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Table 111. Average Values for the Exchange Links Corresponding 
to Different Iron Sites in Fe,(MoO,), 

site no. 
1 2 3 4 

pathway, A 1.488 7.491 7.486 7.415 
Fe-0-Mo, deg 149.7 147.5 150.1 153.2 

shorter is the total pathway, the closer is the 0-Mo-O angle 
to that of a regular tetrahedron, and the closer are the Fe- 
0-Mo angles to 180'. Because the distortions of (Fe06) 
octahedra and ( M a 4 )  tetrahedra are very small, the exchange 
interaction is likely to depend mostly on the FeO-Mo angles, 
which vary in the range 133.2-167.6'. I t  appears from the 
comparison of mean angles and lengths of pathways (see Table 
111) that site 4 is likely to correspond to sextuplet 8. From 
the value for quadrupole splitting in the paramagnetic state 
AOw = 0.20 mms-', qCalcd = 0.36, and the orientation of the 

principal axes of the EFG tensor for site 4 (Table I), the 
quadrupole perturbation has been calculated for possible 
orientations of the magnetic axis and compared with the ex- 
perimental value E = 0.00 f 0.02 mms"'. The results suggest 
that the magnetic moments lie in the ac plane, making an angle 
of 37-58 or 122-143' with the c axis as the most plausible 
solution. 

It is worth emphasizing that the latter result relies on many 
hypotheses and that a neutron diffraction investigation should 
be undertaken in order to determine the magnetic structure 
unambiguously. 
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A powder neutron diffraction study and subsequent line-profile analysis of the magnetic structure of iron(II1) molybdate 
at 2 K indicate that it is a four-sublattice antiferromagnet containing four crystallographically distinct iron atoms in the 
space group P2,/a ( b  unique). The results also confirm that the 2 K nuclear structure is the same as that found at room 
temperature by single-crystal X-ray diffraction. An analysis of covalency in iron(II1) molybdate reveals a higher degree 
of covalency (A: + 2A: + A: = 9.15%) in the iron(II1) to oxygen bonds than is found in the structurally related iron(II1) 
sulfate (6.1%). A Mossbauer-effect study indicates that, at 11.8 K and above, iron(II1) molybdate is paramagnetic with 
parameters typical of an octahedral high-spin iron(II1) compound. Between 11.72 and 11.59 K both ordered and paramagnetic 
phases coexist. Below 11.72 K the Mossbauer spectrum shows the presence of spontaneous magnetic ordering with four 
inequivalent magnetic hyperfine fields. On three of the iron sites, the hyperfine fields are rather similar while the fourth 
site exhibits a significantly greater hyperfine field. The differences between various combinations of the four hyperfine 
fields show maxima at about 10 K. At 1.14 K the field values are 540, 529, 519, and 509 kOe. The isomer shifts for each 
site are similar at ca. 0.52 mm/s, and the quadrupole shifts are small at ca. 10.01 mm/s. Magnetic susceptibility studies 
confirm that the material is paramagnetic above ca. 20 K, with an effective magnetic moment of 5.92 M~ and a Curie-Weiss 
temperature of -55.6 K. The magnetic susceptibility shows a peak of ca. 10 K, the magnitude of which increases with 
decreasing applied field between 45.81 and 9.95 kG. The magnetization data also indicate spontaneous ferrimagnetic ordering 
for iron(II1) molybdate below ca. 14 K with a maximum in the spontaneous moment between 9 and 10 K. This behavior 
confirms that, below ca. 20 K, iron(II1) molybdate is a weak L-type ferrimagnet. At temperatures below 6 K, the magnetic 
susceptibility increases at high applied fields, indicating the presence of a spin-flop transition with a critical field of ca. 
20 kG at 4.2 K. 

Introduction 
We have priviously published2 a study of monoclinic, an- 

hydrous iron(II1) sulfate, Fe2(S0J3, which shows novel fer- 
rimagnetic ordering arising from the presence of two crys- 
tallographically distinct octahedral iron(II1) sites. The results 
provided a prescription for identifying materials with similar 
properties, and we have now completed a detailed investigation 
of the magnetic properties of the structurally related iron(II1) 
molybdate, Fe2(Mo04)3. 

(1) (a) Inorganic Chemistry Laboratory, Oxford University. (b) Chemical 
Crystallography Laboratory, Oxford University. (c) University of 
Missouri-Rolla. Address correspondence to G.J.L. at this address. (d) 
Atomic Energy Research Establishment. 

(2) Long, G. J.; Longworth, G.; Battle, P.; Cheetham, A. K.; Thundathil, 
R. V.; Beveridge, D. Inorg. Chem. 1979, 18, 624. 

Iron(II1) molybdate is chemically isostructural with iron(II1) 
~ u l f a t e , ~ , ~  the structure consisting of an infinite network of 
iron-oxygen-molybdenum linkages in which the oxygen atoms 
coordinate the iron atoms octahedrally and the molybdenum 
atoms tetrahedrally; the octahedra share corners with the 
tetrahedra. However, there is an important crystallographic 
difference between the structures in that there are either four3 
or eight4 distinct iron(II1) sites in the molybdate and the unit 
cell has twice the volume of that of the sulfate, which contains 
only two iron(II1) sites. The structure of the molybdate, as 
determined by Chen,3 is presented in Figure 1. The uncer- 
tainty concerning the number of iron(II1) sites arises because 

(3) Chen, H. Mater. Res. Bull. 1979, 14, 1583. 
(4) Rapposch, M. H.; Anderson, J. B.; Kostiner, E. Inorg. Chem. 1980.19, 

3531. 
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Figure 1. Unit cell of the iron(II1) molybdate structure. The magnetic vectors are represented by 0 and @ for moments oriented in the +b 
and -b directions, respectively. 

it is not clear from single-crystal X-ray studies3P whether the 
material is truly noncentrosymmetric or whether it appears 
to be so because of twinning. The similarity between the 
iron(II1) environments has been demonstrated in a room- 
temperature Mossbauer-effect studyS in which the spectrum 
consisted of one broad doublet comprising four (or eight) 
superimposed, quadruple-split iron(II1) lines. The molybdate 
is thus a system where we might expect magnetic interactions 
similar to those found in iron(II1) sulfate, with added subtleties 
brought about by the increased number of distinct iron(II1) 
sites. A high-temperature stud? of the magnetic susceptibility 
of iron(TI1) molybdate, in which a Curie-Weiss temperature 
of -62.7 K is reported, has indicated that antiferromagnetic 
ordering can be anticipated at  low temperatures. I t  should 
be noted that, in addition to the above interest, iron(II1) 
molybdate is important as a selective oxidation catalyst and 
is used to convert methanol to formaldehydes6 
Experimental Section 

Iron(II1) molybdate was prepared by f i n g  a well-ground, pelleted 
stoichiometric mixture of Specpure iron(II1) oxide, obtained from 
Johnson Matthey Chemicals, and AnalaR molybdenum trioxide, 
obtained from BDH, for 24 h at 700 OC in a platinum crucible. The 
sample was then annealed for 19 h at 400 O C  to ensure that only the 
low-temperature monoclinic phase was present.' The X-ray powder 
diffraction pattern of the product was in good agreement with those 
reported by previous  worker^.^*^ Analytical electron microscopy 
indicated excellent sample homogeneity. Iron and molybdenum were 
determined by atomic absorption. Anal. Calcd for Fe2M03012: Fe, 
18.8; Mo, 48.6. Found: Fe, 18.3; Mo, 48.3. 

Powder neutron diffraction data were collected on the D1A powder 
diffractometer at the Institut Laue Langevin, Grenoble, France. 
Neutrons with a mean wavelength of 1.905 A were used to obtain 
data in the angular range 6' < 28 < 93.5O, the sample being held 

(5) Herzenberg, C. L.; Riley, D. L. J.  Phys. Chcm, Solfds 1%9,30,2108. 
(6) Popov, B. 1.; Sedova, L. L.; Kustova, G. N.; Plysova, L. M.; Maksimov, 

(7)  Sleight, A. W.; Brixner, L. H. J .  Solid Stare Chem. 1973, 7, 172. 
(8) Massarotti, V.; nor, G.; Marini, A. J.  Appl. Crysrallogr. 1981, 14, 64. 
(9) Klevsov, P. V.; Klevtsova, R. F.; Kefeli, L. M.; Plyasova, L. M. imrg. 

Mater. (Engl. Trans/.) 1965, I ,  843; Izv. Akad. Nauk SSR, Neorg. 
Maier. 1965, I ,  918. 

Yu. V.; Matveev, A. I. React. Kinet. Catal. Lea. 1976, 5, 43. 

in a helium cryostat at a temperature of 2 K. The experiment was 
then repeated at room temperature. 

The magnetic susceptibility of a polycrystalline sample was mea- 
sured between 4.2 and 80 K by using an Oxford Instruments Faraday 
balance, calibrated with CuS04.5H20. Temperatures were measured 
with a gold (0.03% iron) vs. chrome1 thermocouple with its reference 
junction in the liquid-helium bath. The susceptibility was measured 
in six fields up to 45.8 1 kG with a maximum applied gradient of 122 
G cm-'. 

The M6ssbauer spectra were obtained on a Harwell constant-ac- 
celeration spectrometer by using a room-temperature rhodium-matrix 
source and calibrating with natural a-iron foil. The 4.2 K and lower 
temperature spectra were measured in a cryostat in which the sample 
was placed directly in liquid helium. The sample temperature was 
determined by measuring the vapor pressure above the liquid helium. 
Temperatures between 4.2 and 78 K were obtained through the use 
of a variable-temperature insert placed in the liquid-helium cryostat. 
The temperature was measured by a gold-iron thermocouple and was 
controlled to ca. f0.03 K. The Mksbauer spectra were evaluated 
by using least-squares minimization computer programs and the 
Harwell IBM 370/168 computer facilities. The isomer shift and 
quadrupole splitting and shift values are accurate to ca. i0.02 mm/s 
and the hyperfine fields are accurate to ca. id kOe. 
Results 

Neutron Diffraction Results. The 2 K powder neutron 
diffraction pattern was indexed in the centrosymmetric space 
group P21/a (b  unique) as used by Chenn3 There was no 
evidence to suggest the noncentrosymmetric space group P2,: 
The refined cell parameters are a = 15.637 (3) A, b = 9.224 
(3) A, c = 18.173 (3) A, and @ = 125.26 (1)O. The numbers 
in parentheses here and elsewhere in this paper indicate the 
estimated standard deviations in the least significant digits. 
In this case they do not include any allowance for error in the 
estimation of the neutron wavelength. 

The peak intensities in the pattern clearly indicated that the 
sample was magnetically ordered at 2 K. The low-temperature 
magnetic structure was refined by the Rietveld profile analysis 
technique,'O the data with 20 < 16' being discarded because 
of problems with asymmetric peak shapes.2 The remaining 

(10) Rietveld, H. M. J .  Appl. Crysrollogr. 1969, 2, 6 5 .  
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Figure 2. Observed, calculated, and difference profiles for the powder 
neutron diffraction pattern of iron(II1) molybdate at 2 K. 

1549 observed profile points in the data set were distributed 
over 994 reflections. The atomic coordinates determined by 
Chen3 at room temperature were used in all our refinements, 
there being insufficient data in the profile to permit variation 
of the 102 additional parameters necessary for a full structure 
refinement. We have thus essentially solved and refined the 
magnetic structure against the background of an assumed 
crystal ~ t r u c t u r e . ~  The overall isotropic temperature factor 
was held constant at  0.02 A* to further simplify the problem. 
This was the value found, after refinement, for the isostructural 
iron(II1) sulfate at  4.2 K. The following neutron scattering 
lengths were used:" bFc = 0.95, bM,, = 0.69, bo = 0.58 (X10-14 
m). The iron(II1) free-ion form factor was used12 in refining 
the magnetic structure. The magnetic structure of iron(II1) 
sulfate led us to predict that the magnetic ordering in iron(II1) 
molybdate would be as follows: Fe(1) and Fe(3) to have 
parallel spins; Fe(2) and Fe(4) to have parallel spins that are 
antiparallel to Fe(1) and Fe(3). The ordering on each of the 
four iron sublattices should be ferromagnetic. In this way the 
number of antiferromagnetically coupled nearest neighbors 
around each iron(II1) is maximized at  12. The designation 
of each of the four sublattices is taken from ref 3. This was 
the first model used for the magnetic structure, and because 
it was successful, no alternatives were tried. The final step 
was the refinement of the direction and magnitude of the 
iron(II1) magnetic moments, and the best fit was obtained with 
a moment of 4.34 (3) pug per iron(II1) aligned along the 
crystallographic b axis. The final weighted profile R value 
was 8.9%, and the observed and calculated diffraction profiles 
are shown in Figure 2. The largest deviations revealed in the 
difference plot in this figure are also found in the data collected 
at  room temperature and are therefore not magnetic in origin, 
but attempts to explain them in terms of preferred orientation 
were unsuccessful. They may stem from uncertainties in the 
oxygen coordinates determined in the single-crystal X-ray 
study by Chen.3 

A quantitative measure of the degree of covalency present 
about an octahedrally coordinated dS ion can be calculated 
from eq 1, which has been derived from a molecular orbital 

(1) 

description of the bonding.I3 In this expression S is the 
measured spin, So is the free-ion spin corrected for zero-point 
spin deviation, and the Ai values are the u, A, and s covalency 
parameters. The magnitude of the zero-point spin deviation 
depends upon the structure type, and we have used the same 
estimated value of 2.5% as in our earlier work on iron(II1) 

S/So = 1 - 1.2(A,2 + 2 A 2  + A t )  

(1 1) Bacon, G. E. Acra Crystallogr., Secr. A 1972, A28, 357. 
(12) Watson, R. E.; Freeman, A. J. Acra Crysraflogr. 1961, 14, 27. 
(13) Hubbard, J.; Marshall, W. Proc. Phys. SOC., London 1965, 86, 561. 
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Figure 3. MBssbauer-effect spectra of iron(II1) molybdate obtained 
between 11.90 and 11.59 K. 
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Figure 4. MBssbauer-effect spectra of iron(II1) molybdate obtained 
between 11.4 and 10.0 K. 

Table I. Mossbauer-Effect Parameters for Iron(II1) 
Molybdate-Paramagnetic Phasea 

T, R 6 ~ E Q  %area x2 
11.59 0.53 0.24 0.57 24 1.5 
11.66 0.51 0.20 0.44 29 1.1 
11.72 0.52 0.20 0.36 5.5 1.1 
11.9 0.52 0.20 0.30 100 0.8 
12.2 0.52 0.20 0.30 100 0.9 
13.2 0.52 0.20 0.30 100 1.0 
78 0.52 0.19 0.29 100 1.1 

298 0.42 0.18 0.27 100 1.1 

All data in mm/s relative to natural or-iron foil. 

sulfate. The covalency parameter sum for iron(II1) molybdate 
is calculated as A: + 2 A 2  + A: = 9.15 (1 .O)%. 

Miissbauer-Effect Results. The Mossbauer spectra of 
iron(II1) molybdate are presented in Figures 3-5. The spectra 
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Table 11. Mossbauer-Effect Parameters for Iron(II1) Molvbdate-klaenetic Phasea 

Battle et al. 

singlet 

% Fe site a Fe site b Fe site c Fe  site d 

T , K  Hint d QS Hint 6 QS Hint 6 QS Hint 6 QS 6 area x2 

1.14 529 0.575 0.057 519 0.495 -0.023 508 0.554 0.035 541 0.516 -0.003 ... ... 2.8 
4.2 507 0.519 0.010 501 0.529 -0.013 493 0.520 0.001 526 0.518 0.014 0.394 2 3.3 
6.0 476 0.537 0.006 475 0.523 -0.003 467 0.524 0.005 509 0.522 0.014 0.423 2 1.3 
8.0 426 0.537 0.002 420 0.517 -0.017 412 0.532 0.009 470 0.523 0.011 0.378 2 1.1 
9.0 400 0.528 -0.010 391 0.528 -0.006 382 0.528 0.008 447 0.521 0.013 0.395 2 1.7 

10.4 330 0.528 0.001 316 0.517 -0.008 305 0.524 0.015 377 0.525 0.014 0.399 2 1.4 
11.0 288 0.523 0.004 280 0.521 -0.002 268 0.527 0.010 337 0.517 0.013 0.423 2 1.5 
11.2 247 0.538 -0.011 242 0.520 0.003 225 0.527 0.008 293 0.532 0.013 0.457 2 1.4 

10.0 351 0.525 0.004 339 0.530 0.009 331 0.522 0.010 400 0.529 0.014 0.389 2 1.0 

11.4 232 0.536 0.005 226 0.520 0.009 210 0.525 0.008 275 0.518 0.024 0.426 3 1.5 
11.5gb 164 0.51 ... 1.5 
11.66' 159 0.47 ... 1.1 
1 1.72d 148 0.56 ... 1.1 

a All data in mm/s (or kOe for the Hint) are relative to  natural &-iron foil. The four magnetic site ratios are fixed at unity, and their relative 
components are 3:x:l:l:x:3 with x values of ca. 2.0. Relative area of 76%. ' Relative area of 71%. Relative area of 45%. 

-1;-'C-s -6 - L  -7  0 2 i 6 8 1C " 2  

VEL@': I i Y  (MMISEC' :  
Figure 5. Mossbauer-effect spectra of iron(II1) molybdate obtained 
between 9.0 and 1.14 K. 

reveal that iron(II1) molybdate is paramagnetic at  11.90 K 
and above. Higher temperature spectra closely resemble that 
shown at 1 1.90 K in Figure 3, except that a small quadrupole 
splitting is apparent in the expanded spectra. The Mossbauer 
spectral parameters in the paramagnetic phase are presented 
in Table I. These parameters represent the average for the 
four crystallographically distinct iron(II1) sites, each of which 
is so similar that no resolution of the individual components 
is possible in the paramagnetic phase. The room-temperature 
Mossbauer spectral parameters are very similar to those re- 
ported earlier by Herzenberg and Riley.5 

Iron(II1) molybdate shows the first evidence for long-range 
magnetic correlation at  11.72 K (see Figure 3), and both the 
paramagnetic and ordered phases coexist between 1 1.72 and 
1 1.59 K. The Mossbauer spectral parameters for the mag- 
netically ordered phase are presented in Table TI. The spectra 
for the ordered phase have been fitted by using the following 

models. For temperatures between 1.14 and 11.4 K, four 
magnetic sextets were fitted, with relative areas of 1 : 1 : 1 : 1, each 
sextet having relative component intensities of 3:x: 1:l :x:3. The 
value of x was found to be close to 2.0. In addition, for the 
spectra at temperatures between 4.2 and 1 1.4 K an additional 
singlet was included at ca. 0.4 mm/s. The fits resulting from 
this model are shown in Figures 4 and 5, and the hyperfine 
parameters are presented in Table 11. For the spectra obtained 
at  1 1.59, 1 1.66, and 1 1.72 K, only one magnetic component 
could be identified (see Figure 3). The temperature depen- 
dence of the magnetic hyperfine fields are presented in Figure 
6A. The diffkrences between various hyperfine fields are 
plotted in Figure 6B. The maxima are observed at ca. 9-10 
K. The singlet observed at ca. 0.4 mm/s between 11.4 and 
4.2 K is an impurity line that represents ca. 2% of the total 
Mossbauer absorption and is apparently ordered at 1.14 K. 
At this time we are not certain of the nature of this impurity 
but note that it might be a superparamagnetic material con- 
taining iron(II1). 

Magnetic Suswptibity Results. The low-temperature molar 
magnetic susceptibility of iron(II1) molybdate is plotted in 
Figure 7 for six different applied fields. Below ca. 15 K the 
susceptibility deviates from Curie-Weiss behavior, reaching 
a maximum at ca. 10 K. The exact temperature of the 
maximum is a function of applied field, varying from 9.6 K 
in an applied field of 9.95 kG to 10.3 K in a field of 45.81 kG. 
The magnitude of the susceptibility maximum decreases as 
the applied field is increased. Figure 8A shows the variation 
of the magnetization with applied field for a number of tem- 
peratures and Figure 8B shows the temperature dependence 
of the spontaneous magnetization. In fields of 20 kG and 
greater there is an increase in the susceptibility at low tem- 
peratures; the temperature at which the susceptibility starts 
to rise increases with increasing applied field. A complete set 
of susceptibility data is presented in Table III.14 

Magnetic susceptibility data in the range of 25-80 K show 
Curie-Weiss behavior with a 8 of -55.6 K and a perf of 5.92 
(10) pB. This moment is in good agreement with that mea- 
sured in iron(II1) sulfate2 (5.85 M ~ )  but it is considerably larger 
than the value of 5.5 pB reported previously4 for iron(II1) 
molybdate. 
Discussion 

The results of our experiments clearly demonstrate that 
iron(II1) molybdate is an L-type ferrimagnet15 whose behavior 
is very similar to that of iron(II1) sulfate.2 The low-tem- 
perature Mossbauer data are consistent with the presence of 

(14) Table I11 may be found in the supplementary material. 
(15) NEel, L. Ann. Phys. (Paris) 1948, [12] 3, 137. 
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Figure 6. Plot of the internal hyperfine fields (see text) on each 
sublattice (A) and differences between the possible combinations of 
these fields, XHb, ,  as functions of temperature (B). The sum of the 

- H, - Hc for CUNC B, and Hc + Hd - H, - Hb for CUNC C. 
four crystallographically different iron(II1) sites (designated 
Fe(1)-Fe(4)) compared with two (Fe(1) and Fe(2)) in the 
sulfate. However, the ordering pattern of the spins in the 
molybdate is essentially identical with that in the sulfate, Fe( 1) 
and Fe(3), which correspond to Fe( 1) in the sulfate, are aligned 
antiparallel to Fe(2) and Fe(4), which correspond to Fe(2) 
in the sulfate. From this we may conclude that the antifer- 
romagnetic exchange pathways are essentially the same in the 
two compounds. The spin directions in the two materials are, 
however, orthogonal, being along the b axis in the molybdate 
and in the IIC plane of the sulfate. The magnetic anisotropy 
in high-spin d5 compounds is expected to be determined by 
the weak dipole-dipole interactions,16 and it is not surprising 
that differences in the cation-xtion distances between the two 
compounds are sufficient to produce alternative spin directions. 

It is instructive to consider the low-temperature Massbauer 
data and susceptibility results together. The first sign of 
magnetic ordering is apparent in the Mossbauer spectrum at 

(16) Keffer, F.; O'Sullivan, W. Phys. Rev. 1957, 108, 637. 

internal hyperfine fields is H, + Hd - Hb - Hc for CUNC A, Hb 4- Hd 
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Flgure 7. Molar magnetic susceptibility of iron(II1) molybdate vs. 
temperature for the indicated applied fields. 

11.72 K, and at  11.4 K there appears to be no residual 
paramagnetic signal (excepting the weak impurity line referred 
to above). As the sample is cooled between 1 1.4 and 4.2 K, 
it is apparent that there are two main sets of six lines. These 
lines correspond to the magnetic hyperfine fields of the four 
iron sites, three of which are sufficiently close that their 
components are not visually resolved. At 1.14 K, the hyperfine 
field of the outer line appears to be virtually saturated at  541 
kOe, and the average field for the other three sites is 519 kOe. 
The magnetic susceptibility measurements at an applied field 
of 10 kG show a pronounced peak with a maximum at 9.6 K 
(Figure 7). Our rationalization of this behavior is essentially 
the same as for that in the sulfate. In the temperature range 
1 1.4-4.2 K, the sublattice magnetizations saturate at slightly 
different rates. The peaak in the susceptibility curve corre- 
sponds to the imbalance between the net sublattice magne- 
tizations of Fe( 1) and Fe(3) compared to those of Fe(2) and 
Fe(4). This imbalance results in a net ferrimagnetic inter- 
action and to the spontaneous magnetization illustrated in 
Figure 8. The maximum ferrimagnetic contribution to the 
susceptibility occurs at  ca. 10 K, and the temperature of this 
maximum is slightly field dependent, The Mbssbauer-effect 
spectra reveal this ferrimagnetic behavior through the dif- 
ferences in the magnetic hyperfine field of the four iron sites. 
Figure 6B indicates that the maximum difference in the hy- 
perfine fields also occurs at ca, 10 K. It should be noted that 
the peaks in the magnetic susceptibility (Figure 7), spontaneous 
magnetization (Figure 8B), and AHht need not occur at exactly 
the same temperature. The susceptibility and spontaneous 
magnetization peaks are determined in the presence of an 
external field, whereas the AHin, is obtained in the absence 
of any applied field, Because at each temperature the hy- 
perfine field is expected to be proportional to the spontaneous 
magnetization, it should be possible to produce a curve similar 
in form to that of the magnetization (see below) by taking 
differences in field values, e.g., Ha + H b  - H ,  - H d ,  etc., and 
hence relating the spin directions to the particular iron sites. 
If this is done, only one curve, C, tends toward EHint = 0 at 
absolute zero, as required by the magnetic susceptibility results. 

The influence of an applied field on the magnetic suscep- 
tibility peak is particularly interesting. The peak in the sus- 
ceptibility is depressed and the maximum shifts to higher 
temperatures as the field is increased. It seems likely that the 
applied field brings all the iron sublattices closer to saturation. 



4228 Inorganic Chemistry, Vol. 21, NO. 12, 1982 Battle et al. 

4.50 - 

4.00 - 

+ 1 2 O K  

v 1 1 L K  

A 1 0 O K  

9 2 K  

0 7 9 K  

0 7 2 K  
m 6 L K  

I I I I I 
20 30 40 EO 10 

0.00 

FIELD I N  KO 

c 

r 

0.u) 1 
! 

0.20 1 
I 

I I I I I I 
2 4 6 8 10 I2 i 4  

TEHPEAATURE I N  K 

Figrne 8. Magnetization of iron(II1) molybdate vs. applied field (A) 
and spontaneous magnetization vs. temperature (B). 

The effect is more pronounced for the three sites with the lower 
magnetization, and hence the magnetic behavior tends toward 
that of a normal antiferromagnet in the larger fields. The 
cancellation of sublattice magnetizations is therefore more 
complete, leading to a diminution of the magnetic susceptibility 
peak and a shift of its maximum toward the temperature at  
which magnetic ordering is first observed, Le., TN. The in- 
crease in susceptibility at  ca. 6 K, which is only observed in 
applied fields of 20 kG and above, may be attributed to a 
spin-flop transition. Mossbauer-effect studies at 4.2 K de- 

tected a spin-flop transition in iron(II1) sulfate,2 at  a critical 
field between 10 and 30 kG. The critical fields thus appear 
to be of similar magnitudes in the two compounds. The nature 
of this transition is currently subject to further investigation. 

The relative NBel temperatures of the molybdate (1 1.72 K) 
and the sulfate (28.8 K) are consistent with both longer ex- 
change pathways in the former compound and the greater 
covalency in the sulfate anion. This trend is also reflected in 
the Curie-Weiss values of -55.6 and -82.0 K for the iron(II1) 
molybdate and iron(II1) sulfate, respectively. 

The neutron and Mossbauer results enable us to discusss 
the bonding in iron(II1) molybdate and to compare it with that 
in iron(II1) sulfate. All the data are consistent with a higher 
degree of covalency in the iron-oxygen bonds of the molybdate 
than in the sulfate. The most direct evidence for this is to be 
found in the magnitude of the iron(1II) moments determined 
by neutron diffraction; these yield covalency sums of 9.15 
(1.00)% and 6.1 (1.4)% for the molybdate and sulfate, re- 
spectively. The values are, however, smaller than those ob- 
served in mixed-metal oxides of iron(III), for example, Sr,- 
FezOS (15.3%),” LaFe03 (10.0%), and YFe03 (11.0%).‘* 
The formal charge on oxygen is larger in the mixed oxides than 
it is in the molybdate and sulfate, thus leading to higher co- 
valency. The Mossbauer hyperfine field data also support the 
proposal of higher covalency in the molybdate, the values at 
saturation being ca. 541 and ca. 550 kOe for the molybdate 
and sulfate, respectively. These values are determined by the 
magnitude of the spin at  the Fe(II1) sites.19 The last and 
possibly most informative indication of greater covalency in 
the molybdate emerges from the Massbauer isomer shift data. 
At 4.2 K the average value of the isomer shift in the molybdate 
is ca. OS3 mm/s compared with 0.58 mm/s in the sulfate. 
This implies a greater s-electron density at the iron nucleus 
in the molybdate, suggesting that ligand to metal 4s-orbital 
donation is an important covalent interaction. It should be 
noted that the neutron experiment alone does not differentiate 
between the different covalent interactions. If the isomer shift 
had increased, it would have represented a decrease in s- 
electron density at the nucleus, probably caused by more ef- 
fective shielding produced from ligand to metal 3d-orbital 
covalency. The greater covalency in the molybdate is not 
expected. It presumably stems from the greater electron 
density on oxygen in the molybdate ion as a consequence of 
the lower electronegativity of molybdenum when compared 
with sulfur. 
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