volume. The lattice parameters 
measured from the image are a=12,  c=7.1 to 6.2 A 
and fl = 107 o. 

Fig. 4(b) shows a diffraction pattern from the above 
specimen. The intensity of the streaks parallel to e* 
increased and some diffuse peaks appeared on the 
streaks. Fig. 4(c) is a schematic representation of Fig. 
4(b). The distance between the diffuse peaks (upright 
triangles) is ~ of that between the reflexions from V601a 
(crosses). The peaks are reasonably explained on tbe 
basis of the model given in Fig. 3(c), since the lattice 
spacing of the VO2 structure in the c* direction is ~ of 
that of V6013. On this basis diffraction spots were 
indexed in Fig. 4(b) and (c), in which the indices under- 
lined refer to the VO2 phase and those not underlined 
to the V6013 phase. That the c value of the VO2 phase 
is not constant must be related to the fact that the 
intensity distribution of the diffuse peaks elongates 
along c*. 

In Fig. 4(b) some weak spots [inverted triangles in 
Fig. 4(c)] show the existence of the twin component of 
the VO2 phase. The composition plane is parallel to 
the ab plane. The twin component was not resolved in 
the image probably because the image became com- 
plicated. Other diffuse peaks in Fig. 4(b) (circles) are 
interpreted as due to the double diffraction, i.e. some 
reflexions from the V6013 matrix excited near the centre 
spot are considered to act as new sources. 

The specimen was tilted up to 55 o about the c* axis. 
It was observed on tilting that diffuse reflexion peaks 
always existed on the streaks parallel to c*. The dis- 
tance between these peaks with relatively strong in- 
tensity was always ~ of that for V6013. This observation 
confirms the structure of the VO2 phase represented in 
Fig. 3(c). 

The specimen was further irradiated after removal 
of the condenser aperture. It rapidly coagulated by 
melting. The temperature would certainly have ex- 
ceeded 708 °. 

Discussion 

The rate of structural change mentioned so far de- 
pended not only on the intensity of the electron beam 
but also on the duration used for setting the orientation 
of the crystal and for adjusting the astigmatism. If the 
duration was long enough to cause a thick carbon film 
to be deposited, the change proceeded at a fast rate 
when the beam was made more intense. On the other 
hand, a fresh crystal not covered by the carbon 
deposit does not show any change even under an 
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intense electron beam. These facts indicate that the 
carbon takes part in the reaction causing the structural 
change. 

The crystal structure of VO2 was reported to be of 
the rutile type (Westman, 1961). On the other hand, 
that found in the present study is of the monoclinic 
type and similar to that reported for Na0.zTiO2 (An- 
dersson & Wadsley, 1962). In order to examine the 
effect of the carbon on the type of crystal structure 
the following experiment was undertaken; powders of 
V6013 and graphite were mixed in a molar ratio of 
2:1, packed in the graphite crucibles and then heated 
in an evacuated furnace at temperatures from 500 to 
650 °C for 2h. The product was VO2 of the rutile type 
with residual V6Ox3 and graphite. The reason for the 
formation of the monoclinic VO2 is unknown, since 
its thermodynamic data are not at hand. However, 
it is considered that they do not differ largely from 
those of the VO2 of the rutile type and equation (1) 
(see Introduction) must still apply for the reduction in 
the electron microscope. 

Stacking faults were frequently found in the vicinity 
of the white regions appearing at the initial stage of 

/ 
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Fig. 6. (a)-(c). Schematic  representa t ion  of  the t ransi t ion of 
V6013 to VO2 by the cooperat ive  movemen t  of  octahedra .  
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Fig. 7. (a)-(c) Schematic representation of the transition of 
V6Ot3 to the twin component of VOw. 

reduction [Fig. 3(a)]. Fig. 5(a) shows a very early 
stage of the change, where one small white region is 
enlarged. Fig. 5(b) is a schematic representation by 
octahedra of the part outlined in Fig. 5(a). Stacking 
faults are formed at both sides of the cavity created 
in the centre by the volume shrinkage and the array of 
octahedra is the same as that of VO2. At the edge of 
the stacking faults kinks are formed and an examole 
is encircled in Fig. 5(b). The cavity must extend along 
the b axis throughout the crystal and must be occupied 
by CO2 gas and a small number of vanadium and 
oxygen atoms irregularly arranged. This view is also 
supported by the observation that the contrast is as 
weak as that of the tunnels in V6013. 

The transition of V6Ola to VO2 is schematically 
shown in Fig. 6; half the number of octahedra in a 
double sheet first move cooperatively in the direction 
shown by the arrows [Fig. 6(a)] to form another 
double sheet at the adjoining plane [Fig. 6(b)]. This 
cooperative diffusion of octahedra (Andersson & 
Wadsley, 1966) causes only the movement of the shear 
plane and introduces little change in the enthalpy of 
the system. If further rearrangements of octahedra 
occur in the direction arrowed [Fig. 6(b)], a small 
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region of VO2 phase composed of four adjoining 
double sheets is formed [Fig. 6(c)]. On the formation 
of VO2 some oxygens are released and transferred by 
diffusion to the surface, where the reaction with the 
carbon deposit occurs. The free energy of the system 
is then lowered. 

The formation process of the twin component of VO2 
is schematically shown in Fig. 7; a double sheet first 
decomposes into two single sheets [Fig. 7(a)]. If further 
movements of octahedra occur in the direction arrowed 
[Fig. 7(b)], a small region of VO2 of a twin orientation 
forms [Fig. 7(c)]. As a result, some oxygens are released 
and the free energy of the system is lowered. The first 
stage of the process, i.e. the decomposition of a double 
sheet, seems, however, rather reluctant to occur because 
it must introduce a volume expansion of the matrix 
and because some oxygens must at once be absorbed. 
The transition to the twin component is therefore 
considered to be suppressed in comparison with that 
mentioned in relation to Fig. 6. 

Browne, Hutchison & Anderson (1972) observed 
the oxidation process of Nb12029 to Nb2Os by means 
of electron diffraction and lattice images. Although 
no individual metal ions were resolved, the image 
contrast was interpreted to represent the array of 3 x 3 
or 3 x 4 blocks produced during the phase transition. 
On the basis of the results obtained they proposed 
that any string o f - N b - O - N b - O -  atoms along the 
unique block axis moves in unison and that the 
oxidation reaction proceeds as a ripple of rearrange- 
ment of octahedra throughout the crystal. In the 
present study on the reduction it was found that the 
cooperative movement of octahedra also played an 
important role. However, it seems to be achieved not 
by the movement of atoms in unison but by the pro- 
pagation of kinks appearing at the initial stage of the 
reduction process [Figs. 3(a) and 5(a)]; if the kinks 
located in the encircled part in Fig. 5(b) move down- 

ward along a, the rearrangement of octahedra as 
suggested in Fig. 6 can be achieved. 

The authors wish to express their deep gratitude to 
Dr S. Yamaguchi (NIRIM) and Dr T. Komoda 
(Hitachi Central Research Laboratory) for their encour- 
agement and to Dr M. Goto (NIRIM) for a valuable 
discussion. 
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