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NaHCO,; solution, 5% w /v aqueous NaHCO, solution, and then water.
Finally, the organic layer was dried over Na,SO, and decanted, and
the solvent was removed on a rotary evaporator. A yield of 69% (71
mg) of the dark purple microcrystals was realized. The identity and
purity of the complex was verified by comparison of the IR and silica
gel TLC results with those of an independently prepared sample.

Fe,Pt(SO)S(CO)s(PPh;), (6). A mixture of Fe,(S;)(CO)4 (0.14
g, 0.41 mmol) and Pt(PPh;),(C,H,) (0.31 g, 0.41 mmol) was dissolved
with CH,Cl, (50 mL). The reaction mixture was stirred for 10 min,
and then m-chloroperoxybenzoic acid (0.20 g, 1.2 mmol) was added.
The red color of the reaction mixture darkened, and the solution was
allowed to stir for 30 min, The solution was washed with saturated
aqueous NaHCO, solution (3 X 100 mL) and then 100 mL of H,O.
The organic layer was dried over Na,SO,, and solids were removed
via filtration. Hexanes were added to the filtrate, and the solution
was concentrated to a small volume on a rotary evaporator. The
product was isolated by filtration and washed with hexanes. After
the product was dried in vacuo, a 62% yield (0.27 g) of red crystals
was obtained. Anal. Calcd for C4;HyoFe,O,P,PtS,: C, 46.72; H,
2.80; P, 5.74; S, 5.94. Found: C, 46.62; H, 2.79; P, 5.53; S, 5.86.
FD-MS: m/e 1080 (M*).

[Ir(SSe)(dppe),ICI (7). A mixture of [Ir(dppe),]Cl (50 mg, 49
umol) and (MeCp),TiS,Ses., (x =~ 2; 25 mg, ~50 umol) was dissolved
with 1,2-dichloroethane (20 mL). The reaction mixture was stirred
for 20 min, and then the solvent was evaporated in vacuo. The solids
were redissolved in CH,Cl,, and the iridium-containing products were
isolated by gel permeation chromatography on Bio-Beads S-X4 with

CH,Cl, elution. The green fraction, which eluted first, was collected
and the solvent removed under vacuum. 'H NMR (360 MHz)
spectroscopy indicated a mixture of products with cis stereochemistry
comprised of 17% [Ir(SSe)(dppe),]*, 75% [Ir(Se,)(dppe),]*, and 6%
[Ir(S,)(dppe);]*. FD-MS for the SSe complex: m/e 1101 (M*),
with the signal intensities of the isotopic cluster closely matching a
computer-simulated pattern. Attempts at fractional crystallization
of pure [Ir(SSe)(dppe),]* from the product mixture were not suc-
cessful.
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Samples of nonstoichiometric iron(II) oxide, Fe,O, have been studied by polarized neutron diffraction, at 45 K, and Massbauer
spectroscopy, at 4.2 and 78 K. The neutron measurements, on samples of compositions Feg 9,40 and Fegg430, show that
antiferromagnetic order is maintained in the vicinity of defect clusters. In the intercluster region the spin direction is
approximately 30° from [111], but close to the defects it is about 35° from the (111) plane. The spin structure is approximately
collinear at the local level. The Mdssbauer spectra of a sample of compaosition Fegg,40 are extremely complex. They have
been fitted to a model involving one iron(III) hyperfine sextet, two iron(II) hyperfine sextets, and an iron(III) quadrupole
doublet with a very large splitting (3.8 mm s™!). The doublet is ascribed to the iron(III) tetrahedral interstitials, which
may be paramagnetic or spin paired with adjacent interstitials.

Introduction

Nonstoichiometric wiistite, Fe,O, adopts the rock salt
structure above its magnetic-ordering temperature. The de-
ficienty of iron is accommodated by octahedral iron vacancies
that are associated with tetrahedral interstitials to form
clusters.! The simplest defect cluster is the 4:1 unit, containing
four octahedral iron vacancies around a single tetrahedral
interstitial (Figure 1a)), but X-ray and neutron diffraction
measurements of the vacancy: interstitial ratio point to more
extended aggregates.?>  Theoretical calculations favor
edge-shared clusters such as the 6:2 (Figure 1b) and 8:3 units.
The creation of iron vacancies in iron(II) oxide is, of course,
accompanied by the formation of iron(III), and in order to
balance the charge locally, the iron(III) is thought to be located
at the interstitial positions and in the immediate vicinity of

* To whom correspondence should be addressed: A.K.C., Oxford Univ-
ersity; G.J.L., University of Missouri—Rolla.

the clusters.® A surprising feature of the 6:2 and related
moieties is that the Fe(IIT)-Fe(III) distance between adjacent
tetrhedral interstitials is very short (ca. 2.1 A) and is certainly
in the range where appreciable metal-metal interaction would
seem likely.

The bulk magnetic properties of wiistite are well-known and
indicate that it is antiferromagnetic below ca. 195 K, with the
exact Néel temperature depending upon y.” Neutron dif-
fraction measurements obtained below T show that it un-
dergoes a rhombohedral distortion (« < 60°) and that the bulk
of the iron spins are aligned along the [111] axis of the cell;
a increases with decreasing y.! Alternate (111) sheets are
ferromagnetic and have « and @ spins, respectively. A re-
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Figure 1. Defect clusters in Fe,O: (a) an isolated 4:1 cluster; (b)
a 6:2 cluster with a common shared edge. Filled circles are octahedral
iron atoms, shaded circles are tetrahedral iron interstitials, open circles
are oxygen atoms, and cubes are octahedral vacancies.

markable feature of the neutron results is that the magneic
neutron scattering from the octahedral iron atoms falls well
below that expected on the basis of the measured occupancy
numbers, and Battle and Cheetham?® have proposed that the
spins in the cluster and its immediate environs lie in the (111)
plane and are ferromagnetically arranged, with the tetrahedral
interstitials coupled antiferromagnetically to the nearest-
neighbor, octahedral iron sites; the spins within the cluster do
not appear to contribute to the coherent magnetic scattering.

We have now undertaken a detailed study of the magnetic
properties of Fe,O by Mdssbauer spectroscopy and the scat-
tering of polarized neutrons. The results are at variance with
existing models and shed new light on the low-temperature
behavior of wiistite.

Experimental Section

The samples were prepared and characterized by the methods
reported previously.? X-ray power diffraction studies indicated the
absence of Fe;0,, and only lines attributable to Fe,O were observed.

The Mgssbauer-effect absorbers, prepared by mixing fine powders
with Vaseline to remove any potential crystallite orientation effects,
contained ca. 50 mg of sample/cm?. The spectra were obtained on
either a Ranger Electronics or a Harwell constant-acceleration
spectrometer, each of which used a room-temperature rhodium-matrix
source and was calibrated at room temperature with natural a-iron
foil. Liquid-helium-temperature spectra were obtained in a cryostat
in which the samples were placed directly into liquid helium.
Least-squares minimization programs implemented on the Amdahl
7 at the University of Missouri-Rolla were used to analyze the spectra.

Neutron polarization analysis measurements were made with
neutrons of wavelength 0.84 A on the DS diffractometer at the Institut
Laue-Langevin, Grenoble, France. The technique employed was that
described by Ziebeck and Brown,” which allows magnetic contributions
to the diffuse scattering to be separated from nuclear contributions
by measuring the difference between the spin-flip cross sections when
the incident neutron polarization vector is parallel to ¢,*~ and per-
pendicular to ¢, *~, the scattering vector. The sample was maintained

(8) Battle, P. D.; Cheetham, A. K. J. Phys. C. 1979, 12, 337.
(9) Ziebeck, K. R. A.; Brown, P. J. J. Phys. F. 1980, 10, 2015.
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Figure 2, Neutron-scattering data observed at 45 K from Feg ,,0
by polarization analysis. Intensities have been scaled to ug? per iron
atom in the sample, and the position of the (111) Bragg reflection
from the extended FeO magnetic structure is indicated. Curves
calculated for the magnetic scattering cross section per iron atom in
a 12-A diameter FeO cluster are also shown. The full curve is for
a cluster with no defects and the dashed curve for a cluster with an
8:3 defect at its center.

at 45 K in a Displex refrigerator, and a neutron powder diffraction
pattern showing the expected magnetic and nuclear Bragg peaks was
recorded out to 26 = 30°. Spin flip cross section measurements were
then made at 26 intervals of 1° from 2° to 27°, avoiding regions in
which Bragg reflections had previously been observed. Sets of
measurements were taken with an applied magnetic field, and hence
the neutron polarization direction, parallel to and then perpendicular
to the scattering vector, which was always in the horizontal plane.
The difference magnetic cross section (¢,*~~ o, *") for Fegg560, which
is shown in Figure 2, has been placed on an absolute scale by using
the observed and calculated intensity of the strong nuclear (200) Bragg
peak. Similar results were obtained for a sample of composition

Fep9430.
Results and Discussion

Neutron Diffraction Data. The derivation of the expression
for the calculation of the intensity of scattering from nonin-
teracting finite clusters of atoms having a common spin di-
rection is given in Appendix I.

The appropriate parameters to be used in calculating the
scattering from the direct clusters in Fe,O can be obtained
from the composition of the oxide and the observed neutron
diffraction pattern. In Fegg,60, the concentration of defects
is sufficiently high that all atoms can be considered to be part
of a defect cluster in which the average number of iron atoms,
if all defects are of the 4:1 type, is 40, rising to 68 if the defects
are of the 8:3 type. The average cluster “diameter” and in-
tercluster distance is therefore in the region of 12 A.

Information on the direction of spins is contained in the
polarized neutron-scattering data in Figure 2. The absence
of any appreciable scattering in the forward direction indicates
that the clusters are approximately antiferromagnetic. The
broad peak in the region of the forbidden {111} magnetic Bragg
reflection indicates that rhombohedral configurational sym-
metry is retained in the cluster but that the moments of the
iron atoms deviate from a [111] direction.

In our calculation we have therefore used a model in which
alternate (111) sheets of iron atoms with equal moments of
4.2 up are antiferromagnetically coupled. Near the center of
the cluster, the moment direction is close to the (111) plane
but rotates toward the [111] direction between the clusters
(Figure 3). For simplicity of calculation, the planar com-
ponent has been described by a Gaussian function centered
on the defect and having a full width at half-height of 12 A.
The scattered intensity per atom, calculated for a 12-A di-
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Figure 3. Projection of two adjacent (110) layers of metal atoms,
shown as large and small circles, respectively, displaying the spin
arrangement around a defect cluster in Fe,O. Alternate (111) layers
of metal atoms are labeled « and §.

ameter cluster, is shown in Figure 2. Curves are given for a
cluster with no defects and for one with an 8:3 cluster at its
center. No moments have been associated with vacant lattice
sites or with interstitial atoms. Intensities calculated for 4:1
and 6:2 clusters lie between these curves. No instrumental
broadening has been folded into the calculated function; the
broadening corresponds only to about one-tenth of the width
of the main peak. We do not expect to see any structure in
the pattern due to inelastically scattered neutrons (as studied
in wiistite single crystals by Kugel et al.!°), because the
scattering cross section for a powder sample is so small and
the 10.5-THz energy acceptance of the D5 spectrometer is so
wide; we estimate these processes will give only a low con-
tribution to the background.

The most striking feature of the model shown in Figure 3
is that the spins are approximately collinear, at variance with
previous models® but in accordance with the results on the rock
salt solid solutions Mn,_Ni,O!! and Co,_Ni,0.1? In the
intercluster region the spin direction is approximately 30° from
[111], but close to the defects it is 35° from the (111) plane.
On a first consideration, the magnetic structure is rather like
that of CoQ, in which the collinear spin direction lies between
[001] and the (111) plane,!® but the absence of a sharp {111}
magnetic reflection indicates that the transverse (in the (111)
plane)} component of the spin, unlike the axial component, does
not achieve long-range rrder. However, the transverse spin
component does undergo short-range ordering on a scale that
is significantly larger than the size of the magnetic cluster.
This leads to coherence in the scattering from adjacent
magnetic clusters, and we presume that it is this that is re-
sponsible for the sharper peak that appears at ca. 10° in 26
and the intensity that is evident beyond 13° in 26 in the ob-
served pattern; these effects have not been treated in the
present calculation. Magnetic ordering similar to that em-
bodied in our model has recently been observed in the system
K,Co,Fe, ,F,!'* The cluster model is also consistent with the
magnetic occupation number of 0.64 previously measured by
Battle and Cheetham.®? The average axial component of the
iron atoms in the cluster is 2.6 up, which translates into an

(10) Kugel, G. E.; Hennion, B.; Carabatos, C. Phys. Rev. B. 1978, 18, 1317.

(11) Cheetham, A. K.; Hope, D. A. O. Phys. Rev. B 1983, 27, 6964.

(12) Battle, P. D.; Cheetham, A. K.; Gehring, G. A. J. Appl. Phys. 1979,
50, 7578.

(13) Herrmann-Ronzaud, D.; Burlet, P.; Rossat-Mignod, J. J. Phys. C 1978,
11,2123,

(14) Viak, W. A. H. M,; Frikkee, E.; Arts, A. F. M.; de Wijn, H. W. J. Phys.
C, in press.
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Figure 4. Mossbauer spectrum of Fey 9,30 obtained at 78 K. The
fit corresponds to model 1.
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Figure 5. Maossbauer spectrum of Feg ;30 obtained at 4.2 K. The
fit corresponds to model 1.

apparent magnetic occupation number of 0.62. We therefore
believe that our model is consistent with the principal features
of the neutron results, and we must now use the Mossbauer
data to obtain information about the magnetic behavior of the
tetrahedral interstitial atoms.

Maossbauer-Effect Spectral Data. The Mdssbauer spectrum
of Feg 4,30 obtained at room temperature has been reported
earlier'’ and was interpreted in terms of a singlet due to
iron(IIT) and two quadrupole-split doublets, which were at-
tributed to iron(II) in octahedral sites either in the bulk or
near the interstitial clusters. The Mossbauer-effect spectra
obtained at 78 and 4.2 K are shown in Figures 4 and 5 and
are qualitatively similar to those reported earlier.!® These
spectra are extremely complex and consist of many overlapping
unresolved magnetic sextets. Very similar spectra were ob-
tained!’ for the related (Mn,Fe,_,),O samples, and their si-
multaneous study proved very helpful in modeling the spectrum
of Feqq;30. Repeated attempts to fit these spectra with up
to six magnetic sextets proved impossible with any realistic
model. In no case was it possible to fit the observed strong

(15) Hope, D. A. O.; Cheetham, A. K.; Long, G. J. Inorg. Chem. 1982, 21,
2804.

(16) Greenwood, N. N.; Howe, A. T. J. Chem. Soc., Dalton Trans. 1972,
110

a7 Lon.g, G. J.; Cheetham, A. K.; Hope, D. A. O. Inorg. Chem., following
paper in this issue.
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lines at ca. —1.5 and 2.5 mm/s on the basis of magnetic sextets. «lane 2
The same problem was encountered with each of the ol R =
(Mn,Fe,_,),0 spectra.!” It was noted, however, that samples 5
that were high in manganese content and very low in defect <[ T e &
content did not exhibit these lines.!® It was therefore decided R|EEZQIIFRE 0 ¢
to fit these two lines to either two singlets or to a quadrupole g
doublet. In this case, a reasonable fit was obtained imme- ~|IS88 552 8239 S
diately and it was found that the area of the resulting doublet 338 558 853 2
had the approximate relative area that would be expected of %
the interstitial tetral}edral iron(III) as determined from neu- M|l |22 2% 283 228 &
tron-scattering studies.!® Y ~|SSs ~nrid ddd 5SS E
The final model that was used to fit these spectra consisted =
of three magnetic sextets and a quadrupole doublet. Because 5922 3398 88z ©°° &
the model contains so many adjustable parameters, it is nec- Tjwww ¥+¥ e m &
essary to build as many constraints into the fitting procedure 2
as possible. In all models, each magnetic sextet was fitted on ., AR 883 888 &3 2
the basis of an adjustable isomer shift, 8, internal hyperfine QS 9T 99T " )
field, H;,,, quadrupole shift, QS, and line width, T';, which was B
the width of the outer magnetic lines. The line widths of lines oy e OO e &
2 and 5 were ca. T'; — 0.5AT and the line widths of lines 3 and ©|BRE 900 AN nan 2
4 were ca. I'; - AT where AT was determined from prelim- eee Amm mmm eee 4
inary fits and was not refined. The relative areas of the lines : ?‘
in each component were constrained in the ratio of 3:2:1:1:2:3, L I8 .
as required for an unoriented powder sample. The relative mod %
areas of each separate spectral component were calculated for °
a 6:2 cluster from the stoichiometry of the compound and the TA3R ARe 2 ag =
vacancy concentration, and in model 1 these relative areas were Blm—= qda vva 'E
constrained. In model 2, the relative areas of the sextets were g
fixed but the area of the doublet was unconstrained. In model 5 I35 ITS 8RR Z?
3, the area of each component was unconstrained. The hy- cec ooo oo P
perfine parameters obtained for each model and each com- 8
ponent are given in Table I, and the fits obtained for model M D00 IILQNR QY I
1 are shown in Figures 4 and 5. The fits and parameters g|~|Sc- "~ deas S5 g
obtained for models 1 and 2 were virtually identical whereas 2
model 3 tended to decrease the relative area of one sextet A28 888 gug oo &
(attributed to the bulk iron(II); see below) but gave very N|FTT FFn oA .
similar areas for the doublet and very similar hyperfine 8
parameters—see Table I. Two things are immediately obvious SR 332 =225 532 ";
from an evaluation of these fits and Figures 4 and 5. First, & S SITTFT e 3
although the fits are reasonable, they are far from exact. B
Second, the line widths of the magnetic components are very G et OO O =
high. Both of these observations no doubt result from the ©]|RRR Q= AN= TS
excess simplicity of our model, and indeed better fits can be eee "Hm mm=oeo %
obtained with additional magnetic components but always with § .
the requirement of the doublet. Because the results seem ML T g
chemically reasonable on the basis of a simple model for a very T El g
complex magnetic material, we have elected to proceed with , = g
this model. The results for the analogous manganowistites S22 Fas ana2 %= =8
will be discussed in detail elsewhere.!’ Bl Nda nwee EE-
The hyperfine parameters for each of the components seem g %
reasonable in terms of our knowledge of the chemical, mag- %2385 999 2293 985 EE
netic, and electronic structure of Fe,O. The magnetic com- 2 eeecececeoo oo 23§
ponent with the highest internal hyperfine field is assigned to S E °
the substitutional octahedral high-spin iron(III), which is . 4 IR ITT I8 8%
associated with the defect cluster to provide charge neutrality. S 3 SSS S8 S~ 28
Its internal hyperfine field (510 kOe at 4.2 K) is reasonable 3 S5
for the saturation field of iron(III) in a material such as wilstite g SI3IS 852 888388 % g
with a significant covalent contribution to the bonding, which 8 SOS S8 Hem oS0 U g
will lower the saturation field from the expected ca. 550 kOe.! g = E &
The isomer shift of ca. 0.8 mm/s seems somewhat high, but g '§ NN AN SNM —No E 3
the adjacent cation vacancies may be very effective in per- & E 'lg
mitting the expansion of the ns functions on the iron(III), thus n - = :5 <
increasing the iron(III) isomer shift. The relatively small g =) 2 2 2, &
quadrupole shift of ca. +0.2 mm/s probably results from a 3 g T8 = G 82
lattice contribution to the electric field gradient at the iron(III) 8 =1 32 & 8 § 3
Sl elE 8% 3g zs &8
(18) Long, G. J., unpublished data. = 3 2 58 S% E¥ % £
(19) Johnson, C. E. In “Hyperfine Interactions in Excited Nuclei”; Goldring, 2 £ 28 #®85 25 < §
G., Kalish, R., Eds.; Gordon and Breach: New York, 1971, b= <) ° o g E
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Figure 6. Mossbauer spectrum of Feg ;30 obtained at 297 K. The
fit corresponds to model 1.

site adjacent to the defect cluster. The two remaining magnetic
sextets, with higher isomer shifts, are assigned to octahedral
high-spin iron(IT). The sextet with the higher field is attributed
to iron(II) that is adjacent to the cluster and hence associated
with the substitutional iron(III), which would produce a larger
hyperfine field at the iron(IT). Again, the isomer shift for this
site is somewhat lower than that expected for iron(II) in an
oxide lattice because of the near-neighbor cation vacancies,
which also produce the large observed quadrupole shift found
in this component. The observed saturation hyperfine field
of 421 kOe found at 4.2 K is reasonable for iron(1I) associated
with a vacancy and substitutional iron(III). The second
iron(II) magnetic sextet has a typical isomer shift and a smaller
quadrupole shift, as would be expected for an iron(II) ion
located in the “bulk” of the rock salt FeO structure. The large
line width of this site no doublt results from a distribution of
hyperfine fields in the “bulk” arising from the numerous defects
distributed throughout this material.

By far the most interesting component in our fit is the
doublet that we attribute to the interstitial tetrahedral iron(III)
ions. The area of this component remains essentially the same
in all three of our models and is close to that expected for the
interstitial component as given in Table I for model 1. In all
cases, the isomer shift of ca. 0.40 mm/s is very reasonable for
tetrahedral high-spin iron(III) in an oxide lattice.?’ The most
unusual hyperfine parameter is the quadrupole interaction of
ca. 3.8 mm/s, a value much higher than is normally found in
tetrahedral high-spin iron(IIT) compounds. This large quad-
rupole interaction must result from a substantial lattice com-
ponent in the electric field gradient at the iron(III) site; any
valence component would be small for the high-spin d*, °A,
electronic configuration expected in this case. It is now possible
to reinterpret the room-temperature spectrum!’ of Feg ;50 in
terms of this model, and as illustrated in Figure 6 and Table
I, we observe a doublet with a smaller, but nevertheless rather
high, value of AEg (ca. 1.0 mm/s), which is assigned to the
tetrahedral iron(IIlI) site. This must reflect a lattice contri-
bution to the EFG tensor arising from the presence of the
adjacent tetrahedral iron(III) interstitial in the same cluster.
We believe that the appearance of a doublet with enhanced
splitting at low temperature must result from two factors.
Above the magnetic-ordering temperature (195 K) the ma-
terial is cubic with space group Fm3m, but below Ty, the
material undergoes a phase change to a rhombohedral
structure (R3) in which the local site symmetry at the iron(III)
interstitial will be lower. Second, there is evidence at room
temperature for iron(II)—iron(III) electron transfer in the
neighboring octahedral sites!® that will vanish at low tem-

(20) Greenwood, N. N.; Gibb, T. C. “Massbauer Spectroscopy”; Chapman
and Hall: London, 1971.
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peratures, giving an additional contribution to the EFG tensor.
Although a value of 3.8 mm/s is large, similar large lattice
contributions to the EFG tensor have been observed in other
iron(IIT) oxides?! and iron(III) complexes 2

The Maossbauer results indicate that the tetrahedral in-
terstitial iron(IIT) ions are not coupled to the antiferromagnetic
ordering of the bulk structure. One possible explanation for
this is that the ions are paramagnetic because they experience
contradictory exchange fields from the surrounding octahedral
ions. This must be the case for any isolated 4:1 clusters (Figure
la). For a 6:2 cluster (Figures 1b), antiferromagnetic cou-
pling? of the unpaired spins on the two iron(III) interstitials
may result from a combination of both direct metal-metal
interaction and superexchange through the bridging oxide ions.
This type of molecular magnetic coupling will lead to no net
unpaired spin at the interstitial iron(III) ion and hence no
internal hyperfine field as is observed in the Mossbauer spectra
(see Table I and Figures 4 and 5). Because of the short
iron(III)~iron(III) distance of ca. 2.15 A, the exchange cou-
pling constant must be negative and rather large in magnitude.
This would indicate that, at least at 4.2 K, the interstitial
iron(III) ions are essentially diamagnetic in nature. Our
present neutron results, and those obtained previously by using
unpolarized neutrons, lack the sensitivity to determine the
magnetic characteristics of the tetrahedral interstitial, which
represents only ca. 4% of the total iron.

It is interesting to summarize the complementarity of the
two techniques used in this study. The polarized neutron
results yield information about the spin arrangement around
the defect cluster, but they shed little light on the magnetic
nature of the interstitials. The Mdssbauer results are sensitive
to the latter and also provide further evidence that the atomic
arrangement within the defect clusters has been correctly
deduced in previous room-temperature studies using neutron
diffraction and Méssbauer spectroscopy.!®
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Appendix I

For a cluster of /V magnetic ions in positions r; with spins
S; and a common spin direction 4 the magnetic structure factor
may be defined as M(k) = 3" /¥S f,(K) ek, where fi(k) is
the form factor for the scattering vector k. The neutron
spin-flip scattering cross section %~ for such a cluster contains
both nuclear and magnetic contributions. The magnetic
contribution is related to M(k) through the magnetic inter-
action vector Q L(k) =k A (M(k) A k) and is proportional
to |Q_ (k) A AR, where X is the neutron polarization direction.

In the present experiment, yhen the magnetic field is apphed
parallel to k (horizontally), A is parallel to k and the spin-slip
scattering cross section oy*~ is therefore proportional to
Q. (k)|2 When the field is applied vertically, both Q, (k) and
A lie in the plane pcrpendxcular to k and the magnitude of the
cross section o, *~ is dependent on [Q (k) A AL Crystallites
(and therefore clusters) with all orientations are present in the

(21) Rao, P. M.; Gérard, A.; Grandjean, F. Phys. Status Solidi A 1979, 54,
529.

(22) Fitzsimmons, B. W.; Johnson, C. E. Chem. Phys. Lett. 1974, 24, 422.
(23) Boudreaux, E. A.; Mulay, L. N. “Theory and Applications of Molecular
Paramagnetism”; Wiley: New York, 1976.
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powdered sample, and for a particular Q, (k) the average value
of |Q, (k) A A? taken over the plane is !/,|Q, (k)>. The
nuclear contributions to ¢;*~ and ¢, *~ are identical, and the
difference (o;* ~ = ¢ *") is therefore proportional to !/,JQ, -
®).

The expression [Q (k)|? may be expanded as

N N
Q. (K)? = Z)T_,:fz(k) S;S, sin? 7 e2*ik

where r; is the interatomic vector between the i and jib
magnetic ions, 7 is the angle between k and #, and f(k) is
assumed to be the same for every ion. Because all possible
orientations of cluster and hence of % are present, |Q (k)|
must be spherically averaged. Assuming that f(k) is spheri-
cally symmetric, the averaged value can be shown to be

sin (27ryk)

02
sin® 8;; -
27|'rijk v

NN
|Q¢(k)|2 = Z?S:’Sjﬁ(k) [(
®(27r;k)(3 cos? B; - 1)

where 8, is the angle between # and r;; and ®(x) = (x cos x
- sin x) / (x*). (The equivalent Debye formula for the nuclear
scattered intensity would be |F(K)[>? = LMY Mbb;[(sin
(2mryk)) [ 27r k1)

In the case of FeO clusters there are three trigonally
equivalent directions in the (111) plane in which % can lie.
Assuming these are equally probable, |Q , (k)J? can be averaged
over these three domains to give

) _ Sin(27rkr,-j)
QUIDE = LZSS; 0 | |\ 5 ) %

(l - %sin2 6,,) - <I>(21rkr,-j)(~;- sin? 8;; - 1) ]

where §;; is the angle between r; and the [111] direction.
Components of the spin parallel to {111] also give a contri-
bution to the scattering, which is
QLK) = Z,2,[(S? - SA(S? - SHI'2 f(k) X
sin (27r;k) -, \
—'3';’;]‘7‘_ sin 611 - <I7(27rkr,1)(3 Cos 6,] - 1)
where S is the full spin associated with the iron atoms. A more
reasonable assumption in this case is that the axial components
are coherent with those parallel to [111] in the nearby clusters,
in which case, by employing Babinet’s principle it can be shown
that the term [(S? -S/?)(S? - sz)] 1/2in the above expression
should be replaced by [S - (S? - SHY?][S - (S? - SH'/2).
Registry No. Waiistite, 17125-56-3.
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The nonstoichiometric solid solutions (Mn,Fe,_,),O have been studied at low temperatures by Méssbauer spectroscopy
and Rietveld analysis of powder neutron diffraction data. For x < 0.23, the neutron measurements show that the spin
direction is between the [111] axis and the (111) plane, as in Fe,O itself, but for x > 0.23 the spins appear to lic in the
(111) plane. Except for samples with y close to unity, the coherent magnetic scattering is less than expected, indicating
that long-range magnetic ordering is not complete. The Mgssbauer spectra of samples containing large concentrations
of iron(III) are very complex and are fitted to a model with three hyperfine sextets, two for octahedral iron(II) and one
for octahedral iron(III), and a quadrupole doublet for tetrahedral iron(III). For samples containing almost no iron(III),
the spectra were fitted to a model with three iron(II) sextets, corresponding to sites with differing numbers of manganese

neighbors.

Introduction

The monoxides of manganese and iron adopt the rock salt
structure and are completely miscible at temperatures above
900 °C, as illustrated in the phase diagram! presented in
Figure 1. Iron(II) oxide is nonstoichiometric, accommodating
a deficiency of iron by the formation of iron vacancies and a
small number of iron interstitials.? These defects aggregate
to form the tetrahedral units® shown in Figure 2a, which are
believed to condense by edge sharing to form larger units such
as the 6:2 vacancy to interstitial cluster shown in Figure 2b.
Below 570 °C, iron(II) oxide disproportionates into iron metal
and Fe;0,° The solid solutions, (Mn,Fe,,),0, can be
quenched to room temperature, and our recent examination
of these materials by neutron diffraction and Massbauer
spectroscopy has shown that their defect structure is similar
to that of Fe,O, itself.®

*To whom correspondence should be addressed: G.J.L., University of
Missouri—Rolla; A.K.C., Oxford University.

On cooling below room temperature, Fe,O and MnO be-
come antiferromagnetically ordered with Néel temperatures
of ca. 200 and 118 K, respectively.”® In both cases, the onset
of magnetic ordering is accompanied by a rhombohedral
distortion, which may be expressed in terms of the rhombo-
hedral distortion angle, «; Fe,O has o less than 90° and the
spin apparently directed along the [111] axis,’ whereas MnQ
has « greater than 90° with the spin lying in the (111) plane.!°
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