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Irradiation-Induced Phase Transition in Ba2Fe205 
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Monoclinic BazFe20s is beam-sensitive and readily suffers a nonreversible phase transition during 
TEM observations. The new phase seems to be an orthorhombic perovskite superlattice with unit cell 
parameters a,%‘?, a,fi, a,fi, a, being the cubic perovskite subcell parameter. 0 W90 Academic Fwss, 

Inc 

Introduction 

A variety of chemical and structural pro- 
cesses can take place in a sample, when it is 
subjected to the conditions of electron bom- 
bardment and high vacuum during observa- 
tion in a modern high resolution electron 
microscope (I). The addition of low light 
TV cameras and video recording equipment 
has led to the observation of dynamic re- 
structuring phenomena resulting principally 
from electron irradiation of the specimen in 
the microscope. Since the early study by 
Hashimoto et al. (2) on the defect motion in 
gold foils, several studies of dynamic 
events on the atomic scale in crystalline 
materials have been performed such as de- 
fect annealing in cadmium telluride (3) or 
structural degradations in the /3”’ phase of 
potassium ferrite (4), but most efforts have 
been devoted to study different surface 
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phenomena either on oxides or small parti- 
cles (5-13). 

Observations of many oxides under high 
beam current conditions also cause some 
interesting beam-induced phase transitions. 
These transformations can be accompanied 
by a composition change, as in CaILa 
(Fe3+,Fe4+)308+z perovskite-related oxide, 
where the reduction process observed un- 
der the electron beam (Fe4+ + e- 3 Fe3+) 
leads to the decomposition in Ca2Fe205 and 
LaFe03 (14). However, other perovskite- 
related oxides show reversible phase transi- 
tions without composition change as in 
Sr2Coz05 brownmillerite-type where a dis- 
placement of the oxygen atoms under the 
electron beam seems to occur leading to the 
formation of a new phase showing the same 
composition (15). 

From our study on the BaFe03+ 
perovskite-related system, we have deter- 
mined, by means of X-ray and electron dif- 
fraction, that Ba2Fe205 shows a multiple 
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perovskite superlattice (16) which can be 
indexed on the basis of a monoclinic cell 
with parameters a = 6.969(l) A; b = 
11.724(l) A; c = 23.431(l) A; and /3 = 
98.74(l)“. This phase seems to be very sen- 
sitive to the electron beam and suffers from 
structural changes during TEM observa- 
tions. We describe in this paper the irradia- 
tion effects on monoclinic Ba2Fe205. 

Experimental 

Ba2Fe205 was prepared as described in 
Ref. (27). 

TEM observations were performed on a 
JEOL 200 CX electron microscope, kindly 
lent to us by the INPG (Grenoble, France), 
equipped with a side-entry double tilting 
specimen holder. Specimens were prepared 
by grinding under n-butanol; a drop of sus- 
pension was then transferred to a holey car- 
bon support film. Individual crystals were 
aligned so that the electron beam was paral- 
lel to one of the main orientations of crys- 
tallographic interest, namely [ 1001, and 

[OlO], (subindex m refers to the monoclinic 
cell). 

Results 

As we have previously described (18), 
Ba2Fez05, being a perovskite-type super- 
structure, crystallizes on a monoclinic cell. 
Figure la shows the electron diffraction 
pattern corresponding to the [ lOOl,,,//[ liil, 
zone axis (subindex c refers to the basic 
perovskite cubic subcell). Two superlat- 
tices of the perovskite substructure are 
seen: a 1Cfold superlattice along [21 l],* azd 
a 4-fold superlattice along the [Oll]~ 
perovskite direction. When the sample is 
left for a few minutes within the microscope 
under normal observation conditions a 
structural transformation takes place, as 
observed in both electron diffraction pat- 
terns and structure images. This transfor- 
mation can be accelerated by increasing the 
beam intensity, but the initial situation is 
not recovered when such intensity is de- 
creased. It is, then, a nonreversible transi- 
tion. 

FIG. 1. (a) Electron diffraction pattern of monoclinic BazFezOJ along the [lOO],,,//[lii], zone axis. (b) 
Electron diffraction pattern along the same direction after transformation under the electron beam. 
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FIG. 2. (a) Electron diffraction-pattern along the [OlO], zone axis, equivalent to the [Oli], direction. 
(b) Diffraction pattern along [Oil], after transformation. (c) Schematic representation of the pattern 
shown in a. (d) Schematic representation of the pattern shown in b. 

Figure lb shows the electron diffraction 
pattern along the same [llll, zone axis 
after the transformation. Now, the two 
perovskite-type superlattices are different: 
a sixfold superlattice along [211]? and 
equivalent directions, and a twofold super- 
structure along the [Oli]c* and equivalent di- 
rections are seen. 

Figures 2a and 2b show the electron dif- 
fraction pattern along the [Oli], zone axis 
before and after the transformation, respec- 
tively. As schematically represented in 
Figs. 2c and d, it can be seen that the seven- 

fold superlattice along [3?2],* observed in 
monoclinic BazFezOS disappears in the 
transformed phase. On the other hand, a 
new threefold superlattice along [iii]: ap- 
pears. 

Figure 3 shows a sequence of images 
along [Iii],, illustrating the progressive 
transformation under the electron beam. 
Positions and spacing of the fringes do not 
alter with further irradiation. At the final 
transformation stage (Fig. 3d), the presence 
of domains tilted between them 60” can be 
detected. According to that, the corre- 



FIG. 3. Four images of Ba2Fe205 along [iii], taken at intervals of about 1 min showing the progres- 
sive transformation of an original crystal initially showing monoclinic symmetry. 
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FIG. 4. Schematic representation of the three electron diffraction patterns shown in Fig. lb showing 
a sixfold superlattice along [211], and equivalent directions. 

sponding electron diffraction pattern (Fig. 
lb) can be interpreted on the basis of the 
juxtaposition of three patterns in which the 
long axis (6xgZllc) is located along the three 
[211] cubic directions which form 60” be- 
tween them, as schematized in Fig. 4. The 
reciprocal cells corresponding to each do- 
main are represented in Figs. 5a, 5b, and 
5c, and are related to the cubic subcell ac- 
cording to the following expressions: 

a, * = i/3[iiii,* a,* = 1/3[111]: a,* = 1/3[iiii,* 

b,* = 1/2[01i]: b,* = 1/2[110]2; b,* = 1/2[101]: (1) 

c,* = 1/6[211]: c: = 1/6[1i2]: c: = 1/6[12i]: 

Domain A Domain B Domain C 

The angles formed between the three re- 
ciprocal parameters are 90” and a # b # c 
indicating that, in each domain, the symme- 
try of the cell is orthorhombic. The recipro- 
cal cell corresponding to the new phase, as 
represented in Fig. 6, will be a consequence 
of the juxtaposition of the three reciprocal 
domains A, B, and C, giving a hexagonal 
pseudosymmetry. 

From these results, a relationship be- 
tween the direct cells can be obtained. 
Thus, for Domain A, 

where subindex o refers to the orthorhom- 
bit cell. From expression (2), the following 
relationship between the orthorhombic and 
pseudocubic unit cell parameters can be ob- 
tained: 

- 
co = 2a, +b, + c, = 10 A. 

Discussion 

Structural changes under the electron 
beam can be accompanied by a reduction 
process (14, 19, 20), since oxidized sam- 
ples can be reduced within the microscope 
under normal observation conditions by the 
combined influence of both high vacuum 
(=lO-‘j Torr) and the electron beam. 

The reduction of the BazFe205 phase is 
only possible, according to Neu (22, 22), by 
working at high temperature (= IOOO’C) and 
very low oxygen pressure. In these condi- 
tions, Ba2Fe205 can only be reduced to 
BaFe02.49, no changes in the symmetry be- 
ing observed. When a higher degree of re- 
duction is attained, the material decom- 
poses leading to the formation of metallic 
iron. However, the condition of a sample 
under the electron beam irradiation in TEM 
significantly differs from those of conven- 
tional experiments of solid state reactions 
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FIG. 6. Schematic reciprocal unit cell of the 
orthorhombic phase showing the juxtaposition of A, B, 
and C domains related to the cubic perovskite subcell. 

due to the use of an extremely thin sample 
and irradiation of high energy charged par- 
ticles (23). Hence both experiments cannot 
simply be compared with each other. 

Although the experimental conditions 
under the electron beam seem to favor a 
reduction process, some oxidation reac- 
tions have been described in such circum- 
stances. This is so in the case of partial oxi- 
dation on the surface of several oxides (24). 
However, it seems difficult to justify, under 
these conditions, the whole structural 
transformation observed in Ba2Fe205 as a 
consequence of an oxidation process. 

The chemical composition of the new 
phase has been analyzed in a JEOL 2000 
FX electron microscope fitted with an 
ultrathin window-energy dispersive X-ray 
spectrometer (Link analytical AN 1000 
10155 S). No compositional change is ob- 
served with respect to the monoclinic 
phase. However, if there is a very slight 
change of chemical composition, such a dif- 

ference could be included in the error range 
of the measurement (25). Further analysis 
is necessary to clarify this point. 

On the other hand, either the local tem- 
perature on the crystal or the impulse trans- 
ference of the electrons can produce a 
rearrangement of the atoms leading to a 
different state of order. Although the mono- 
clinic BazFezOs structure is not yet known 
and we do not have diffusion data for this 
material, there exist some diffusion results 
of perovskite-type compounds indicating 
that M cations are the slowest among the 
three ions constituting AM03 solids (26, 
27). In fact, in the whole transformation 
process the A4 sublattice, which in the 
perovskite constitutes a simple cubic lat- 
tice, remains fixed since the strong reflec- 
tions characteristic of the perovskite sub- 
structure do not change. Regarding the 
barium atomic number it seems reasonable 
that oxygen atoms will move somewhat 
faster in Ba2Fe205 so a rearrangement of 
the lightest atoms can produce a new an- 
ionic sublattice. 

From these results the nonreversible 
transformation of the monoclinic BqFez05 
leads to a new phase showing orthorhombic 
symmetry. It is worth mentioning that 
Ichida (28) has studied the decomposition 
of BaFe04 in air, obtaining two different 
phases where all iron is in state oxidation 
III. The first one has been indexed as tri- 
clinic by Mori (29) although our recent 
study by electron diffraction (18) shows 
this phase to be monoclinic. We cannot 
compare the second one, called “low-tem- 
perature BaFeOZ,so,” since its unit cell has 
not been determined. 

We have tried to prepare the orthorhom- 
bit phase by several methods under differ- 
ent experimental conditions, but with un- 
successful results up to now. It seems, 
then, that only on the conditions experi- 
enced under the electron beam is it possible 
to stabilize such a phase. 
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