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Hyperfine interactions at the Fe ' sites in ilmenite have been determined by Mossbauer
spectroscopy. At 5 K the internal magnetic field is {—43 + 3) kOe and the quadrupole-coupling
constant 2e qQ is (+1.44 + 0.01) mm/sec. Theoretical interpretation of the internal magnetic
field in terms of dipolar-, orbital-, and core-polarization contributions is shown to depend
critically upon the lattice contribution to 2e qQ, which is still unknown.

I. INTRODUCTION

The hyperfine structure of Fe" in ilmenite
(FeTi03) was studied by low-temperature Moss-
bauer spectroscopy several years ago. ' A relatively
small internal magnetic field H&„, was observed in
the antiferromagnetic state and only partial resolu-

tion of the hyperfine spectrum was obtained. Theo-
retical calculations suggested that the sign of 0,„,
was negative and that the core-polarization contri-
bution to &&„& was low.

In conjunction with an investigation of the

Fe2 Ti 03 system with compositions similar to lunar
ilmenite specimens, we have synthesized stoichio-
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FIG. 1. Mossbauer spectrum
of synthetic polycrystalline ilmen-
ite (FeTi03) at 5'K. Source was
Co in Cu (=22'C).
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metric FeTiQ3. The liquid-helium- temperature
Mossbauer spectrum of this material had narrow
linewidths and hence showed a well-resolved hyper-
fine structure. An analysis of this spectrum and
data on a single-crystal mineral sample is pre-
sented.

in solution. Nonetheless the Fe ' spectrum was
sufficiently sharp and well resolved from the Fe '
absorption lines to be clearly interpretable. The
sample was oriented by back-reflection Laue x-
ray-diff raction photography and mechanically pol-
ished & to the c axis to = 1.8-mil thickness.

II. EXPERIMENTAL III. RESULTS AND DISCUSSION

Synthetic ilmenite was prepared by solid-state
reaction of appropriate amounts of high-purity Fe,
Fe,03, and TiO~; the iron powder was prepared
from Johnson, Matthey and Co. iron sponge by
reduction in H~ for 1h at 1175 'C followed by rapid
cooling. The starting material was finely ground,
compressed, and fired at 850'C (2h) and 1200'C
(2h) in high vacuum (= 10 'mm of Hg). Powder-
diffraction x-ray photography was used to establish
that the material was single phase. The lattice
constants measured for this material based on a
hexagonal unit cell are a = 5. 085A and c = 14. 087A.

Mossbauer measurements were made with an
automated mechanical constant-velocity spectrom-
eter operating in the transmission mode; the
spectrometer is described briefly elsewhere.
The source used was Co in Cu at room tempera-
ture (= 22 'C).

The single-crystal mineral specimen of ilmenite
(from Quebec) contained a considerable amount of
exsolved hematite o.-Fe303 and also about 10%Fes'

Ilmenite crystallizes in the trigonal space group
R 3.' The structure is derived from the ~-Fe&Q3
structure by replacing layers of Fe ' which are per-
pendicular to the c axis by alternating layers of
Fe" and Ti '. All Fe ' sites are crystallographi-
cally equivalent and have point symmetry 3. Neu-

tron-diffraction, 6 magnetic, and specific-heat mea-
surements" establish that the material orders anti-
ferromagnetically below about 57 'K with spin di-
rections ~~ c. The Fe ' moments are ferromagneti-
cally coupled within layers & c and antiferromag-
netically coupled between adjacent layers. The
magnetic space group can be derived f rom this in-
formation and is R~3.

The Mossbauer spectrum of synthetic polycrys-
talline ilmenite at 5 K is shown in Fig. 1. A least-
squares computer fit to six unconstrained Lorentz
line shapes is shown through the data. The point
symmetry of the Fe ' site requires the nuclear elec-
tric field gradient to be axially symmetric with
the principal axis z of the largest diagonalized ele-
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FIC . 2. Dependence of core-polarization contribution to the internal magnetic field H~ in ZeCO3 and FeTiO& (calcu-
lated as described in text) on lattice contributions to the nuclear electric field gradient.

ment V«parallel to e. Thus H j„, and z are ~~ and
simple analytical expressions' can be obtained for
the transition energies in terms of lH j„,i, e qQ,
and 5, where e is the proton charge, q= V„/e, Q
is the nuclear quadrupole moment, and 5 is the iso-
mer shift. The typical six-line hyperfine pattern
observed for nonrnagnetized randomly oriented
powders of magnetically ordered Fe' containing
materials has relative absorption intensities
3:2:1:1:2:3in order of ascending energy. The
small Hj„& and large e qQ observed in ilmenite at
5 'K shifts the !—&)- I

—~) transition to higher en-
ergy than the I+ —,')- I+ ) transition and leads to
relative intensities 2: 1; 1:2: 3: 3 in order of ascend-
ing energy. The experimental values of Hjgf pe qQ,
and 5 observed in the 5 K spectrum of ilmenite are
given in Table I.

To determine the sign of H, „„an external mag-
netic field H,„, of 55 koe was applied to the single-
crystal mineral specimen of ilmenite. The absorb-
er was at 87 K (in the paramagnetic state) and H, „&
~~c. The internal field observed at the Fe ' nuclei
was (41 + 3) kOe, which experimentally established
the negative sign of H, „,predicted by theoretical

TABLE I. Hyperfine parameters of Fe~+ in FeTiO3 at
5 'K.

a„, {l oe)
2e qQ (mrn/see)

6 (mm/sec)~

—43 + 3
+1.44+ 0.01
+ l. 22+ 0.01

Belative to o.'-Fe at room temperature.

arguments, At 87 K and H,„,= 55 kQe, the mag-
netization is far from saturated which accounts for
the small reduction in H, „,.

Okiji and Kanamori have calculated the orbital
H„„and dipolar H«, contributions to H, „,for the
Fe ' sites in the trigonal crystals FeTiQ3 and
FeCO~ (ferrous carbonate crystailizes in space
group A 3c and the Fe' site has 3 point symmetry).
They express both H„„and H«, in terms of the
valence contribution to the nuclear electric field
gradient and calculate the core-polarization term
H& in conjunction with the experimental values of

Based on previously reported FeTiQ3 results
( IH;„, I = 70 kOe and —,'e qQ = +1. 14 mm/sec)' they
obtained H&= —455 kQe. This rather low value of
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H~ compared with the expected free-ion value '
was attributed by Okiji and Kanamori, ' and more
recently by Hazony, ' to the covalent nature of Fe '
in FeTi03. Our present low-temperature FeTiO3
results (Table I) differ considerably from previous
ones; in addition, improved liquid-helium-tempera-
ture data for FeCO, are now available [H,„,= (+185
+8) kOe, 2e qQ= (+2. 05+0. 08) mm/sec]. Thus
we have recalculated the internal-field contribu-
tions in both FeTiO3 and FeCO3 making the same
assumptions as were made by Okiji and Kanamori.
The recalculated values for FeTiO& are H„b=+420,
H Q$p + 59, and H„= —522 kOe; for Fe CO3
=+579 Hd&p +85, and H~= —479kOe.

In general, the quadrupole-coupling constant in
ionic Fe ' compounds will have both lattice and
valence contributions. Usually neglect of lattice
contributions to q is a major source of error in
relating H&, as calculated above, to the degree
of covalency. Because of the axial symmetry pres-
ent at the Fe ' sites in both FeTiO3 and FeCO3, the
valence and lattice contributions to q may be ex-

pressed simply as q=q„,&+q»t. The extreme sensi-
tivity HF to q„, is shown in Fig. 2 where we have
evaluated H& by the method of Okiji and Kanamori
but have considered the possible presence of a
small q„t term. In ionic Fe' compounds where
only q„, is present, —,'e'qQ values & 1 mm/sec are
observed. In n-Fe203, which is structurally similar
to FeTiOS, the quadrupole splitting is 2e qg
= (+ 0, 440 + 0. 012) mm/sec. " If a q„, term of this
magnitude were present in FeTiO„ the derived
value of H& would change by 150 kOe (Fig. 2).
Thus, until lattice contributions to q can be deter-
mined with confidence, correlations of covalency
and calculated HF values must be rather uncertain.
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