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Hydrothermal techniques have been used to synthesize sam-
ples of a-Fe2O3 in which ca. 10% of the Fe cations have been
replaced by Sn41, Ti41, and Mg21. Neutron powder di4raction
data show the dopant ions to occupy both interstitial and substi-
tutional sites in the corundum-related a-Fe2O3 structure. The
details of the defect cluster depend on the charge on the dopant
ion. The magnetic structures are related to that of a-Fe2O3 with
ambient temperature Fe31 moments of 4.01(5), 3.89(4), and
3.92(4) BM for Sn-, Ti-, and Mg-doped samples, respectively.
The 57Fe MoK ssbauer spectra recorded in situ at elevated temper-
atures show the NeH el temperatures of Sn- and Mg-doped a-
Fe2O3 to be between 890 and 910 K and 910 and 930 K, respec-
tively, as compared to 950}960 K for pure a-Fe2O3. ( 2000
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INTRODUCTION

The doping of corundum-related a-Fe
2
O

3
has attracted

interest because of the magnetic, electrical, and gas sensing
properties of the materials (1}9). We have recently reported
on the hydrothermal synthesis and structural characteriza-
tion by X-ray powder di!raction of a-Fe

2
O

3
samples in

which the Fe3` ions had been partially replaced by Sn4`,
Ti4`, and Mg2` ions (10, 11). Interestingly, it was found
that charge balance involved no change in the Fe oxidation
state but was achieved by di!erent defect clusters depending
on the charge of the substituent cation (M). The defect
structures can be related to the lines of octahedral Fe3`
ions, which are directed along [001] in the rhombohedral
structure of a-Fe

2
O

3
. In the parent phase, pairs of face-

sharing FeO
6

octahedra exist due to ordered octahedral
vacancies: the chains can be represented }Fe}Fe}h}Fe}
Fe}h} and are shown in Fig. 1a. For M4` (M"Ti, Sn)
substitutions, it was suggested (10) that clusters form which
provide local charge balance: }Fe}Fe}h}M}h}M}h}
M}h}Fe}Fe} chains in which three M4` ions replace four
Fe3` ions (Fig. 1b). We shall call this a 1 : 2 : 2 cluster, since it
involves one M ion on the empty octahedral (interstitial)
157
sites in a-Fe
2
O

3
, two M ions substituted at Fe sites, and two

vacancies introduced on to Fe sites. This contrasts with the
model proposed for M2` incorporation (11), in which
charge balance is achieved via the formation of MMM
triplets: }Fe}Fe}h}Fe}M}M}M}Fe}h}Fe}Fe} chains in
which three M2` ions replace two Fe3` ions (Fig. 1c). This
defect can therefore be represented as a 1 : 2 : 0 cluster. For
both structures, the oxygen sublattice remains intact and
the compositions of the substituted phases are best repre-
sented Fe

2~4x
M

3x
O

3
(M4`) and Fe

2~2x
M

3x
O

3
(M2`). It

should be noted, however, that the sensitivity of X-ray
powder di!raction data for determining complex defect
structures of these types is somewhat limited. This is espe-
cially evident for Sn-doped a-Fe

2
O

3
, where the proposed

model (involving the incorporation of both Sn and va-
cancies at Fe sites) results in only a small change in average
scattering at the Fe sites relative to the undoped parent
phase. The increased sensitivity of neutron di!raction to
oxygen scattering gives it a distinct advantage over X-ray
di!raction for the reliable determination of the defect struc-
tures of such oxide materials. Moreover, the technique is not
subject to the problem outlined for Sn substitutions, since
the scattering length of Sn (0.623]10~12 cm) is now less
than Fe (0.954]10~12 cm). Also, the negative neutron scat-
tering length for Ti (!0.344]10~12 cm) makes it highly
unlikely that any structural inadequacy could be masked in
both X-ray and neutron-di!raction experiments. We report
here on the defect structures of these materials as deduced
by Rietveld structure re"nement of neutron powder di!rac-
tion data, and on the magnetic structures of these phases
including the depression of the NeH el temperature as shown
by high temperature MoK ssbauer spectroscopy.

EXPERIMENTAL

M-substituted (M"Sn, Ti, Mg) a-Fe
2
O

3
samples with

nominal M/(M#Fe) ratios of ca. 0.2 were prepared by
0022-4596/00 $35.00
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FIG. 1. (a) Linking of FeO
6
octahedra in a-Fe

2
O

3
. (b) Structural model

involving the substitution of 4Fe3` ions by 3M4` ions. (c) Structural model
involving the substitution of 2Fe3` ions by 3M2` ions.
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precipitating aqueous mixtures (100 ml) of iron(III) chloride
hexahydrate (24.33 g) and either tin(IV) chloride (2.08 g),
titanium(IV) chloride (1.89 g), or magnesium(II) nitrate
hexahydrate (2.56 g) with 0.88 aqueous ammonia (150 ml)
and hydrothermally processing the suspensions (250 ml) in
a Te#on-lined autoclave at 2003C and 15 atm pressure for
5 h. Owing to the nature of the synthetic process, the precise
substitution level could not be reliably predicted. The prod-
ucts were removed by "ltration and washed with 95%
ethanol until no chloride ions were detected by silver nitrate
solution. The products were dried under an infrared lamp.
Due to the nature of the defect structures and resulting
complex stoichiometries, the substituted samples will be
labelled a-Fe

2
O

3
[10%M].

Neutron powder di!raction data were collected at ambi-
ent temperature on the TAS3 constant wavelength
(j"1.54050 As ) di!ractometer at Ris+, Denmark. Samples
(&10 g) were contained in vanadium cans and data
(2h"10}1103, step 0.053) were collected for approximately
6 h. The program GSAS (12) was used for re"nement using
scattering lengths of 0.954, 0.581, 0.623, !0.344, and 0.538
(all]10~12 cm) for Fe, O, Sn, Ti, and Mg, respectively. The
free ion Fe3` form factor was adopted (13).

The 57Fe MoK ssbauer spectra were recorded from pow-
dered samples with a constant acceleration spectrometer
and a ca. 400 MBq 57Co/Rh source. The furnace used for
the in situ investigations at elevated temperature has been
described in detail elsewhere (14). The sample thickness was
50}80 mg cm~2. The linewidth (FWHM) of the calibration
spectrum was 0.24 mms~1. The chemical isomer shift data
are quoted relative to the centroid of the metallic iron
spectrum at room temperature.
RESULTS AND DISCUSSION

a-Fe
2
O

3
[10% Sn] and a-Fe

2
O

3
[10% Ti]

The neutron powder di!raction patterns recorded from
a-Fe

2
O

3
[10% Sn] and a-Fe

2
O

3
[10% Ti] were best re"ned

according to the model previously used (10) to re"ne the
X-ray powder di!raction data from samples with similar
compositions. The patterns showed no evidence of impurity
phases. The analysis of the data showed the dopant ions to
occupy two distinct sites in the corundum-related structure
of a-Fe

2
O

3
in which the Fe3` ions are distributed in an

ordered fashion over 2/3 of the octahedral sites within
a framework of hexagonally close-packed O2~ ions
(Fig. 1a). Re"nements in which the oxygen occupation num-
ber was varied con"rmed that the oxygen sublattice was
complete, and it was clear that the structures involved both
interstitial and substitutional M cations (Fig. 1b). The pres-
ence of M in the interstitial sites would produce strong
cation}cation repulsions from the two adjacent face-shared
FeO

6
octahedra. Elimination of the cations from these two

sites results in two additional octahedral sites (respectively,
above and below the cations removed), which do not in-
volve face-sharing and which are therefore attractive for
occupation by additional M ions. In this way, the structural
model shown in Fig. 1b, involving the 1 : 2 : 2 clusters, was
con"rmed. In the "nal re"nements, the cation site occu-
pancies were constrained in accordance with the model.

The complete set of "nal re"ned parameters are shown in
Table 1, and conventional observed and calculated pro"les
are shown in Figs. 2a and 2b. The re"ned cation occu-
pancies, with the constraint of the defect model, yields
values for M : Fe of 13.4(1.3)% and 13.4(0.9)% for M"Sn
and Ti, respectively, indicative of M/(M#Fe) of 0.24 and
sample formulas of Fe

1.698
M

0.228
O

3
. The structural para-

meters show little deviation from those of ideal a-Fe
2
O

3
,

which suggests that the defect clusters can be incorporated
with very little lattice strain. The unit cell volumes of a-
Fe

2
O

3
, a-Fe

2
O

3
[10% Sn], and a-Fe

2
O

3
[10% Ti] are

301.9(1) As 3 (15), 302.15(7) As 3, and 301.52(4) As 3, respective-
ly. Although very small, the changes in unit cell size are
consistent with the ionic radii for six-coordinate Fe3`,
Sn4`, and Ti4` (0.65, 0.69, and 0.61 As , respectively (16)).

The magnetic structures for both samples were found to
be very similar to that of undoped a-Fe

2
O

3
above the

Morin transition*antiferromagnetic with layers of Fe3`
having moments perpendicular to [001] and aligned anti-
parallel to the moments in adjacent layers. The moments for
the Fe3` ions in a-Fe

2
O

3
[10% Sn] and a-Fe

2
O

3
[10% Ti]

were found to be 4.01(5) and 3.89(4) BM, respectively. These
values are less than the 5 BM expected for Fe3` the reduc-
tion being primarily due to thermal e!ects. The moments
are typical for antiferromagnetic Fe3`-containing oxides
at temperatures which are substantially below their NeH el
temperatures. The impact of the dopant ions on the NeH el



TABLE 1
Re5ned Structural Parameters for a-Fe2O3[10% Sn],

a-Fe2O3[10% Ti], and a-Fe2O3[10% Mg]

a-Fe
2
O

3
[10% Sn]

Atom x/a y/b z/c ;
*40

]100/As 2 Site occupancy

O 0.3079(6) 0 1
4

0.73(11) 1
Fe 0 0 0.3547(2) 0.63(7) 0.849(12)a
Sn1 0 0 0.3547(2) 0.63(7) 0.076(6)a
Sn2 0 0 0 0.63(7) 0.076(6)a

R-3c: a"5.0369(4), c"13.752(1) As
Fe3` magnetic moment 4.01(5) BM
R

81
"8.7%, R

1
"6.8%, R

%91
"5.9%

a-Fe
2
O

3
[10% Ti]

Atom x/a y/b z/c ;
*40

]100/As 2 Site occupancy

O 0.3083(5) 0 1
4

0.85(9) 1
Fe 0 0 0.3546(1) 0.52(6) 0.848(7)a
Ti1 0 0 0.3546(1) 0.52(6) 0.076(4)a
Ti2 0 0 0 0.52(6) 0.076(4)a

R-3c: a"5.0293(2), c"13.7648(9) As
Fe3` magnetic moment 3.89(4) BM
R

81
"7.7%, R

1
"5.9%, R

%91
"5.1%

a-Fe
2
O

3
[10% Mg]

Atom x/a y/b z/c ;
*40

]100/As 2 Site occupancy

O 0.3072(5) 0 1
4

0.40(8) 1
Fe 0 0 0.3547(1) 0.63(5) 0.943(8)b
Mg1 0 0 0.3547(1) 0.63(5) 0.057(8)b
Mg2 0 0 0 0.63(5) 0.057(8)b

R-3c: a"5.0506(2), c"13.7919(9) As
Fe3` magnetic moment 3.92(4) BM
R

81
"8.4%, R

1
"6.5%, R

%91
"5.5%

aSite occupancies Fe"1!2M1; M1"M2; M"Sn, Ti
bSite occupancies Fe"1!Mg1; Mg1"Mg2

FIG. 2. Observed, calculated, and di!erence neutron powder di!rac-
tion patterns recorded from (a) a-Fe

2
O

3
[10% Sn], (b) a-Fe

2
O

3
[10% Ti],

and (c) a-Fe
2
O

3
[10% Mg]. In each case, the upper and lower vertical tick

marks show the positions of nuclear and magnetic re#ections.

Sn-, Ti-, AND Mg-SUBSTITUTION IN a-Fe
2
O

3
159
temperature was examined by 57Fe MoK ssbauer spectro-
scopy. The 57Fe MoK ssbauer spectra recorded at 298 K from
a-Fe

2
O

3
and the Sn- and Ti-doped variants (Fig. 3, Table 2)

showed the doped materials to be best "tted to two sextet
patterns with chemical isomer shifts and quadruple split-
tings similar to that for a-Fe

2
O

3
. One component (H"ca.

50 T) of narrow linewidth accounted for ca. 75% of the
spectral area whilst the other broader line component
(H"ca. 48 T) constituted the remainder of the spectrum
and resisted resolution into a speci"c hyper"ne magnetic
"eld distribution. The component with a larger hyper"ne
magnetic "eld can be associated with the Fe3` ions without
Sn4`/Ti4` ions in nearby lattice sites whereas the compon-
ent with lower hyper"ne magnetic "eld re#ects the lower
spin density at Fe3` in the vicinity of Sn4`/Ti4` nearest
cation neighbors.

A series of 57Fe MoK ssbauer spectra recorded in situ at
temperatures between 300 and 900 K for a-Fe

2
O

3
[10% Sn]



FIG. 3. 57Fe MoK ssbauer spectra recorded at 298 K from a-Fe
2
O

3
and

a-Fe
2
O

3
[10% Sn], a-Fe

2
O

3
[10% Ti], and a-Fe

2
O

3
[10% Mg]

TABLE 2
57Fe MoK ssbauer Parameters Recorded at 298 K from

a-Fe2O3[10% Sn], a-Fe2O3[10% Ti], and a-Fe2O3[10% Mg]

d$0.01 *$0.01 H$1 !$0.02 Spectral area$5
Compound (mms~1) (mms~1) (T) (mms~1) (%)

a-Fe
2
O

3
0.36 !0.11 51.4 0.31 100

a-Fe
2
O

3
[10% Sn] 0.38 !0.11 51.0 0.31 70

0.36 !0.10 49.0 0.30}0.80 30

a-Fe
2
O

3
[10% Ti] 0.37 !0.10 50.8 0.29 62

0.38 !0.11 49.0 0.30}0.60 30
0.37 0.72 0.67 8

a-Fe
2
O

3
[10% Mg] 0.38 !0.10 50.0 0.31 75

0.38 !0.10 48.0 0.30}0.70 25

FIG. 4. 57Fe MoK ssbauer spectra recorded in situ from a-Fe
2
O

3
[10% Sn] as a function of increasing temperature.

a result of doping with Sn4` and are therefore consistent
with the achievement of charge balance without reduction
of Fe3` to Fe2` (see above).
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are shown in Fig. 4. The hyper"ne magnetic "elds character-
izing the two sextet patterns decrease in value as the temper-
ature increases. The appearance of a doublet at 500}600 K
is indicative of some of the particles being su$ciently small
to show paramagnetic behavior. The growth of the doublet
with increasing temperature is consistent with the progress-
ive development of the paramagnetic phase. The results
recorded from a-Fe

2
O

3
[10% Sn] (Fig. 4) show that tin-

doped a-Fe
2
O

3
is almost completely paramagnetic at

900 K. The variation of the spectral component with the
larger hyper"ne magnetic "eld with temperature is shown in
Fig. 5. Extrapolation of the data recorded between 800 and
870 K enables a NeH el temperature between 890 and 910 K
to be determined. It should be noted that the 57Fe MoK s-
sbauer spectra gave no evidence for the presence of Fe2` as



FIG. 5. Variation of hyper"ne magnetic "eld for the component with high hyper"ne magnetic "eld as a function of increasing temperature for
a-Fe

2
O

3
, a-Fe

2
O

3
[10% Sn], and a-Fe

2
O

3
[10% Mg].

Sn-, Ti-, AND Mg-SUBSTITUTION IN a-Fe
2
O

3
161
a-Fe
2
O

3
[10% Mg]

The neutron powder di!raction data showed no evidence
of impurity phases and con"rmed the structure previously
(11) deduced from X-ray powder di!raction and interpreted
in terms of the Mg2` ions occupying both substitutional
and interstitial sites. All re"nements in which the O occu-
pancy was allowed to vary implied no vacancies on the
oxygen sublattice and provided strong evidence that
a simple model involving Mg substitution and oxygen va-
cancies was invalid. The defect 1 : 2 : 0 cluster (Fig. 1c) is
di!erent from that in the materials containing Sn4` and
Ti4` in that the lower charge on magnesium allows the
formation of a linear cluster of three Mg2` species. Cation
site occupancies, constrained according to this model, pro-
vided a good "t to the data as shown in Fig. 2c. The
magnetic structure is similar to that exhibited by the Sn-
and Ti-doped materials with a magnetic moment on Fe3` of
3.92(4) BM. The re"ned structural parameters are sum-
marised in Table 1. The Mg :Fe ratio of 9.1(1.3)% is in
reasonable agreement with the Mg : Fe ratio used in the
synthesis procedure, 11.1%, and is consistent with Mg/
(Mg#Fe)"0.17 and a formulation Fe

1.886
Mg

0.171
O

3
.

The unit cell volume for a-Fe
2
O

3
[10% Mg], 304.68(4) As 3, is

signi"cantly larger than that for a-Fe
2
O

3
, which re#ects the

larger radius of Mg2` (0.72 As ) (16), but may also in part
relate to the increased cation repulsions associated with the
interstitial Mg2` ions. In contrast to the 1 : 2 : 2 clusters
proposed for M4` incorporation, the interstitial ions in the
1 : 2 : 0 clusters are not adjacent to vacancies on the Fe
sublattice.

The 57Fe MoK ssbauer spectrum recorded at 298 K from
a-Fe

2
O

3
[10% Mg] was also best "tted to two sextet com-

ponents (Fig. 3) with hyper"ne magnetic "elds which de-
crease in value as the temperature increases (Fig. 6). The
progressive development of a doublet characteristic of para-
magnetic Fe3` in spectra recorded in situ at increasing
temperatures shows the material to be almost completely
paramagnetic at 900 K. The variation in magnitude of hy-
per"ne magnetic "eld with increasing temperature (Fig. 5)
enables a NeH el temperature between 910 and 930 K to be
determined. The 57Fe MoK ssbauer spectra showed no evid-
ence for the oxidation of Fe3` to Fe4` as a result of
the incorporation of Mg2` in a-Fe

2
O

3
and are therefore

consistent with charge balance not involving a change in the
oxidation state of iron (see above).



FIG. 6. 57Fe MoK ssbauer spectra recorded in situ from a-Fe
2
O

3
[10% Mg] as a function of increasing temperature.
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