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Profile refinement of powder neutron diffraction data has been used to examine the structure of y-
Fe,0, and to evaluate covalence effects for octahedral and tetrahedral Fe’* ions within the structure.
The results imply an ordered cation vacancy distribution with tetragonal symmetry (space group
P4,2,2; a = 8.3396(4) A, ¢ = 24.966(2) A). The structural model is compared with the results of
electrostatic energy calculations, and the influence of covalence on the structure is discussed.

Introduction

Although y-Fe;O; has been the subject of
many studies due to its technologically im-
portant ferrimagnetic properties and its oc-
currence as a soil mineral, certain aspects
of its structural chemistry remain unclear.
The basic structure is closely related to that
of the inverse spinel Fe;O,, the unit cell
of which contains eight formula units—
(Fe3+)g[Fe3*Fer*],405; where () and [ ]
designate tetrahedral and octahedral coor-
dination, respectively. Oxidation of Fe;O4
to y-Fe,0; is accompanied by the creation
of cation lattice vacancies and results in a
cell contents Fe,;3[15305,. As for Fe;Oy, the
magnetic moments on the tetrahedral and
octahedral sites are coupled anti-parallel to
give ferrimagnetic behavior (1). Although a
single crystal ferromagnetic resonance
study (2) of an epitaxially grown film im-
plied some tetrahedral vacancies, neutron
diffraction (3, 4), X-ray diffraction (5, 6),
and Mossbauver studies (7) on powders
have consistently demonstrated a strong
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preference for vacancies to occupy octahe-
dral positions. The similarity of the LiFesOq
and y-Fe,0; X-ray diffraction patterns (8)
suggested closely related structures—
(Fe)s[Lis, Fej;] and (Fe)s[Feylly, Fe,;]
O;,—but additional superstructure reflec-
tions observed for y-Fe,05 (9) were consis-
tent with further ordering of the vacancies
within the Li sites to give tetragonal sym-
metry (a = 8.33 A, c/a ~ 3). The extent of
this order, the precise nature of which has
not been established, is dependent on crys-
tallite size (6, 10), and the superstructure
reflections disappear for mean particle sizes
<200 A (6).

Water has been reported (11-17) to be es-
sential for the oxidation of Fe;O4 to y-
Fe,0;, and this feature, allied to the appar-
ent structural similarities between y-Fe,0;
and LiFesOg, indicated (8, 9, /1) that v-
Fe,O; may in reality be a hydrogen iron ox-
ide, H,_,Fes;,30s. This proposal is attrac-
tive since it is perhaps the only realistic
chemical model that can rationalize the dis-
crepancies between saturation magnetisa-
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tion moments, 1.18-1.215 up per Fe3* (18-
20), and the theoretical value of 1.25 up for
the octahedral vacancy model. The pres-
ence of tetrahedral vacancies would result
in moments exceeding 1.25 up, whereas
moments of 1.0-1.25 ug would be expected
for hydrogen incorporation. However, a
preliminary neutron diffraction study (3)
did not substantiate the presence of hydro-
gen, but endorsed the view that water may
merely influence the kinetics of the oxida-
tion process (16, 17). In terms of the simple
vacancy model, the low experimental mo-
ments have been attributed to surface phe-
nomena in samples of small crystallite size
(20-22).

Notwithstanding the uncertainty con-
cerning the presence of protons, the prefer-
ence of Fe** for the tetrahedral spinel posi-
tions in the ordered y-Fe,O; phase now
appears well established. Although cation
site distributions in spinels have been dis-
cussed in detail in relation to electrostatic
considerations (23-25), Mdssbauer spec-
troscopy (26), and neutron diffraction (27—
28) data signify that considerable covalent
stabilization can occur for tetrahedral Fe?*
in spinels. Certainly it is usual for Fe3* to
adopt this coordination in spinels, and in
this respect the fundamental structure of y-
Fe,0; is consistent.

The present work was aimed at determin-
ing a more detailed structural description of
y-Fe,03 using powder neutron diffraction,
which is particularly well suited to the loca-
tion of small concentrations of structural
hydrogen. Moreover, covalence can be ex-
amined from analysis of the magnetic scat-
tering and, with this objective in mind, the
experiment was therefore performed at 4 K
in order to simplify the evaluation of cova-
lence effects for Fe** in both octahedral
and tetrahedral sites. In order to compare
covalent and ionic factors in determining
the preferred structural arrangement in -
Fe,0;, Madelung constants have been com-
puted for different types of order.
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Sample Characterization

The vy-Fe,O; sample examined, Bayfer-
rox 8010 (Bayer U.K. Ltd.), was selected
to maximize the degree of vacancy order
(6). The material was prepared from con-
trolled dehydration and reduction of nee-
dle-shaped y-FeOOH to produce Fe;O,,
which was subsequently oxidized to -
Fe,0; with particle dimensions 0.7 x 0.1
um and surface area ca. 10 m2 g=! (29).

Powder X-ray diffraction data were re-
corded using a Philips 1050/70 goniometer
with CuKa radiation; fluorescence effects
were minimized by inserting a nickel filter
before the detector and using appropriate
pulse discrimination. Least squares refine-
ment of the cubic spinel unit cell reflections
resulted in a cell edge a = 8.3482(6) A;
additional weak reflections were consistent
with an ordered vacancy arrangement with
true tetragonal symmetry, c/a ~ 3. Estima-
tion of the intensities of the (400) and (440)
spinel reflections (5) confirmed that only
octahedral vacancies were present. A mean
crystallite size of ca. 1500 A was calculated
from the X-ray diffraction linewidths, and
agreed well with the reported morphology
(29).

The possibility of some residual Fe2*
within the material was investigated by dis-
solving in dilute HCI under nitrogen, and
titrating against K,Cr,0; using diphenylam-
ine sulfonic acid indicator. The Fe?* con-
tent was insignificant: <0.2 = 0.2% of the
total iron content. Thermogravimetric and
differential thermal analysis were recorded
simultaneously in flowing oxygen on a
Stanton Redcroft STA 780 thermal ana-
lyzer. The exothermic transition to a-Fe,04
occurred at 545°C, but no weight change
was detected over the temperature range
200-750°C, i.e., after the removal of a small
amount of surface water. This analysis not
only confirmed the y-Fe,O; sample to be
fully oxidized, but also demonstrated that
lattice hydrogen was probably completely
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absent—the experimental uncertainty in
weight estimation fixed the hydrogen upper
limit at Ho_|Fe5.303.

Neutron Diffraction

Powder neutron diffraction data were re-
corded at 4 K on the PANDA diffractome-
ter at AERE, Harwell, with the sample con-
tained in a vanadium can. A neutron
wavelength of 1.5061 A was obtained by re-
flection from the 511 planes of a germanium
monochromator at a take-off angle of 87°.
Rietveld profile analysis techniques (30)
were used for simultaneous nuclear and
magnetic structure refinement, using scat-
tering lengths for Fe and O of 0.95 and 0.58
(x10~12 ¢cm), respectively.

The structure of LiFesOg, space group
P4332 (8), provided a basis for initial refine-
ment, assuming substitution of 13Fe3* for
the 4 Li in the cubic unit cell. However, the
X-ray diffraction data demonstrated that
the true symmetry was tetragonal (c/a ~ 3),
which suggested P4;2,2 space group, the
point group of which is a sub-group of the
P4,32 point group; the 13Fe3* of the subcell
occupy 4a sites in the tripled cell. It was
considered inappropriate to attempt refine-
ment in accordance with this cell, since it
would involve 59 positional parameters (cf.
20 parameters for the subcell refinement be-
low) and only one superstructure peak—
(214)/(205) reflections of the tripled cell—
had significant intensity in the neutron
diffraction profile. Instead, the average
subcell contents were refined using P4;2,2
with 33% occupancy of the appropriate
sites. The parameters refined in addition to
the 20 positional parameters were: scale
factor, three halfwidth parameters, zero-
point error, two unit cell dimensions, asym-
metry parameter (to correct for asymmetry
of low Bragg angle peaks), single overall
isotropic temperature factor, and magnetic
moments (u, and u,) corresponding to octa-
hedral and tetrahedral Fe?* (Fe, and Fe,).
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The assumption of an overall temperature
factor was considered reasonable for data
obtained at 4 K and, in fact, the introduc-
tion of independent atomic thermal parame-
ters was demonstrated to produce no signifi-
cant changes in the refinements.

Initially, free ion form factors (3/) were
assumed, and p, and u, were maintained
anti-parallel and arbitrarily directed along
[001]. The good agreement between ob-
served and calculated diffraction profiles
confirmed the validity of the basic struc-
tural model. The profile R factors were:
minimized weighted index, Rpw = 0.0773
(the value expected for discrepancies due
to counting statistics alone was 0.0633), un-
weighted index Rp = 0.1124. Deconvolu-
tion of the profile yielded intensity indexes
for nuclear and magnetic components Ry =
0.0553 and Ry = 0.0561, respectively.

The effects of modifying the Fe3* form
factors were examined and adoption of the
free ion curve for Fe, with 10% contraction
for Fe, gave what were considered to be the
best agreement indexes (Rpw = 0.0771, Rp
= 0.1118, Ry = 0.0558, Ry = 0.0442)—
while Rpw, Rp, and Ry remained essentially
unchanged, a significantly better agreement
for the magnetic reflections was implied.
The magnetic moments (u, = 4.41(6) ug;
= —4.18(6) wg) were different from those
of the free ion form factor refinement (., =
4.18(5) pg; e = —4.29(6) wg) but the other
parameters were unchanged (within one
standard deviation). The final parameters
for the contracted form factor refinement
are given in Table 1. Both refinements sug-
gested, therefore, considerable reductions
in i, and p, below the free ion value of 5.0
us, but it proved impossible to determine
the direction of the moments with respect
to the unique axis due to the similarity of
the a and c¢ subcell dimensions.

Figure la shows the positions of the par-
tially occupied Fe(4) sites in the tetragonal
subcell; the tripled cell presumably arises
from ordering, which results in the total oc-
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TABLE I
STRUCTURAL PARAMETERS FOR y-Fe,0,

Occupa-

Posi- - tion per  Magnetic
Atom  tion xla ylb Ze cell moment
Fe(l) 8b 0.744(3)  0.996(3) 0.120(2) 8 —4.18(6)
Fe2) 4a  0.620(2) x 0 4 4.416)
Fe(3) 8b 0.364(2) 0.867(2) -—0.016(2) 8 4.41(6)
Fe(4) 4a 0.140(4) x 0 1.333 4.41(6)
o 8b 0.615(4) 0.86%(4) —0.014(4) 8
0(2) 8b 0.119(4) 0.377(4) —0.005(4) 8
0(3) 8b 0.137(4) 0.861(3) 0.007¢4) 8
O4) 8b 0.383(4) 0.631(3) —0.003(3) 8

Note. Overall isotropic temperature factor 0.10(1) A2, a = 8.3396(4) A,
c=8321NA.

cupancy of the four positions illustrated in
Fig. 1b. Although refinement based on this
enlarged cell was not carried out, in order
to justify the proposed structure, a profile
was computed for it using atom positions
prescribed by the subcell refinement, and
site occupancies in accordance with Fig.
1b. This model, which is naturally equiva-
lent to the subcell model with respect to the
subcell reflections, resulted in good agree-
ment between observed and calculated su-
perstructure peak intensities. In particular,
the coincident (205)/(214) reflections were
predicted to give the most intense super-
structure peak, as observed.

The observed, calculated and difference

la)

L] ® x/o= 14
o o xlo= .64
b -
° ® x/a = .86
o x/o=.36

(b)

o

4

F1G. 1. (a) Positions of the partially occupied Fe(4)
sites in the tetragonal subcell. (b) The tripled cell re-
sulting from complete occupancy of every third site
along [001].
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profiles for the subcell refinement are
shown in Fig. 2. The (205)/(214) tripled cell
reflections, which were excluded from the
refinement, are indicated in the diagram.
Bond distances and angles for the Fe?* co-
ordination are presented in Table II.

F.s values from deconvolution of the
profile data were used in the computation of
difference Fourier syntheses in order to
confirm the absence of hydrogen within the
structure. Figure 3 shows part of the z/c = 0
section of the difference map, which passes
through a partially occupied Fe(4) position
(see Table I). Given that the data relate to
an average unit cell, no major discrepancies
were observed, and certainly no features
were suggestive of H atoms (which would
be in the vicinity of Fe(4) positions by anal-
ogy with LiFesOg). This conclusion con-
firms that any effect water has on the oxida-
tion of Fe;04 to y-Fe,0; must be kinetic in
origin, and endorses the view that satura-
tion magnetization anomalies are due to
surface effects (20-22).

TABLE II
SELECTED BOND DISTANCES (A) AND ANGLES (°)

Tetrahedral Fe**

Fe(1)-0(1) 1.88(4)
-0(2) 1.86(4)
-0(3) 1.86(4)
-0(4) 1.92(4)

Mean Fe(1)-0 1.88 A

O-Fe(1)-0 angles: 106(2)-

112(2)
Octahedral Fe?*
Fe(2)-O(1) [x2]  2.08(3)  Fe(3)-0(1) 2.1003)
-0(3) [x2]  2.043) -0(1) 2.10(3)
—0(4) [x2]  1.98(3) -0(2) 2.11(3)
Mean Fe(2)-0 2.03 A -0(2) 1.92(3)
O-Fe(2)-0 angles: 83(1)-

95(1) ~0(3) 1.90(3)
~0(4) 1.98(3)
Mean Fe(3)-0  2.02 A

O-Fe(3)-0 angles: 81(1)-

100(1)
Fe(4)-0(2) [x2) 1.99(4)
-0(3) [x2) 2.33(4)
-0(4) [x2] 2.06(3)
Mean Fe(4)-O 2.13A

O-Fe(4)-0 angles: 83(2)-
100(2)
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F1G. 2. Observed (dots), calculated (continuous line), and difference (bottom plot) profiles. The
subcell reflections are indicated by vertical lines. The (205)/(214) tripled cell peak is arrowed.

Madelung Constant Calculations

In order to evaluate the acceptability of
the structural model with regard to purely
ionic considerations, electrostatic energy
calculations (Ewald method (32)) were per-
formed for the spinel-like subcell, using the
positional parameters of Table 1. Madelung
constants, M, and lattice energies, U, (U =

Le?
41rey
e the electron charge, &, the permittivity of
a vacuum and a the cell dimension 8.3396

M .
L where L is the Avogadro number,

A) were computed for vacancies distributed
(i) randomly on all Fe sites, (ii) on tetrahe-
dral Fe(1) positions only, (iii) on the octahe-
dral Fe(4) positions only, in accordance
with the neutron diffraction results. Addi-
tionally, for the completely random distri-
bution (i), the electrostatic potentials at
each cation site were calculated. The
results (Table III) imply that for the refined
atomic coordinates, vacancies should dis-
play a marked preference for Fe(4) sites
since this site potential is considerably
lower than that for the other cation posi-
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X/a

Fic6. 3. Difference Fourier map through Fe(4) position, z/c = 0. Contours are labeled as a percentage

of oxygen maxima in the Total Fourier summation.

tions, and the Fe(4) vacancy model corre-
spondingly has a lattice energy about 4%
higher than the other models. The atomic
coordinates and the cation arrangement of
the refined structure are thus entirely self-
consistent with respect to purely electro-
static interactions.

Discussion

The Fe—O bond distances (Table 1I) are
typical for Fe** in tetrahedral and octahe-

TABLE III
ELECTROSTATIC ENERGY CALCULATIONS

Madelung constant

Location of (related to Lattice energy
vacancies a = 8.3396 A) (kJ mole-")
Fe(4) 101.35 16,880
Fe(l) 97.86 16,300

Random 97.46 16,230

Site potentials (eu A-") for random distribution

Fe(l) -2.25
Fe(2) -2.19
Fe(3) -2.20
Fe(4) -1.93

dral oxygen environments. However, close
inspection of the mean bond distances for
the independent octahedral positions re-
veals the interesting feature that the mean
Fe(4)-0 distance is greater than those for
Fe(2) and Fe(3). This effect, due primarily
to the large Fe(4)-O(3) distances, is not
necessarily attributable to real differences
in the Fe,—~O distances, but probably re-
flects an inherent limitation of the subcell
refinement due to the Fe(4)-O separations
actually representing averages for this par-
tially occupied site. For a vacant Fe(4) site,
relaxation of neighboring oxygens is to be
expected with a consequential increase in
the mean Fe(4)-O distance, in agreement
with the observed value.

The reduction in the magnetic moments
below the free ion value is related to cova-
lence (this effect has been reviewed by To-
field (33)). The moment reduction wu/u’,
where u? is the free ion moment, is a mea-
sure of the sum of the single bond cova-
lency parameters A,, A,, A; (34):

o/l =1—123A7
w/ud =1 — 0.8 24?
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Assuming u® = S up at 4 K in this ferrimag-
netic material, the refined moments (Table
I) imply covalence parameter sums of 9.8
(1.0)% for Fe, and 20.5 (1.5)% for Fe,,
which reflect increased covalent interac-
tions for the shorter Fe,—~O distances (Table
II), and are in general agreement with neu-
tron diffraction results for other Fe3* com-
pounds (33).

A significant feature of the present refine-
ment is the use of free ion and contracted
form factors for Fe, and Fe,, respectively,
whereas neutron diffraction measurements
on yttrium iron garnet (YIG) (35) were con-
sistent with a free ion curve for Fe, but con-
traction for Fe,. This apparent anomaly
may be rationalized by closer inspection of
the magnetic structures involved. While co-
valence in antiferromagnets normally
results in effective cancellation of unpaired
electron density at the ligands, this is not
the case for ferrimagnetic materials, and,
indeed, the magnetization density on the
oxygen atoms in YIG has been experimen-
tally confirmed by Fourier techniques (35).
In YIG, with an excess of tetrahedral Fe?*
(Fe,/Fe, = 1.5), the resultant oxygen mo-
ment is parallel to u, and causes contraction
of the tetrahedral form factor due to the
unpaired electrons occupying antibonding
molecular orbitals rather than free ion d-
orbitals. The contraction was observed
only when the spherical integration around
Fe, included some of the neighboring oxy-
gen site, e.g., for a radius of 1.73 A com-
pared with the Fe,—O distance of 1.87 A.
On the other hand, since Fe,/Fe, = 0.6 for
v-Fe;0;, the resultant moment density on
the ligands is expected to be parallel to u,,
and might therefore influence the Fe, form
factor. Ligand effects of this type will have
significant effects on cation form factors
only at low scattering angles, and in this
respect it is relevant to note that whereas
the lowest angle magnetic reflection in YIG
is due solely to Fe,, in y-Fe;O; the major
contribution is from Fe,.
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The above reasoning suggests that the
form factor contraction indicated in the
present study may result from the choice of
an oversimplified magnetic model, in which
residual moments on oxygen atoms, oy,
are neglected. Estimation of the resultant
oxygen moments predicted by the free ion
and contracted form factor refinements
supports this view, since the values (uy, =
0.16 up and 0.04 ug, respectively) confirm
the incorporation of oxygen moments into
the contracted Fe, form factor. Accord-
ingly, the accuracy of the covalence param-
eters estimated above is uncertain, and
therefore the alternative approach of using
free ion form factors with appropriate oxy-
gen moments was considered. Since the
precise oxygen form factor was unknown,
refined data from the polarized neutron
study of YIG (35) were used after averaging
to obtain spherical symmetry. The refined
moments obtained were u, = 4.29(6) ug, i,
= —4.16(7) pp, tox = 0.09(3) up, and the
resulting indexes (Rpw = 0.0769, Rp =
0.1120, Ry = 0.0551, Ry = 0.058) were gen-
erally lower than for the free ion refinement
which neglected ligand moments. Compari-
son of these moments with the values from
the contracted form factor refinement em-
phasizes the correlation between u,, fox,
and the Fe, form factor: the introduction of
ligand moments causes a reduction in u,
whereas u, is unaffected, as expected.
These revised Fe’** moments demand a re-
sultant oxygen moment of 0.09(4) ug, in
agreement with the refined value.

Although the Ry index suggests a poorer
overall fit for the magnetic scattering rela-
tive to the contracted form factor model,
the use of free ion Fe}* form factors with
appropriate oxygen moments is considered
preferable for covalence estimates—for YIG
(35) the assumption of essentially free ion
curves was demonstrated to be satisfactory
for the exclusion of ligand contributions
from the Fe3* moments. On this basis, co-
valence parameters for Fe, and Fe, are 11.8



332

(1.0) and 21 (2)%, respectively. These val-
ues, in fact, are very similar to those de-

rived from the contracted form factor

results, which were 9.8 (1.0) and 20.5
(1.5)%.

It is interesting to compare the moment
reductions in y-Fe,O; with data for other
materials containing both octahedral and
tetrahedral Fe’*. A Mdssbauer spectros-
copy study of ferrimagnetic spinels (26) im-
plied substantial deviations from the free
ion moments corresponding to covalence
parameters of ca. 20%/ca. 10% for tetrahe-
dral/octahedral Fe3*. Neutron diffraction
measurements on MgFe,O4 (27), if inter-
preted in terms of covalent effects, gave
similar values of 22 (6)%/8 (5)%, whereas a
study of antiferromagnetic Sr,Fe,0s (36) in-
dicated a slightly higher degree of Fel* co-
valence—18 (3)%/15 (2)%. Perhaps the
most comprehensive study involved polar-
ized and unpolarized neutron diffraction
experiments on YIG at 295 and 4 K (35).
This investigation highlighted the problems
of accurate assessment of covalence in fer-
rimagnets, but the observed moment reduc-
tions were in accord with covalence param-
eters of ca. 19%/ca. 15%. The results of the
present study therefore agree well with pre-
vious covalence examinations of similar
materials, and emphasize the importance of
covalent effects, especially for tetrahedral
Fe’*. Indeed, recent neutron diffraction
results for Fe;04 (28) suggested a tetrahe-
dral moment reduction as high as 28%.

In view of the high degree of covalence,
it is important to consider the implications
of the lattice energy calculations (Table
III). Estimation of the ordering energy, U
(ordered) - U (random), allows comparison
of the present results with those for the
closely related Fe;04 and LiFesOg (24) (Ta-
ble IV). The y-Fe,0; data are clearly con-
sistent and confirm the expected correla-
tion between ordering energy and the
charges on the octahedrally coordinated
species. Given the refined positional pa-
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TABLE IV
ORDERING ENERGIES

Cation charges
Ordering energy per

Tetra- Octa- MO, formula unit
Phase hedral hedral (kJ mole~")
Fe;0, 3+ 2+, 3+ 166
LiFe;O4 3+ I+, 3+ 4724
‘y-FeZO; 3+ 0, 3+ 860
2 Ref. (24).

rameters (Table I), the site potentials (Table
III) are in complete agreement with the pro-
posed site occupancies. Due to this appar-
ent support given to the structural model by
purely ionic considerations, it is pertinent
to question whether covalent effects, which
have been demonstrated to be consider-
able, have significant structural influence.
Intuitively, this seems likely and the prefer-
ence of some cations, e.g., Fe’*, In’*,
Ga**, for the inverse spinel structure is cer-
tainly compatible with enhanced covalent
stabilization resultant from tetrahedral coor-
dination. In fact, the Madelung results for
v-Fe,03 do not require ionic interactions to
be necessarily predominant in cation order-
ing, since they were derived from atom po-
sitions refined for a given ordered arrange-
ment. An equally plausible view is that
covalent effects are dominant in determin-
ing site occupancies, and ionic factors are
then reflected in the precise positional pa-
rameters. The matching of the refined pa-
rameters with the model to give maximum
lattice energy is again to be expected.
Therefore, although the ionic calculations
indicate the positional and occupation pa-
rameters to be totally self-consistent, due
to correlations between these parameters
little can be inferred concerning the relative
contributions of electrostatic and covalent
effects in determining the precise cation
distribution—both probably have signifi-
cant influence on the overall structure.
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