
PH Y 8 I CA I. RE VIE% 8 VOI UMK 18, NUMBER 3 1 AUGUST 1978

Low-energy magnetic excitations in wnstite (Fe, „0)
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Magnetic-excitation dispersion curves of wustite (Fe& „0)have been measured at liquid-helium temperature
by inelastic neutron scattering in the usual symmetry directions of reciprocal space. The experimental
dispersion curves are interpreted by a Heisenberg spin-wave model with exchange integrals extended to
second neighbors. An uniaxial crystal-field anisotropy parameter is evaluated in accordance with theoretical
calculations of Kanamori. The first- and second-neighbor exchange integrals, as well as some general
magnetic properties are calculated.

I. INTRODUCTION

The iron monoxide Fe, „O, also called wustite,
belongs to the group of antiferromagnetic monox-
ides (like MnO, NiO, and CoO) with rocksalt struc-
ture in the paramagnetic phase. The antiferromag-
netic properties of MnO and NiQ are well under-
stood, and magnons of these materials have been
studied by inelastic neutron scattering"' Raman
light scattering, ' and infrared spectroscopy. "'
The results of these measurements can be inter-
preted in terms of Heisenberg models with first-
and second-neighbor exchange integrals. The mag-
netic anisotropy mainly consists of magnetic di-
polar interactions between spins. Such an explan-
ation is due to the fact that the ground states of
Mn" and Ni" ions are orbital singlet states, re-
spectively I', with zero orbital momentum and I',
with quenched orbital momentum. Because the or-
bital angular momentum of Co" and Fe" ions is
not quenched by the crystal field, cobaltous and
iron oxides exhibit features which are different
from those of the two other materials. Indeed,
the ground states of Co" and Fe" ions are orbital
triplet states, the orbital angular momentum giv-
ing rise to the possibility for existence of spin-
orbit coupling, crystal field, and exchange effects.
So, the magnetic anisotropy of FeO has not the
same origin as in MnO and NiO. ' Cobaltous mon-
oxide has been studied by neutron techniques' and
light scattering, "as weB as antiferroDlagnetlc
resonance in the infrared '0'xi Nevertheless, the
remain unsolved problems with respect to mag-
netic excitation properties. Since no experimental
data are available for FeO, the study of the mag-
non dispersion curves was necessary to complete
the monoxides series. This investigation follows

phonon dispersion-curve measurements on the
same compound recently published by the authors. '~

In Sec. II some generalities like structure, elec-
tronic properties, and anisotropy are reviewed.
The experimental results are reported in Sec. III.
A simple phenomenological spin-wave theory is
proposed in Sec. IV, completed by a discussion
pointing out unsolved problems in our study.

II. GENERALlTIES

Above the Neel temperature TED=198'K, the FeO
crystal has the cubic NaCl structure with a space
group Fm3m (0„'). Below T„, the compound be-
comes antiferromagnetic of type II, the phase
transition being accompanied by a lattice distor-
tion. ""The deformation consists of an elonga-
tion along the (111)axis and is due to magneto-
striction effects. ' According to Roth, " the spins
are arranged in ferromagnetic sheets parallel to
(111)planes and reverse from one plane to the
next. The magnetic group of FeO is the rhombo-
hedral Roc one and belongs to the 32/ml' class of
order 24. Because of the different spinorientation,
MnO, ¹0,and CoO belong to the monoclinic C,2/c
magnetic space group.

Below T„, the distortion reduces the distance be-
tween parallel spin ions and increases that between
antiparallel spin ions. Such a difference has an in-
fluence on the exchange integrals, which must be
distinguished in J", and J',", for parallel and anti-
parallel spin first neighbors, respectively. We
expects", to be stronger than J;" (Fig. 1).

The symmetry of the spin structure allows four
equivalent (111) magnetization axes, so the crys-
.tal will usually contain four distinct magnetic do-
mains. Consequently, the reciprocal space must
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FIG. 1. Neighboring ions and exchange integrals. An
Fe ion with spin up is represented with its first and
second metallic neighbors. The coordinate systems are
represented. The attached table gives some general in-
formation on the structure.

be considered as a superposition of four spaces.
In Fig. 2 we represent a (OT1) plane of the recip-
rocal space of the lattice with zone boundaries of
spaces of [111],[111],[111],and[ill] magnetization
domains.

It is useful to consider the electronic structure
of the Fe" ion in the crystal; the ground state of
the free ion is a 'D4 spectral term with total ang-
ular momentum I =2 and total spin 8=2. In the
wustite crystal, the ion is influenced by the follow-
ing perturbations: a cubic crystal field of octahe-
dral symmetry, the spin-orbit coupling, a trigonal
crystal field due to the distortion at magnetic or-

FIG. 2. Multidomain crystal scattering plane. The
superposition of the four-domains reciprocal spaces oc-
curing in the crystal is given with the following lines:—,Illl] magnetization axis; ——,[ill] magnetization
axis; —,[111]and [111]magnetization axes. The
crosses represent the direction of measurements and
are labeled for the I.ill] domain.

dering, and an exchange field in the antiferromag-
netic phase.

The 'D4 orbital ground state is fivefold degener-
ate for a total degeneracy of 25. This state is split
by the octahedral crystal field into two levels; the
lowest one is an orbital triplet state I', with total
degeneracy of 15 and the highest one is an orbital
doublet I', (total degeneracy 10). Only the ground
state needs to be considered, the splitting of about
1G' cm ' being beyond the energy range accessible
to neutron scattering. The 1, triplet has the same
symmetry as a manifold of P states with an effec-
tive orbital momentum l =1. The treatment of the
perturbations listed above is a quite complicated
problem. Indeed, these contributions have such
magnitudes that the splitting of the I', level is
accompanied by mixing of levels. Clearly, these
perturbations must be treated simultaneously in
order to know the accurate single-ion electronic
structure. Since our experimental results con-
cern only the lowest excitation branch, (the so-
called magnon branch), we do not perform such a
calculation. Nevertheless, a complete analysis
of the magnetic excitations await these theoretical
developments compared with experimental higher-
energy branches.

HI EXPERIMENTS AND RESUL"rS

The crystal employed in our experiments was
prepared by a floating-zone technique using an
image furnace. The method of preparation and
growth has been already described. " The speci-
men consists in a black-colored cylindrical crys-
tal of about 1.5 cm' with a stoichiometric ratio x
estimated about O.OV. Neutron-elastic-Bragg scat-
tering reveals a [100] axis nearly locali'zed along
the cylinder axis. The diffraction spectrum clear-
ly shows the existence of two main monocrystals
slightly disoriented with about the same scattering
intensity, as well as some smaller parasitic crystals.
The experiments have been performed at liquid-heli-
um temperature using the triple-axis spectrometer
H~ on the EL3 reactor of CENsaclay and the triple-
axis spectrometer IN1 at the Institut Laue-Lange-
vin of Grenoble.

The crystal was oriented with a [011]axis nor-
mal to the horizontal scattering plane. The mea-
surements have been done in the principal high
Symmetry directions along the paths reported in
Fig. 2. The labeling of these directions is relative
to a [111]-magnetization-axis domain.

The polydomain character of the crystal (Fig.2)
gives rise to ambiguity in assigning energy towave
vectors. To remove the ambiguity as far as possi-
ble, we proceeded in the following ways: the re-
sults were checked in complementary directions,
for example, several points were measured in two
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in Fig. 3f, the lowest energy at 1 point of the mag-
netic Brillouin zone is not equal to zero, but there
is a sma, ll gap of about 0.75 THz (25 cm '): (ii) In
any direction the observed neutron groups give in-
dication of a very flat branch, the magnetic char-
acter of which was confirmed by measurements at
room temperature. No magnetic scattered intensi-
ty could be observed around 6 THz; (iii) In con-
trast with Mnp and Nip, the magnon energies in
the [111]direction are not high.

I

IV. THEORETICAL INTERPRETATION AND DISCUSSION

A. Theory

100 '

0.5

100
(THz)
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Our measurements concern only the firstbranch;
hence our interpretation is made with a phenome-
nological spin-wave model based on a Heisenberg
Hamiltonian with anisotropic contribution, the
spin Hamiltonian acting within the I.", ground state.
This spin Hamiltonian is written

FIG. 3. Magnon groups measured in wustite. Some
magnetic excitation groups are given. The intensity of
counting I is in arbitrary units. The direction of propa-
gation, energy, and wave vector of the magnon are spec-
ified.

[011] [1OO] [114] [111]

3

[&00] equivalent directions represented in Fig. 2.
Starting with unambiguous points, we used the con-
tinuity of the branches for new measurements.
These checks were compared with inelastic neu-
tron scattering cross-section calculations based
on our model explained in Sec. IV.

Nevertheless, because of the poor quality of the
sample, the labeling of the results could not al-
ways be ascertained; such points were systemat-
ically rejected. Some typical neutron groups are
shown in Fig. 3. The results ofourmeasurements,
corrected for resolution and crystalquality effects,
are plotted in Fig. 4.

The following remarks may be made: (i) As seen

H =H,„+H~,(, .
The exchange Hamiltonian is the well-known

Heisenberg-Dirac Hamiltonian

H,„= J'}rsq S~
f

taking the form

H„=Q Z",S Sg+ Q J",S}' Sp
SsP

+ Q J;"S;~ S~+ Q J,S Sy,
4, g i, g

(2)

if extended to second metaUic neighbors. The first
terms of Eq. (3) are summations over pairs of
nearest neighbors in one (i, i') or the other (j,j')
subh, ttice. J", is the parallel spin exchange inte-
gral. ,The third term is a sum over pairs of near-
est-neighbor spins belonging to different sublat-
tices with J'," exchange integral. The last term is
a sum over next-nearest neighbors with J, ex-
change integral. It should be noted that the ex-
changes are in fact superexchanges involving an
intermediate O' ion with Fe"-O'"-Fe" paths at
90' for J, and at 180' for J,. Theoretical calcula-
tions of Anderson" predict J, stronger than J,.

The anisotropy Hamiltonian H~„, can be given in
terms of a single-ion Hamiltonian. By restricting
ourselves to the uniaxial terms given by J. Kana-
mori, ' expressed with new coordinates attached to
the spin system (Fig. 1), we obtain

0.4 0.2 0.0 0.5 1.0 0.4 0.2 0.0 0-1 0.2
Reduced Wave Vector H„,.= (3/2S')r(S;)'=D(S;)', (4)

FIG. 4. Magnetic excitation dispersion curves -in wus-
tite. The full lines are the theoretical curves obtained
with the model.

where T is the anisotropy parameter given by
Kanamori.

The eigenvalues of the spin Hamiltonian are ob-
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E(q) = 2nS[(A(q) —D/n)2 —B2(q)]'~2, (5)

where n is the number of equivalent neighbors (n
=6) and S is the total spin number in I', (S =2).

The functions A(q) and B(q) can be expressed

tained by applying the standard Holstein-Primakoff
transformation method" and can be expressed
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A(q) =8,'[V",(q) —1]+Z,"+Z, ,

B(q) =J;"V;"(q)+Z,V,(q),

where V(q) are summations over equivalent neigh-
bors of the general form
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FIG. 5. Two puzzling neutron groups in wustite. Group
(a) corresponds to a measurement at a 1 point. Group
(b) reveals a weak splitting of the magnetic branch. I is
the counted intensity.

q being the wave vector.

B. Model calculations

The model was fitted to the results for the mag-
non branch in the three directions [100], [111],
and [111]by use of a nonlinear least-squares rou-
tine. The resulting parameters are

J",= - 3.70 cm ', J;"= —2.06 cm ',
J,=6.52 cm ', D= —0.68 cm '. (8)

The corresponding calculated dispersion curves
are reported together with experimental data in
Fig. 4. Compared with known values, ' the rnagni. -
tudes of the exchange integrals are quite satisfac-
tory. The axial-field anisotropy constant D of
—0.68 cm implies, in conformity with Eq. (4),
the value -1.8 cm ' for T; this nearly agrees with
Kanamori's theoretical value of —1.5 cm '. Con-
sidering the dispersion curves, it may be seen
that the agreement is reasonable, though we have
some difficulties to reproduce the very flat char-
acter of the branch in the [100] direction.

C. Discussion

As pointed out by Kanamori, e anisotropy terms
of nonaxial origin, removing the degeneracy of the
spin modes, are expected to be important. Unfor-
tunately, the results obtained near the zone center
are too ambiguous to give a credible value. Some
scans, for instance, those represented in Fig. 5(b),
suggest the existence of a second branch. But be-
cause of the poor crystal quality, this point could
not be confirmed. On the other hand, we observed
a broad neutron group at the point (1, 1, 1) [Fig.
5(a)], which is a I' point in all the domains (Fig.
2). Since the magnetic character of the group
could not be checked, we cannot clearly identify
this group as a higher branch. Furthermore, since
the phonon frequency distribution has a peak at

4.5 THz, " the group [Fig. 5(a)] may derive from
incoherent nuclear scattering.

A striking feature of our calculations is related
to the ferromagnetic character of the neaeest-
neighbor exchange integrals. This fact is at the
origin of some problems concerning the calculated
magnetic properties. Indeed, the application of the
molecular-field theory on evaluating the Neel (T~)
and paramagnetic Curie-Weiss temperature (e,),
gives results in bad agreement with known values.
Our set of parameters leads to a T~ of 225 'K and
to a 8, of —23'K. Experiments'"" give a Neel
temperature of 198 K. The paramagnetic Curie-
Weiss temperature for FeO is subject to discus-
sion, and values in the literature are —570,"
-190, ' and —135'K.' Using the magnetic sus-
ceptibility measured by Bizette'o (yr =8 x 10 '
emu/mole), the paramagnetic Curie-Weiss law
becomes

)((T)=2.0/(T +23) .
The ferromagnetic character of J, is in our spin-

wave model mainly related to the low-energetic
magnons in the [111]direction. The TA phonons"
have comparable energy, and the possibility of in-
teractions between spins and lattice is not; excluded.
Nevertheless, experiments as a function of tem-
perature show that the excitations measuredinthat
region are of magnetic character.

Another point is the important splitting of J, in-
to J", and P,"'. By neglecting the isotropic contrac-
tion due to the decreasing of the temperature, the
exchange interaction can be written following
Morosin"

(10)

where

lnTe=r

and x is the distance between iron ions. With J",
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and J', ', respectively, equal to the values obtained
in our model, and by taking into account the ex-
perimental distortion angle, ""we have E equal to
about 65, which is to be compared to the value
found in Mno and MgO (c = 20).'~" This outlines
the great sensitivity of the exchange integral to
the interionic distance, and may partly explain the
high influence of the stoichiometry on the magnetic
properties.

So our simple phenomenological model gives sa-
tisfactory results. Nevertheless, these calcula-
tions are valid only for the first branch which re-
veals little of the relative magnitudes of the vari-
ous contributions listed in Sec. II. In order to have
a more complete theory, it would be necessary to
take into account the nonquenched orbital-angular
momentum of the iron ion; this momentum gives
rise to magnetic anisotropic interactions between
the ions. A complete spectrum then involves tran-
sitions from the ground state to the excited states
determined by the splitting due to the spin-orbit
coupling and the trigonal crystal field, as well as
isotropic and perhaps anisotropic exchange effects.
Such a calculation has been performed by Grover, "
Buyers et al. on KCo F3/ and Chou and Fan on
CoO. ' But new experimeritalresults are undoubted-
ly needed to justify such a treatment. Further ex-
periments, like Haman light scattering and anti-

ferromagnetic resonance may give useful comple-
mentary information on the spin excitation spec-
trum.

V. CONCLUSION

The dispersion curves of the spin waves in the
antiferromagnetic Fe, „0have beeh measured at
liquid-helium temperature by inelastic neutron
scattering. The main difficulty in determining the
curves arises from the relative bad quality of the
crystal and from its polydomain structure. A
Hamiltonian with exchange integrals extended to
second metallic neighbors and with single-ion an-
isotropy (axial-field term) gives satisfactory fit-
ting and leads to reasonable values of the param-
eters. Physical propt„rties were calculated and

compared with other experiments. Further exper-
imental work with neutrons or other techniques, as
well as new theoretical calculations, would be use-
ful to explain completely the spin dynamics of
Fe, „O.
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