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Vacancy Distribution in v-Fe,O,

Ryvuzo Uepa anp KinicHl HAsEGAwA™

Department of Applied Physics, Waseda University,
Shinguku-kw, Tokyo, Japan

The vacancy distribution in 7-Fe;Os is determined by the X-ray and neutron diffraction.
The vacancies do not distribute uniformly through cation sites, but occupy the particular
positions of the lattice on the average. We can observe a number of extra lines in the
diffraction patterns of both the X-ray and neutron, which do not appear in the magnetite
structure. :

The intensity calculations were performed by estimating various kinds of vacancy con-
tributions to the diffraction intensities. The existence of the extra lines ruled out the
Verwey model in which vacancies distribute in disorder. Among the several models in
which vacancies occupy the special positions statistically in cation sites, we could select
the most probable one. The agreement between calculated and observed intensities

was quite good.

1) Introduction

The ferrimagnetic 7-Fe,O; is formed by
the oxydation of the magnetite or dehydra-
tion of the lepidocrocite y-Fe;O;-H,O. The
structure of this crystal was first studied by
Hagg? and Verwey®? by means of X-ray
powder method. They pointed out that it
had the same inversed spinel structure as the
magnetite and vacancies in the crystal dis-
tribute uniformly in the cation sites.

Haul and Schoon® and Chaudron® found a
number of extra lines in X-ray patterns which
cannot be assigned to the lines due to magnetite
lattice. Braun® and Shinha and Shinha®
suggested that light atoms like hydrogen were
trapped in the vacancies of the cation sites.

* Now in the Electrical Communication Labora-

tory, Nippon Telegraph and Telephone Public
-Corporation, Tokyo.

On the other hand, Néel” pointed out from the
calculation of the saturation magnetization
for r-Fe,O; that the vacancies distribute in
the 16 (d) cation site of the spinel structure,
which was confirmed by magnetic measure-
ments.

Quite recently, Ferguson and Haas® studied
this vacancy distribution of y-Fe.O; by
neutron diffaction and supported the Ver-
wey model; i.e. the uniform distribution of
the vacancies. In our present studies, the
powder data of X-ray and neutron diffraction
were taken in detail. From these data, some
vacancy distribution in special sites was
concluded.

2) Specimen

The extensive studies have been performed
to make a stoichiometric 7-Fe,0;. However,
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the conditions to make a standerd specimen
is quite difficult to get. In this study we
oxidized the magnetite in air at the tem-
perature of about 400°C for a few hours. The
chemical analysis showed the nearly stoichio-
metric composition of Fe;O;.

The temperature change of the lattice con-
stants by X-ray, the magnetic susceptibility
by using a magnetic balance, the specific heat
by differential calorimetry, and the weight
increase in air by the thermo-balance
have been measured in our laboratory. All
these measurements showed that the trans-
formation from magnetite to y-Fe,O; began at
about 240°C.

When we heated the powder specimen of
the magnetite which was synthesized, the
Debye lines became broad at about 220°C.
In this temperature range, the vacancies, we
suppose, will move about in disorder to form
the 7-Fe;0;, although the extra lines were
not observed yet.

When the temperature increased above the
240°C, the extra lines which were typical for
the r-Fe;0; phase appeared. This phase was
stable betwen 240°C and 540°C. Above 540°C,
the crystal was oxidized to be a-Fe,0;. The
effort to get the single crystal of y-Fe,O;
was made, but it showed unsuccessful except
the small needle crystal which is to be used
for the electron microdiffraction.

3) X-ray diffraction analysis
The structure of y-Fe,0; is shown in Table
I in which the 2%Fe ions are defect in the

Table 1.
8a 16d 32e
FesOs 8Fe3+ | 8Fe?t+ + 8Fe3+ 3202-
24 Fe ions
7-Fex03 214Fes+ 3202~

unit lattice of the magnetite. The lattice
constants of the magnetite and 7-Fe,O; are
8.374A and 8.320A. The atomic coordinates
are given in the following equivalent posi-

tions: (000; 0%%; 203%; 230)+

8a) 000; $%%

16(d) &8&8 £3% #84% 88

32e) xxx XXX 2—x, T—x, 31— T—x,

R. UEDA AND K. HASEGAWA

XXX, XXX, T+x, 2—x, 34+x 3+,

4z,
The parameter x is equal to # im the magne-
tite. We assumed the same value for x in
7-Fe;0s.

The powder pattern of X-ray diffraction of
7-Fe,0; is shown in Fig. 1. The extra lines
(110), (200), (210), (211), (311) and so on, which
are assigned as cubic indices, are clearly

shown in the figure in addition to the lines

1—x.
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due to magnetite structure. The appearance
of these forbidden reflections suggests us a
kind of superstructure in which vacancies
may be arranged in the cation sites regularly
like in Fe;Ss which was analysed by Bertaut.”
It will be quite difficult to determine such a
space group of the low symmetry from the
powder data. Thus, our plan to solve this
structure is to extract 2%Fe ions regularly
from the cation sites of the magnetite so
as to give the observed X-ray intensities.

The structure factor Fy(hkl) of 7r-Fe,O; is
expressed as follows:

Fy(hkl)=Fy(hkl) — > W;

j(vacancy)
sin @ :
Xf < >e2m (hzj+kyj+lzj)

where F, is the structure factor of the
magnetite and W; is the probability that the
vacancy exists in the j-th cation site. The
random distribution of the vacancies at 8(a)
or 8(a)+16(d) or 16(d) sites respectively is
not a case corresponding to these extra lines.
We can assume that the vacancies have an
equal weight for the equivalent points in the
lattice, and then W;+ W;, Wo=Wp=:--=Wy
=0, and: Wa=Wa=W.=: = W.
If we define,
SkD= 1>

j(vacaney)

ez;:i (ha:j+kuj+lzj) A

the following conditions for the X-ray reflec-
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tions are derived:

(I) S@100)=0

(II) S(110), S(210), (211), and so on are

not equal to zero.

(III) S(200)++0

If the vacancies occupy only the 8(a) sites,
the conditions (I) and (II) are not satisfied.
If both the sites 8(a) and 16(d) are occupied
by the wvacancies at the same time, the
calculated intensities do not correspond to
the observed ones. If we take into account
various kinds of distributions of vacancies
in 16(d) sites, which is not contradicting
the general extinction rules above stated,
we can select seven models from 2!/4x2
=2'® possibilities by the conditions (I) and
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distributed in four particular sites of the
16(d) sites with an equal weight (W=§ x1=3).
This is the only one in which the agreement
between the observed and calculated inten-
sities is the best (Table II). The coordinates
of the four vacancies which distribute in the
sites statistically in the cubic unit lattice are
as follows in the 16(d) expressions,

48 183
88 4%

The space group O,"— Fysn of the magnetite
lattice becomes 7%*— P2,3 in r-Fe,0;. The dis-
crepancy factor R=0.12.

4) Neutron diffraction analysis

The neutron diffraction data for the powder
specimen of r-Fe;O; were collected at the
Brookhaven National Laboratory by one of
the authors (R.U.). The wave length of the
monochromatized beam was 1.05A. The beam
cames out of the graphite reactor in which
the thermal neutron flux was 2.5x10
neutrons/cm?-sec.

The powder sample was cased in an alumi-
nium cylinder, the dimension of which was
18 mm in diameter and 75mm in height.
The scanning speed was 0.5/min. and scanning
range in 260 is about 50°.

We found the same kind of extra lines in
the powder pattern of the neutron diffraction
which was not detected by Ferguson and
Haas (Fig. 2). These differences between F.
and H.’s and ours are supposed to be due to
the resolution power of the spectrometer used.
In the case of the neutron scattering, the
structure amplitude is expressed as

Fz:Fgucl_*_%F?nag ’
where

Neutron Diffraction of{-Fe03

(II). We carried out the intensity cal-
culations and could see that 2% vacancies
Table II.

X-ray Diffraction Neutron Diffraction
hkl | (I/Issi)ob. | (I/Isst)car. | (I/Isso)ob. | (I/Iss0)car.
(110) 3 3.9 3 2.1
(111) 4 3.7 53 63.2
(200) 15 I 1 0.9
(210) 5 219 5 3.0
(211) 3 1.4 S 1.
(220) 36 36.3 23 23.8
(311) 100 100 52 8229
(222) V.W. 0.3 12 12.3
(400) 22 17.2 45 46.2
(331) — 0.8 8 10.9
(422) 12 117 12 13.4
(511) 30 29.7 33 29.3
(333)
(440) 44 45.4 100 100

counts
3000 -
m
2000 A

1000 -

311
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Fnucl= 2 bFea+ezxihrj+ 2 bF63+e21xihrj
j(8a) 3 (16d)

= 3 bo— eribr;—% 3

J(32e) Jj(vacancy)
Frag=— 2 pros+€¥¥hr + 3, Pres+ei=ihr;
i (8d) 3(16)

Dres+e2rihr;

~8 3 Drareirih,
J(vacancy)

In the nuclear scattering, bpes+=0.95x10"1%
cm, bor—=0.575x10"2cm. We used p values,
magnetic scattering factors, which were
given in the papers by Corliss et al. and
Brockhouse et al. If we assume the Néel
model for y-Fe;O; where the spins couple in
the antiparallel way as shown in the table
3, the calculated intensities are expressed as
follows:
Luo< PL(O) | FhkD) | * ,

where

P=multiplicity

L(#)=Lorentz factor

F(hkl)=structure factor.
The results are shown in Table III, which are
calculated by using the same model obtained
from the X-ray analysis. R=0.10. We car-

Table III.
8a 16d
8Fe3+ 8Fe3+ 4 8Fe2+
FesO4 ' t 1
8Fe3+ 8Fed+|-5{Fes+
1-Fe0s ' t ?
PF93+ . 3=
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ried out further calculations of the inten-
sities, assuming that the hydrogens were
trapped in the vacancy sites. The results
became worse.

5) Conclusion

If we assume that the unit cell of 7-Fe,Os;
has 2% vacancies, we can obtain the statistical
distribution of vacancies in the particular
four cation sites. This distribution gives a
good agreement between the calculated and
observed intensities. Both the uniform distri-
bution of the vacancies proposed by Verwey
and the model in which hydrogens are
trapped in the vacancies have been ruled out.

Finally, the authors express their sincere
thanks to Dr. B. C. Frazer of the Brook-
haven National Laboratory for his kindness
in giving one of them (R.U.) an opportunity
to collect the neutron diffraction data.
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