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The Crystal Structure of Barium Diferrite
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A new barium ferrite, BaO.2Fe,0;, has been synthesized hydrothermally. It is hexagonal, space group
P6;/m, with lattice dimensions a=5-160 and ¢=13-811 A; Z=2. The structure has been determined
by the heavy-atom method and refined by least-squares methods using the block-diagonal approxima-
tion to a final R of 0-08. The hexagonal unit cell consists of six layers of large ions. There are two
successive layers of three oxygen ions, but the third layer contains only one oxygen ion and one barium
ion. Thus an open space is formed at the third level. The basal plane containing the barium ion is a
mirror plane of the structure. Ferric ions are distributed equally into two different sites: one surrounded
tetrahedrally and the other octahedrally by oxygen ions.

Introduction

Because of the practical importance of BaO.6Fe,0; as
a permanent magnet (Went, Rathenau, Goter and van
Oosterhaut, 1951, 1952), the system BaO-Fe,O; has
been investigated by many workers (Goto & Takada,
1960; Batti, 1960; van Hook, 1964). The phase diagram
of this system contained BaO.6Fe,0,, BaO.Fe,O; and
2Ba0.Fe,0;(BaFe0,.5). Recently, a new metastable

compound, 2BaO.3Fe,0;, has been reported (Shirk,
1970). These compounds were synthesized by either
powder reactions or flux techniques, mostly at tem-
peratures higher than 700°C.

Barium hexaferrite, BaO.6Fe,0;, has the magneto-
plumbite structure (hexagonal, P6s/mmc) with cell di-
mensions a=5-888 and c=23-22 A (Adelskold, 1938).
Barium monoferrite, BaO. Fe,0;, is orthorhombic with
a=19-074 A, b=5-372 A and ¢=8-450 A, and has a
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superstructure of hexagonal BaO.Al,0; (Do-Dihn,
Bertaut and Chappert, 1969). According to Mori (1966)
BaFeO,(x=2-5-3-0) exists in various forms depending
on the oxygen content x: a hexagonal phase similar to
BaTiOs, and phases having structures of the perovskite
type.

In our investigations of magnetic oxides and hydrox-
ides, we prepared some new barium ferrites hydro-
thermally by heating ferric oxide in aqueous barium
hydroxide solutions up to 300°C (Okamoto, Okamoto,
Sekizawa & Ito, 1971). Among them, a new hexagonal
barium diferrite, BaO.2Fe,0,, was found.

The present paper deals with the structure determi-
nation of BaO.2Fe,0;.

Experimental

Sample preparation and chemical analyses

Three grams of nominally pure «-Fe,O; powder
(0-2 1 in mean particle diameter) and 60 ml of 0-5 M
Ba(OH), solution contained in a Teflon beaker were
placed in a 500 ml autoclave together with 50 ml of
distilled water. The autoclave was heated at a rate of
about 200°C per hr, kept at 260°C for 16 hr, and
finally air-cooled. Prior to the heating the autoclave
was connected to a high pressure oxygen container, and
filled with 10 kg cm =2 of oxygen, in order to protect the
specimen from reduction by hydrogen formed by a
reaction between the stainless steel vessel and the water.
The product was washed with very diluted HCl solution
and then with distilled water until no Ba?* was detected
in the supernatant liquid, and finally it was dried at
about 50°C in air.

The crystals obtained were red hexagonal plates of
30 1 mean diameter. Standard wet chemical analyses
showed that the product is composed of 30-7 wt% of
BaO and 69-3 wt % of Fe,0;, and all iron ions in the
structure are trivalent. This composition is very close
to the calculated value for BaO-2Fe,0; (32:4 wt % of
BaO and 67-6 wt % of Fe,0,).

Crystal data

The X-ray powder diffraction patterns were taken
with Fe-filtered Co K« (1=1:7902 A) radiation. Ob-
served spacings, relative intensities and sk/ indices are
shown in Table 1.* The hexagonal unit-cell dimensions
were determined by least-squares calculations using
eight suitable reflexions.

Weissenberg photographs indicated the hexagonal
system. At an early stage, however, the Laue group

* According to Erchak, Fankuchen & Ward (1946), a bar-
ium ferrite with composition BaO.2Fe,0; was formed by heat-
ing a mixture of «-Fe,0; and BaCO;, with an atomic ratio of
Fe/Ba=4, at 800°C in air. However, the powder patterns
obtained by them differ from ours listed in Table 1. Further-
more, the BaO.2Fe,0; prepared by us decomposed into
BaO. Fe,0; and BaO.6Fe;0; when heated above 650°C in air.
The new hexagonal BaO.2Fe,0; is thus distinctly different
from the BaO.2Fe,0; reported by Erchak e al.
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Table 1. Powder diffraction data for BaO.2Fe,0;

Intensities were measured using a Geiger counter diffractom-
eter. Because of shape anisotropy of the sample, the effect of
preferred orientation was unavoidable.

d(A) 11, hk 'l
6-90 45 002
4-26 60 101
3-46 70 004
3:21 60 103
2:73 95 104
2-58 35 110
2:350 20 105
2:303 100 006
2:252 8 113
2:207 8 201
2-069 20 114
2-012 8 203
1-877 25 204
1-806 40 107
1727 65 0038
1-677 6 211
1-587 8 213
1-518 12 214
1-491 8 300
1-480 8 207
1-453 8 109
1-435 40 118

(6/m or 6/mmm) could not be uniquely assigned be-
cause the hkl/ and khl reflexions had nearly equal inten-
sities. The only observed absences were 00/ with / odd,
and the choice of space group was therefore among
P6s/m, P6; and P6;22. Only the first is centrosymme-
tric and this proved to be the correct space group in the
subsequent structure determination.

The crystallographic data are:
Barium diferrite, BaO-2Fe,0;.
Hexagonal, space group P6;/m. F.W. 472-7.
a=>5-160 +0-003, c=13-811 + 0:0094, Z=2,
V'=318-43+0-46 A3,
D,=493 gcm~3, D,,=493 g cm~3 (by pycnometry).

Intensity measurements

A hexagonal, plate-like crystal of approximately 60
u diameter and 10 g thickness was mounted about the
a axis and was used to obtain multiple-film Weissen-
berg photographs (layers 0 to 5), using Zr-filtered
Mo Ku radiation. The intensities were measured with
a micro-photometer. Because of the small crystal size
no absorption corrections were applied. After the Lo-
rentz and polarization corrections were made, the in-
tensities were put on a common scale using the equiv-
alent reflexions from different layers. Intensity data
for a total of 111 independent reflexions were collected.

Determination of the structure

The unit-cell composition is Ba,FegO,,, and since there
are twelve general positions in the space group, the
barium, ferric and at least two oxygen ions must be on
the special positions. On the basis of the approximate
systematic absences of (A, + 3n,[) reflexions with / odd,
the barium ions were considered to be on the special
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positions 2(c) or 2(d) (International Tables for X-ray
Crystallography, 1965). We located them on 2(d), since
the choice is initially arbitrary. Approximate coordi-
nates of the other ions were obtained from a three-
dimensional Fourier map, which was calculated by
using the phases based on the parameters of the barium
ions. The ferric and oxygen ions were found to be on
4(e)[Fe(D], 4 /HFe(2)], and 2(a)[O(1)], 12(i)[general po-
sitions, O(2)], respectively.

For the O(2) oxygen atoms, however, two alterna-
tive assignments of the peaks were possible because two
independent peaks were observed with equal peak
values of 10 e A~3: one on (ca.}, cal, ca.is) (set 1),
and the other on (ca.%, ca.0, ca.i5) (set II). A disorder
structure in which the O(2) oxygens statistically occupy
the two sites with the same probability is improbable,
because the fairly strong 111 and 113 reflexions can not
be explained by such a structure. Thus, the oxygen
atoms must be on either set I or set II. If O(2) is
exactly on (%, %, z) (set I°) or (3, 0, z) (set 1I7), the two
structures 1° and II° are identical, and are related by
a rotation of 180° around the a axis:

Xy 1 0 0 X2
Zj 0 0 1 Z,

where x,, y; and z,, and x,, y, and z, are the coordi-
nates of the structures I° and II°, respectively. After
refinement by the block-diagonal least-squares approx-
imation beginning with structures I° and II° without
change of indices, we obtained the corresponding
structures I and II. These two structures were not ex-
actly but approximately related to each other by the
above transformation. In a strict sence, structures I
and II are independent of each other when the x and y
parameters of O(2) deviate from those in set 1° or 11°
(see Appendix).

As can be seen from the Appendix, it is possible in
principle to distinguish the correct structure. Unfor-
tunately, however, we were not able to because of the
small differences between the structure factors of struc-
tures I and II and of the insufficient accuracy of F,.
The R values of structures I and II after five cycles of
refinement were 0-080 and 0-082, respectively.

The small differences between the structure factors
of structures I and II arise from the following. Firstly,
only the O(2) oxygen atoms are responsible for the
differences since all the other atoms do not change by
the above transformation; structures I and I excluding
O(2) oxygens give the same structure factors. Secondly,
the atomic coordinates of O(2) in structures I and II
are close to those in the sets I° and II°, respectively, as
mentioned previously. If the O(2) oxygen atoms are
exactly on set I° or II°, we obtain

|F(hk D)o =|F(hk Dyl - 2

Equation (2) shows that only the displacements of the
atomic coordinates of O(2) from set I° or II° are re-
sponsible for the differences.

THE CRYSTAL STRUCTURE OF BARIUM DIFERRITE

It should be noted that equation (2) is equivalent to
the relation
|F(hkD)|=|F(khl)|

for both structures I° and I1°. This relation shows that
the Laue symmetry of structures I° and 11° is enhanced
from 6/m inherent in the space group P6;/m to 6/mmm,
as has been pointed out by Iwasaki (1972).

The final atomic parameters and the observed and
calculated structure factors for structures I and II are
listed in Tables 2 and 3, respectively. The differences
between the atomic parameters of the two structures
were found only with respect to the x and y coordi-
nates of O(2). The other parameters were identical
within one tenth of the standard deviations.

Table 2. Positional and thermal parameters

Atom Position Parameters
Structure [ Structure I1

Ba 2(d) x % %

y 3 3

z 3 ]

B 0-30 (0-08) 0-30 (0-08)
Fe(1) 4(e) x 0 0

y 0 0

z 01149 (0-0008) 0-1148 (0-0008)

B 0-10 (0-12) 0-09 (0-12)
Fe(2) 4f) x 3 3

y 3 3

z 0-0089 (0-0008) 0-0089 (0-0008)

B 0-31 (0-14) 0-31 (0-14)
o1 2(a) x 0

y 0 0

z % 1

B 2:76 (1-51) 2-74 (1-50)
0(2) 12(3) X 0-3435 (0-0076) 0-3307 (0-0082)

y 0-3377 (0-0077) 0-0014 (0-0076)

z 0-0790 (0-0024) 0-0790 (0-0024)

B 1-09 (0-52) 1-14 (0-53)

Table 3. Observed and calculated structure factors

AF.=|F{Structure )] - |F(Structure 1)}
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Fig. 1. Crystal structure of BaO.2Fe,0; (structure I).
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The scattering factors for Fe** were taken from In-
ternational Tables for X-ray Crystallography (1962).
The scattering factor curve for O*~ was that of Toko-
nami (1965). Since the scattering factors for Ba2* were
not directly available, they were obtained by extrapo-
lation of those for the neutral Ba for the range sin /A=
0-0-25. All calculations were carried out on a FACOM
270-30 computer, with the UNICS programs (Sakurai,
Ito, Iwasaki, Watanabe and Fukuhara, 1967).

Results and discussion

Although structures I and II are independent, the
atomic configurations in the two structures are very
similar. Structure I rotated by 180° about the a axis
coincides with structure II within twice the standard
deviations of the atomic parameters. The difference
between the two structures is found only in the inter-
atomic distances involving O(2), as discussed later.
Structure I is illustrated schematically in Fig. 1. The
hexagonal unit cell is composed of six layers stacked
along the ¢ axis. If we denote the three successive
layers at z=ca.—+5, ca.++ and +1%, as 4, B and C,
respectively, the packing scheme 4ABC is similar to that
found in the f.c.c. lattice. Both 4 and B contain three

A

D) 0(2-27)

0(2-5)

Fig. 2. Interatomic distances for BaO.2Fe,0;. (a) Structure I.
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A

THE CRYSTAL STRUCTURE OF BARIUM DIFERRITE

A

2:95(0°08) 0(2-2)

Fig. 2 (cont.) (b) Structure II.

close-packed oxygen ions, whereas C contains only one
oxygen and one barium ion. Thus, on the barium-
oxygen mixed layer an open space is formed. The re-
maining three layers are related to the block 4BC by
the mirror plane through C and by the screw diad par-
allel to the c axis. Therefore, the overall stacking of the
layers can conveniently be represented as ABCBAC'.
Ehe interlayer spacings are A-B=2-18 and B-C=2-36

Interatomic distances and angles are shown in Fig.
2 and Table 4. All the O-O distances forming the co-
ordination polyhedra of metal ions in structures I and
11 fall within the range 2:73-3:04 A, which is found in
the close-packed oxygen framework, except for the
O(1)-0(1) distance of 5-160(0-003) A, which is equal
to a in the Ba®* and O?~ mixed layers. The Ba-O dis-
tances are 2:979(0-002) and 2:90(0-04) A for structure
I, and 2:979(0-002) and 2-92(0-03) A for structure II,
all of which are within the normal range.

Because of the open spaces, each barium ion is sur-
rounded by nine oxygen ions instead of twelve. Similar
configurations exist in the structures of BaO.Al,O; and
BaO.Fe,0; (Wyckoff, 1965).

A remarkable feature of the structure is found in the
distribution of ferric ions with equal concentrations on
two cation sites. Four of the eight ferric ions, Fe(2),
are surrounded octahedrally and the others, Fe(l),

Table 4. Interatomic angles

Structure I Structure 11

(1) Tetrahedrally coordinated iron

O(1-4)—Fe(1)-0(2-1") 105-7 (1-1)° 106-2 (1-2)°
0(2-1")-Fe(1)-0(2-2") 1129 (1-8) 112:5 (1-9)
(2) Octahedrally coordinated iron
0(2-3)-Fe(2)-0(2-2") 98-1 (1-5)° 98-3 (1-6)°
0(2-3)-Fe(2)-0(2-4) 173-2 (1-5) 173-9 (1-5)
0(2-3)-Fe(2)-0(2-5) 87-5 (1-6) 86-2 (1-6)
0(2-3)-Fe(2)-0(2-6) 84-9 (1-4) 85-0 (1-4)
0(2-4)-Fe(2)-0(2-5) 891 (1-6) 90-1 (1-4)
(3) Barium and its surroundings
O(1-1)-Ba-0(2-1) 60-1 (0-6)° 59-1 (0-8)°
0O(1-1)-Ba-0(2-2) 89:6 (0-7) 120-5 (0-6)
O(1-1)-Ba-0(2-3") 120-3 (0-7) —
0O(1-1)-Ba-0(2-3) — 90-4 (0-7)
0(2-1)-Ba-0(2-2) 60-2 (1-3) 61-4 (0-9)

tetrahedrally by oxygen ions. The octahedral Fe-O di-
stances are 1-98(0-04) and 2-07(0-04) A in structure I,
and 1-99(0-04) and 2-11(0-04) A in structure II. Apart
from the slightly long distance of 2:11 A found in struc-

‘ture II, these values agree with the normal value of

2:01 +0-08 A (International Tables for X-ray Crystallog-
raphy, 1962).

The Fe-O distances along the ¢ axis in the Fe(l)
tetrahedra are 1-87(0-01) A and are the same for struc-
tures I and II, whereas those forming the basis of the
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tetrahedra are 1-83(0-03) A in structure I, and 1-77(0-03)
A in structure II. The latter value is somewhat short,
although not exceptional (Table 5).

It should be noted that the pairs of tetrahedra along
the ¢ axis share a corner with a linear Fe-O-Fe bond,
whereas each octahedron shares edges with the adja-
cent three octahedra forming pseudo-hexagonal layers
of octahedra. According to Pauling (1960), the shared
edges of coordinated octahedra about cations with
large charges are expected to be shortened as a result
of the distortion caused by the repulsion between the
cations. This is proved experimentally for some ionic
crystals. Such shortening of the O-O distance is ob-
served in structure I, but not in structure II: the O-O
distances in the coordinated octahedra of structure I
are 2:73(0-04) A for the shared edge and 2:80(0-04),
2:91(0-05) and 2-:99(0-05) A for the unshared edges,
whereas those of structure II are 2:80(0-04) A for the
shared edge and 2-77(0-04), 2-:98(0-05) and 3-00(0-05) A
for the unshared edges. Although the differences be-
tween structures I and II are too small to be statis-
tically significant, the above considerations suggest
that structure I is more likely than structure II.

There is a group of ferrimagnetic compounds com-
posed of BaO, MO (M =divalent metal ions which
can occur in the spinel structure) and Fe,O;. The com-
pounds possess closely related hexagonal crystal struc-
tures (Jonker, Wijn & Braun, 1956, 1957). Among these
a BaO.2Fe,0; block occurs in the so-called Y struc-
ture having the composition Ba,M,Fe ;;0,,. This
block (so-called T block) is composed of two close-
packed oxygen layers and two close-packed oxygen-
barium mixed layers, and clearly differs from the
BaO.2Fe,0; structure presented in this paper.

BaO.2Fe,0; is antiferromagnetic and the chemical
and magnetic properties will be reported elsewhere.

The authors wish to express their thanks to Dr H.
Iwasaki for his helpful suggestions and critical discus-
sions, which have contributed greatly to the final re-
sults. The authors are also grateful to Dr H. Sekizawa
for his interest in this subject.

APPENDIX
Differences between structures I and I1

Structures I and IT are different only in the atomic co-
ordinates of O(2) (Table 2). Although structure I ro-
tated by 180° about the a axis coincides approximately
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with structure II, the two structures are not equivalent,
but either of the two is correct and the other incorrect,
as shown below.

Let us first assume that I is the correct structure
corresponding to the observed structure factors
|F,(hkl)|. It should be noted that the rotation of 180°
about the a axis is not a symmetry operation of the
space group P6;/m. Therefore, if we denote the struc-
ture obtained from I by the above rotation as structure
I', the structure factors of I and I' are, in general, not
equal to each other,

|F(hkD)|y # | F(hk D) (A-1)
but

|F(hk D)y = |F(khD); - (A-2)

Equation (A-1) shows that we can distinguish, at
least in principle, the correct structure I from the ro-
tated structure I’ on the basis of [F,(hkl)|; |F,(hkl)|
should be closer to |F(£k/)}; than to |F(hkl)|;.. It is
also evident that structure II, which is obtained by
fitting |F,(hkl)| to [F(hk!)|;- by least-squares calcula-
tions, must be incorrect because structure I' does not
correspond to |F,(kkl)| but to |F,(khl)|.

An analogous situation exists if we initially assume
that II is the correct structure.
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N-(B-p-Ribofuranosyl)imidazole crystallizes from an ethanol-ether solution with two molecules per
unit cell and space group P2;. The unit-cell dimensions are a=5-190 (1), b6=7-775 (1), c=11-198 2) A
and f=92-49 (2)°. Diffractometer data with Mo K« radiation (20<60°) at room temperature were
collected, the structure solved and refined to weighted and unweighted R values of 0-04 and 0-03 respec-
tively. The ribose ring may be described as C(3’)-endo-C(2")-endo with C(3") and C(2") 0-604 and
0-055 A from the plane defined by C(1’), O(1") and C(4’). The glycosidic torsion angle defined by
O(1")-C(1")-N(1)-C(2) is —97-8° and thus in the syn conformation. The torsion angle for the C(5")-
C(4') bond is described as gauche-trans with poo= +64-3 and poc= + 180-4°. The crystal structure is
fixed by a system of three hydrogen bonds which link each molecule to six neighbouring molecules. The
final difference electron-density map has significant features in the expected locations for o-bonding
electrons between carbon atoms and lone-pair electrons in the vicinity of the imidazole nitrogen N(3)

and ribose oxygen atom O(5’).

Introduction

The anomeric effect is a well established phenomenon
in carbohydrate chemistry (for a recent review see:
Zefirov & Shekhtman, 1971). Comparison of crystal-
structure studies of several pyranose-ring-containing
carbohydrates has provided evidence for carbon-oxy-
gen bond shortening in the region of the anomeric car-
bon atom C(1) (Berman, Chu & Jeffrey, 1967). When
an electronegative atom is substituted at the anomeric
carbon atom of a pyranose ring there is considerable
stabilization of the axial anomer over that of the equa-
torial (Lemieux & Chii, 1958; Angyal, 1969). The rea-
son for this stabilization is uncertain, but dipole-dipole
attraction or repulsion forces may contribute to this ef-
fect. However if a positively charged group is substituted
on the anomeric carbon atom, the equatorial anomer
becomes the more stable conformation and this obser-
vation has been termed the reverse anomeric effect (Le-
mieux & Morgan, 1965). These authors report a 1C
chair conformation for N-(tetra-O-acetyl-a-D-glucopy-
ranosyl)-4-methylpyridinium bromide rather than the
more common C1 chair. An X-ray crystallographic
study of this compound (James, 1969) has shown that
the conformation of this molecule in the crystals is the
2.5B with the acetyl groups on C(2) and C(3) in a quasi-

axial orientation and the 4-methylpyridinium moiety
in a quasi-equatorial position.
It is certain that this reverse anomeric effect plays an
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Fig. 1. Atomic numbering scheme for N-(f-p-ribofuranosyl)-
imidazole used in this structure analysis.



