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A powder neutron-diffraction study and subsequent line-profile analysis of the nuclear and magnetic structure at 4.2 K
of monoclinic anhydrous iron(ITI) sulfate indicate that it is a two-sublattice antiferromagnet. Each sublattice is made up
of crystallographically distinct iron atoms in the space group P2,/n (b-unique). The nuclear structure at 4.2 K is essentially
the same as that found at room temperature by single-crystal X-ray analysis. An analysis of covalency in the material
indicates that the degree of covalency is consistent with that found for other iron(III) ions octahedrally coordinated by
oxygen. - A Mdssbauer effect study indicates that above 28.8 K this compound is paramagnetic with parameters typical
of an octahedral high-spin iron(IIT) compound. Below 28.7 K the Mdssbauer spectrum reveals the presence of spontaneous
magnetic ordering with nonequivalent internal hyperfine fields on the two sublattices. The difference between these fields
reaches a maximum at 23 K and decreases until, at 4.2 K, the field on each sublattice is essentially the same at ca. 550
kOe. The two sublattices have essentially the same isomer shifts while the quadrupole shifts are similar in magnitude but
opposite in sign. Applied-field Mossbauer effect studies further support an antiferromagnetic coupling model. Magnetic
susceptibility studies confirm that the material is paramagnetic with an effective magnetic moment of ca. 5.92 up between
298 and 40 K. Below this temperature the magnetic susceptibility increases sharply to a maximum at 23 K and then decreases
rapidly. This behavior results because of the nonequivalent magnitude of the spontaneous magnetization on each sublattice
between 28 and 4.2 K. A magnetic superexchange coupling model is proposed to explain the magnetic nonequivalence

of the two sublattices over this temperature range.

Introduction

The magnetic properties of many ordered materials have
been extensively studied to determine the relation of molecular
structure to intermolecular exchange coupling. Many of these
properties have been discussed in detail in recent review articles
and books.Z# Tt is thus surprising to learn how little is known
of the magnetic properties of anhydrous iron(III) sulfate.
Essentially, the only data available on the magnetic properties
indicate that iron(III) sulfate is ordered® at 4.2 K and is
paramagnetic in the 289-850 K temperature range.® The
magnetic-ordering temperature is not known, and, although
higher temperature Mdssbauer spectra have been reported,’®
the low-temperature Massbauer effect properties have not been
studied. Champion et al.’ have shown that the iron in iron(III)
sulfate is reversibly converted to divalent iron at high pressure.

Anhydrous iron(IIT) sulfate occurs in two crystalline forms,
one monoclinic and the other rhombohedral. The room-
temperature single-crystal X-ray structure of the monoclinic
modification has been determined independently by both
Moore and Araki'® and Christidis and Rentzeperis.!! The
structure consists of an infinite network of iron-oxygen-sulfur
linkages in which the oxygen atoms coordinate the iron atoms
octahedrally and the sulfur atoms tetrahedrally; the octahedra
share corners with the tetrahedra.

We have undertaken a detailed investigation of the magnetic
properties of anhydrous iron(IIl) sulfate. The magnetic
susceptibility was studied at the Univerisity of Missouri-Rolla,
the Mossbauer spectral properties at AERE, Harwell, and the
powder neutron-diffraction data at the Chemical Crystal-
lography Laboratory, Oxford University.

Experimental Section

Anhydrous iron(III) sulfate was prepared by placing 100 g of
analytical grade FeSO,7H,0 and 1 L of concentrated sulfuric acid
in a 2-L round-bottom flask. This mixture was refluxed for ca. 4 h.
During this time sulfur dioxide was evolved and vented to the at-
mosphere. The pale pink precipitate which formed was filtered via
reduced pressure, washed with sulfuric acid and acetone, and air-dried.
The product is air stable and does not take up water from the
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atmosphere—at least during short periods of the order of several hours.
It appears to be stable indefinitely when stored in a desiccator.
Iron(III) was determined by titration'? with mercury(I) nitrate. Anal.
Calcd for Fe,S;0,,: Fe, 27.93. Found: Fe, 28.25. The X-ray powder
diffraction pattern for this sample was obtained with a Guinier camera.
The resulting pattern is in excellent agreement with that expected
for the monoclinic form of iron(III) sulfate and exhibited no lines
which would be attributed to the rhombohedral form. We estimate
that our sample could contain no more than ca. 1% of the rhom-
bohedral modification.

Powder neutron-diffraction data were obtained on the D1A powder
diffractometer at the Institute Laue-Langevin, Grenoble, France. The
germanium monochromator was set to produce a neutron beam with
a wavelength of 1,903 A, the longest wavelength available on DIA.
This wavelength was chosen in order to give the maximum peak
separation. The wavelength was determined by calibration with a
nickel standard. A 26 scan of the diffraction pattern was obtained
at 4.2 K with the sample mounted in a vanadium can which was placed
in a helium cryostat with an aluminum tail section. The geometry
of the tail section was such that the aluminum peaks did not appear
in the diffraction pattern. The group of ten counters was moved in
steps of 0.05°. In this way, the region of 26 between 15° and 135°
was scanned such that the intensity at each 0.05° incremental angle
was recorded by at least two counters. The data from the different
counters were merged by using Hewat’s computer program!? at the
ILL. All further data reduction and refinement was performed on
the ICL 1906A computer at Oxford University.

The Méssbauer effect spectra were obtained on a Harwell con-
stant-acceleration spectrometer which utilized a room-temperature
rhodium-matrix source and was calibrated with natural «-iron foil.
The liquid helium spectra were obtained in cryostats in which the
sample was placed directly in the liquid helium. The magnetically
perturbed spectra were obtained with a British Oxygen Corp. su-
perconducting magnet and cryostat which produced a transverse
magnetic field. The magnetic field was calibrated by measuring the
change in the iron foil internal hyperfine field produced by the magnet.
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 £0.1 K, The Mgssbauer spectra were evaluated by using
least-squares minimization computer programs and the Harwell IBM
370/168 computer facilities.

The magnetic susceptibility measurements were obtained on a
Faraday balance which utilized a Janis Supervaritemp helium cryostat
and a Lake Shore Cryotronics temperature controller. Temperatures
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Figure 1. The observed, calculated, and difference profile for the powder neutron-diffraction pattern of Fe,(SO,); at 4.2 K.

were measured with a calibrated silicon diode and are accurate to
ca. 0.1% of the absolute temperature. The magnetic field was
measured with a Hall probe gaussmeter and the balance was
calibrated!* with both CuSO45H,0 and CoHg(NCS), Force
measurements were obtained at eight different fields between 1000
and 8000 G.

Results and Discussion

Neutron Diffraction Results. The 4.2 K neutron diffraction
pattern was indexed in the space group'® P2,/n (b-unique) with
a=115733) A, b=8253)A,c=82623) A and 8 =
90.81 (1)°. These parameters are in very good agreement with
the parameters determined by using X-rays at room tem-
perature, 11113

The structure was refined by using the Rietveld line-profile
analysis technique.! The large vertical divergence of the
counters on the D1A causes low-angle diffraction peaks to
depart from their ideal Gaussian shape. Consequently, we
analyzed only the data with 26 > 20°. The 2270 profile points
measured were distributed over 785 reflections. The structure
determined at room temperature by Moore and Araki'® was
used as a starting model for the nuclear scattering. This
required a total of 51 variable atomic coordinates in addition
to an overall temperature factor and the usual profile pa-
rameters. The following scattering lengths were used: bg, =
0.951, bg = 0.285, by = 0.58 (X1071* m).

The presence of an intense (110) reflection suggested an
antiferromagnetic structure because this peak is weak with
respect to nuclear scattering, and the magnetic structure factor
is small if a ferromagnetic configuration is assumed. A range
of models for the spin configuration was tested. The coupling
between crystallographically equivalent iron atoms was found
to be ferromagnetic. The most satisfactory refinement was
obtained with the magnetic moments of the Fe(1) atoms
coupled antiparallel to those of Fe(2) and lying in the ac plane.
With this spin arrangement, the magnetic cell retains the
monoclinic symmetry of the atomic cell.

The magnetic and nuclear structures were refined simul-
taneously. The value of the magnetic moment on Fe(1) was
constrained to equal that on Fe(2). A free-ion magnetic form
factor was adopted.'® Refinements with expanded or con-
tracted form factors gave slightly higher R values. A study
of the iron(III) form factor in yttrium—iron garnet also favors
the free-ion curve for the octahedral site.’® We found no
evidence of a “ligand peak” in the form factor.’ The final

Table I. Final Atomic Positional Parameters for Anhydrous
Iron(II) Sulfate at 4.2 K

atom x y z

Fe(1l) 0.1151 (3) 0.0356 (3) 0.2473 (3)
Fe(2) 0.3834 (3) 0.0335 (3) 0.7515 (3)
s) 0.5042 (9) 0.2490 (10) 0.4623 (9)
S(2) 0.1493 (8) 0.3822 (8) 0.3942 (9)
S(3) 0.3549 (8) 0.3861 (9) 0.8910 (8)
o) 0.6029 (4) 0.3099 (4) 0.5599 (4)
0Q) 0.5522 4) 0.1717 (4) 0.3166 (4)
0@3) 0.4270 (4) 0.3736 (4) 0.4121 (5)
04) 0.4365 (4) 0.1354 (4) 0.5546 (4)
(016} 0.1787 (4) 0.2139 (5) 0.3731 4)
0(6) 0.0293 4) 0.4115 (4) 0.3672 (4)
o(7) 0.1818 (4) 0.4188 (4) 0.5632 (5)
O(8) 0.2205 (4) 0.4763 (4) 0.2878 (4)
0(Q9) 0.3126 4) 0.2266 (5) 0.8462 (4)
0(10) 0.3905 (4) 0.3879 (5) 0.0611 (5)
O(11) 0.4511 (4) 0.4256 (4) 0.7862 (5)
0(12) 0.2610 4) 0.4978 (4) 0.8697 (4)
Q 5
| < |
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Figure 2. A projection of the atomic and magnetic structure of
Fe,(SO,); at 4.2 K normal to the crystallographic ac plane. The unit
cell origin is the upper left-hand corner. :

value of the magnetic moment was 4.52 (8) ug, with com-
ponents k, = 3.88 (6) ugand k, = 2.36 (12) ug. The overall
temperature factor was 0.02(1) A% Final atomic coordinates
are given in Table I*! and bond lengths and bond angles are
shown in Table II. The observed and calculated diffraction
patterns are illustrated in Figure 1, The resulting structure
is presented in Figure 2.
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Table II. Intramolecular Bond Distances (A) and Bond
Angles (deg) at 4.2 K¢

Distances
Fe(1)-0(1)" 2.05 (6) S(1)-0(1) 1.48 (1)
Fe(1)-0@3) 1.965 (6) S(H-0(2) 1.49 (1)
Fe(1)~-0(5) 1.977 (6) S(1H-0(3) 1.44 (1)
Fe(1)-0(8) 1.994 (6) S(1)-04) 1.47 (1)
Fe(1)-0(10) 2.025 (6) average 1.47
FE(I)—O(ll)” 1.958 (6) S(2)—O(5) 1.49 (1)
average 1.992 S(2)—O(6) 1.43 (1)
Fe(2)~-0(2)"" 1.986 (6) S2)-07) 1.47 (1)
Fe(2)-0(4) 1.950 (6) S(2)-0(8) 1.45 (1)
Fe(2)-0(6)" 1.984 (6) average 1.46
Fe(2)—0(7)' 1.975 (6) S(3)-0(9 1.49 (1
Fe(2)-0(1 2)/ 1.960 (6) S(3)-0(11) 1.46 (1)
average 1.976 S(3)-0(12) 1.45 (1)
average 1.47
Anglesb
O(1)"~Fe(1)-0(3) 86.0 0(2)""-Fe(2)-0(4) 91.8
O(1)"'-Fe(1)-0(5) 85.1 0(2)""-Fe(2)-0(6)" 91.4
O(1)"~Fe(1)-0(8)’ 96.3 0OQ2)'"-Fe(2)-0(7) 86.1
O(1)'-Fe(1)-0(11)"” 87.6 0O(2)"'-Fe(2)-0(12) 92.2
0O(3)'~Fe(1)~0(8)’ 87.2 0(4)-Fe(2)-0(6)" 91.2
O(3)'-Fe(1)-0(10)' 94.4  0O(4)~-Fe(2)-0(%9) 95.5
O@3)-Fe(1)-0(11)" 89.8 0O(4)-Fe(2)-0(12)' 85.4
O(5)-Fe(1)-0(8)’ 85.5 0O(6)'~Fe(2)~-0(7) 94.3
0O(5)-Fe(1)~-0(10)’ 94.7 O(6)''-Fe(2)-0(9) 88.2
0O(5)-Fe(1)-0(11)" 98.0 O(7T)~Fe(2)-0(9) 86.6

O(8)-Fe(1)-0(10) 89.9 O(7)-Fe(2)-0(12y 89.2
0(10)-Fe(1)-O(11)"  86.2 0O(9)-Fe(2)-0(12) 88.6

average 90.1 average , 90.0
0(1)-S(1)-0(2) 107.6  O(5)-S(2)-0(6) 112.0
O(1)-S(1)~0(3) 111.6  O(5)-S(2)-0(7) 105.0
O(1)-S(1)-0(4) 111.2 O(5)-S(2)-0(8) 109.2
0(2)-8(1)-0(3) 109.3  0(6)-S(2)-0(7) 110.3
0(2)-8(1)-0(4) 109.8 0O(6)-S(2)-0(8) 111.6
0(3)-S(1)-0(4) 107.6 0O(7)-8(2)-0(8) 108.5
average 109.5 average 109.4
0(9)-S(3)-0(10) 109.7

0(9)-S(3)-0(11) 108.3

0(9)-S(3)-0(12) 109.0

0(10)-S(3)-0(11) 111.2

0(10)-S(3)-0(12) 108.1

O(11)~-5(3)-0(12) 110.6

average 109.5

% The primed atoms represent the following transformations:

prime, '/, ~x, !/, + y, 1/, ~ z; double prime, 1/, + x, 1/, -,
1/, + z; triple prime, —x, —y, ~z. b Estimated standard deviation
in the bond anglesis 1°.

The final reliability factor R, was 6.7% as calculated from
the expression

2 (wy (obsd) ~ c7ly(caled))?

i

Ror = 2 (w(obsd))’?

where y,(obsd) and y,(caled) are the observed and calculated
intensities at the /th point on the profile, w; is the weight
applied to the ith observation, and c is the scale factor.

In order to achieve this quality of refinement, it was nec-
essary to apply a correction for preferred orientation. The need
for this was shown by the poor agreement between the observed
and calculated profiles around several (0k/) reflections, in
particular (020), (021), (012), and (022). A subsequent
neutron study of the paramagnetic phase of anhydrous
iron(I11) sulfate?? has shown that this effect is also present
above the Néel temperature; it is not therefore due to an
inadequacy in our model for the magnetic structure. The need
for a preferred orientation correction is consistent with reports
in the literature®!! that anhydrous iron(III) sulfate forms
platelike crystals, with a the normal to the plate.

Long et al.

Table III. Md&ssbauer Effect Parameters for Monocliric,
Anhydrous Iron (111) Sulfate—Paramagnetic Phase®

7K & AFg 'y area x*
28.8 0.63 0.32 043 7.7 1.2
28.9 0.64 0.33 0.38 8.3 1.1
29.2 0.62 0.32 0.33 7.9 1.1
30.0 0.61 0.31 0.30 7.5 1.1
78 0.60 0.32 0.29 7.6 2.0
300 0.49 0.29 0.29 6.4 0.8

@ All data in mm/s relative to natural e-iron foil. Area has units
of counts-mmy/s.

A quantitative measure of the degree of covalency present
about an octahedrally coordinated ¢° ion can be calculated
from eq 1 which is derived from a molecular orbital description

S/8y=1-1242+242+ 42 09

of the bonding.?® In this expression, S is the measured spin,
Sy is the free-ion spin corrected for zero-point spin deviation,
and the 4;values are the ¢, w, and s covalency parameters.
The magnitude of the zero-point spin correction depends upon
the structure type, and no suitable calculation is available for
anhydrous iron(IIl) sulfate. In the following discussion an
estimated correction of 2.5% has been applied; this has been
taken from results on simpler structures,?*

The covalency parameter sum is calculated as 4,2 + 24,7
+ A2 = 6.1 £ 1.4%. This can be compared with the value
of 15.3% found in Sr,Fe,04** and values of 10.0 and 11.0%
in LaFeQ; and YFeQ,, respectively.”® These three compounds
contain FeQy octahedra with Fe~(O bond lengths similar to
those in anhydrous iron{fIl) sulfate. In the mixed-metal
oxides, the negative charge on the oxygen atoms will be greater
than that on the sulfate oxygen in iron(111) sulfate. The sulfate
group should therefore be less easily polarized leading to a
more ionic Fe—O bond, as observed in the lower covalency
parameter sum.

Values of covalency parameters determined by this method
should be treated with caution. The value obtained depends
upon the small difference between the observed moment and
the “ideal” moment. It is obviously necessary to measure the
moment with great accuracy because small changes in its
magnitude lead to large changes in the covalency parameter.
The observed moment is very sensitive to the magnetic form
factor used, and we believe that uncertainties in the shape of
the curve, particularly at high (sin 8) /A, are a likely source
of error in our calculations. A further source of error is the
reliability with which the correction for zero-point spin de-
viation is known. Finally, we have noted that there is a
substantial correlation between the temperature factor and the
magnetic moment. The temperature factor in turn depends
upon the estimated background level under the high-angle
Bragg peaks.?® We estimate that these errors lead to an
uncertainty of £3% in the value of the magnetic moment.

Maossbauer Effect Results. The Maossbauer effect spectra
of anhydrous iron(III) sulfate obtained at several temperatures
between 300 and 28.8 K are shown in Figure 3. The
Mossbauer effect parameters derived from the computed fits
to the spectra are given in Table IIT and the fitted curves are
represented by the solid lines shown in Figure 3. The results
indicate that anhydrous iron(III) sulfate is paramagnetic at
temperatures of 28.8 K and above. The parameters given in
Table III assume a fit to two lines with a small quadrupole
interaction. An essentially identical set of results at room
temperature have been reported by Haven and Noftle.?
Because monoclinic anhydrous iron(J1I) sulfate contains two
crystallographically different iron(I11) sites, we propose that
the spectra shown in Figure 3 are composed of two unresolved
sets of quadrupole split lines (for a total of four lines) one set
of which is associated with each crystallographic iron site. An
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Figure 3. The Méssbauer effect spectra of paramagnetic monoclinic
anhydrous iron(III) sulfate obtained at temperatures above 28.8 K.

alternate interpretation would assign each of the observed lines
to one of the crystallographic iron sites with essentially no
quadrupole splitting. This assignment would yield quite
different isomer shifts for the two sites—a result inconsistent
with the very similar average Fe—O bond distances (see Table
IT) and with low-temperature data presented below. The same
conclusion has been reached by Haven and Noftle® but is in
disagreement with the assignments of A. Bristoti ¢t al.?’
However we believe that the results of the latter authors are
probably better evaluated in terms of two sets of quadrupole
split lines.

The results presented in Table IIT are typical of para-
magnetic high-spin iron(IIT) in an essentially octahedral crystal
field. The room-temperature isomer shift of 0.49 mm/s is in
very good agreement with the observed room- -temperature
value®® of 0.45 mm/s for the cubic M(1) site in voltaite,
mineral which contains isolated octahedral FeOg units with
an average bond distance of 2,004 A, essentially the same
distance as in anhydrous iron(I1I) sulfate (see Table II). The
temperature dependence observed in the isomer shift probably
results from a second-order doppler shift. As expected for a
SA,, electronic ground state, the quadrupole interaction does
not change with temperature. -The increase in area with
decreasmg temperature indicates that the recoil-free fraction
is increasing slowly with decreasing temperature. The rather
large line width at 28. 8 and 28.9 K is probably a result of the
impending magnetic ordering which occurs at ca. 28.7 K.

In an attempt to detérmine the sign of the quadrupole
interaction, we have measured the spectrum of monoclinic
anhydrous iron(III) sulfate in several applied fields. The
results are presented in Figure 4. "Unfortunately the results
are not sufficiently resolved-to allow the determmatlon of the
sign of the quadrupole interaction.

The Mdssbauer effect spectra of monoclinic anhydrous
iron(III) sulfate at several temperatures from 28.6 to 4.2 K
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Figure 4. The Mossbauer effect spectra of monoclinic anhydrous
iron(III) sulfate at 78 K and in several transverse applied magnetic
fields.

are shown in Figure 5. The results indicate that at these
temperatures the material is magnetically ordered. In addition
it is immediately apparent, especially at temperatures between
25 and 16 K, that the material exhibits more than the typical
six-line magnetic spectrum which would result from the
presence of a single uniform internal hyperfine field. In fact
the spectra are best understood in terms of two sets of six-line
spectra resulting from slightly different internal hyperfine
fields, quadrupole shifts, and isomer shifts associated with the
two crystallographically different iron sites. There are four
possible combinations of internal hyperfine field and quad-
rupole interaction which are plausible for the observed spectra.
We have fitted all of the spectra shown in Figure 5 to each
of these four possible combinations and find that only one of
these models gives an acceptable fit for all of the spectra. The
results of this model are presented in Table IV and are il-
lustrated by the solid lines shown in Figure 5. A Lorentzian
distribution of internal hyperfine fields is assumed and ac-
counted for as an incremental line width, AT, in Table IV. The
fits obtained were constrained such that only two magnetic
spectra were present. No other constraints were applied. In
all instances the other models (with different internal hyperfine
fields, quadrupole shifts, or isomer shifts) gave significantly
higher x? values and results which were inconsistent as a
function of temperature. In each spectrum we were forced
to conclude that a small amount of a paramagnetic impurity
was present. This impurity is most apparent in the 16.1-K
spectrum as a weak doublet centered at ca. 0.5 mm/ s with a
quadrupole splitting of ca. 0.2 mm/s. This impurity, which
never consisted of more than 4% of the total absorption area,
surprisingly, remains paramagnetic even at 1.2 K. 'Its identity
remains unresolved. v

Several aspects of Table IV require discussion. Inspection
of this table reveals that there are small differences in the
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Table IV, Mossbauer Effect Parameters for Monoclinic Anhydrous Iron(Ill) Sulfate~Antiferromagnetic Phase®
tti i
Fe(l) sublattice Fe(2) sublattice absolute
T, K 8 H? Qs r,,, AI® area ¢ 5 H* Q8 T,,, Ar® area J¢ area® x?
42 055 550 ~-0.04 025 001 49 192 061 556 003 023 004 46 078 100 1.3
100 0.56 532 -0.04 026 0.01 47 1.39 057 543 004 025 0.02 48 1.33 9.1 1.3
16.1 0.56 473  -0.04 0.25 0.01 42 133 0.56 495 005 027 0.01 352 1.49 84 1.6
211 0.58 406 -0.05 023 002 48 1.51 057 433 005 023 002 47 1.53 84 1.2
242 058 346 -0.04 0.25 002 48 150 058 373 0.04 021 0.06 47 1.40 83 1.5
25.8 0.66 290 -0.04 022 0.05 47 1.45 0.65 314 0.04 024 002 48 1.61 84 1.3
279 059 207 -0.04 023 004 51 159 060 226 0.04 022 0.05 43 146 8.1 1.2
286 059 118 -0.05 035 003 50 1.84 0.61 130 0.04 038 0.05 44 147 94 1.0

@ Data in mm/s relative to natural a-iron foil, ? Internal magnetic hyperfine field in kOe. € The incremental line width increase for the

outermost magnetic lines.
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Figure 5. The Mossbauer effect spectra of magnetically ordered
monoclinic anhydrous iron(I11) sulfate obtained at several temperatures
below 28.6 K.

magnetization as a function of temperature for the two dif-
ferent sublattices present in this basically antiferromagnetic
material. The two crystallographically different iron sites have
essentially the same average Fe—O bond distance. Both the
neutron data presented in Table II and the single-crystal X-ray
data' show that the average Fe(1)-O distance is longer than
the average Fe(2)~O distance by only 0.015 A. In view of this
small difference it is not surprising that the isomer shift for
each site is essentially identical. Hence, it may not be used
to assign the respective lattice sites. The magnitude of the
quadrupole shift is also essentially the same at each site.
Because it depends upon the angle between the internal hy-
perfine field and the EFG tensor principal axis, the magnitude
of this principal axis, and the magnitude of the asymmetry
parameter, the quadrupole shift can not be used to assign the
specific internal field to a specific sublattice. Because neither
the isomer shift nor the quadrupole interaction may be used
in this assignment, we are forced to make the assignment on
the basis of a model for the exchange coupling. This model
is discussed in detail in a later section and is the basis of the

Intensity ratio of line 2 (or 5) to line 3 (or 4).

€ Absolute area in counts-mm/s.

assignments given in Table IV,

We have carried out a calculation of the EFG tensor at the
different crystallographic sites in anhydrous iron(III) sulfate.
The lattice sum, involving equal charges on the six nearest
oxygen atoms, yields V., = -0.0037, ¥, = —0.0420, and V,,
= 0.0477 for Fe(1) and V,, = ~0.0012, ¥,, = -0.0263, and
V,. = 0.0275 for Fe(2). The matrix representing the principal
axes at each site is given in ref 29. Because V., is very nearly
zero, n, the asymmetry parameter, is ca. 1 at each site. This
conclusion, which appears to disagree with that of Haven and
Noftle,! may indicate that it is necessary to include more
distant atoms in the lattice sum. The value of 5, when used
in conjuction with the orientation of the internal hyperfine field
determined from the neutron data, and the quadrupole in-
teraction obtained at 28.8 K, permits the calculation®® of the
angle between the internal hyperfine field and the principal
axis of the EFG and hence the quadrupole shift. We obtain
6 = 32° and ¢ = 55° for Fe(1) and § = 81° and ¢ = 7° for
Fe(2). The resulting quadrupole shifts are +0.07 mm/s for
Fe(1) and -0.001 mm/s for Fe(2). These results are in only
fair agreement with the observed values of ca. £0.04 mm/s
and again may indicate the need to include more atoms in our
lattice sum. Alternately, it may indicate a change in the
quadrupole interaction between 28.8 and 4.2 K.

In Table IV the relative intensity of the second (and fifth)
line in the magnetic hyperfine spectrum is given as the ratio
of this line to the third (and fourth) line in the spectrum. If
the internal hyperfine field is normal to the incident Mdssbauer
~-ray, this ratio is 4; if it is parallel with the y-ray, it is zero.
In the case of a random polycrystalline sample, the average
over all solid angles yields a value of 2 for this ratio.?! In-
spection of Table IV reveals that this ratio is not that expected
of a random polycrystalline sample. Again by use of the most
accurate data (from 27.9 to 10.0 K), the average ratio for the
intensity of line two (and five) is 1.47 for each magnetic
sublattice. This indicates that the preparation of our poly-
crystalline absorbers must yield a slightly nonrandom ori-
entation of the polycrystallites such that, on the average, more
of the crystals are aligned so that their magnetization is parallel
with the y-ray. Various methods have been tried to prepare
random polycrystalline absorbers with no success to date. We
are investigating this effect in more detail as a part of a
Maossbauer effect study of single crystals of Fe,(SO,). It
should be noted that these orientation effects were also ob-
served in the powder neutron-diffraction studies.

Perhaps the most interesting aspect of the magnetic
properties of the ordered phase is the nonequivalent internal
hyperfine fields found on the two sublattices. A plot of this
field as a function of temperature is given for the two sub-
lattices in the lower part of Figure 6. The difference between
these two fields is given in the upper part of Figure 6. It is
apparent that at the lowest temperatures, the field is close to
saturation at a value very near the predicted value of 550
kOe.3? The plot of the approach of the field to zero at ca. 28.7
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Figure 6. A plot of the internal hyperfine field on each sublattice
and the difference between these fields, AH;,, as a function of
temperature.

K is essentially normal to the temperature axis indicating a
very sharp Néel point and transition into the ordered phase.
As is observed in Figure 6, the maximum difference in the field
of the two different sublattices occurs at ca. 23 K with a
difference of 27 kOe. This maximum is confirmed by magnetic
susceptibility studies described below. It is rather unusual to
find that the two sublattices in this antiferromagnet have
different internal hyperfine fields at a given temperature.
However, it should be noted that the two sublattices in
monoclinic, anhydrous iron(III) sulfate have crystallo-
graphically different kinds of iron and different éxchange
pathways between them. Below we propose a model which
accounts for the difference in the internal hyperfine field on
the two sublattices.

On the basis of the line-profile analysis described above, we
have concluded that monoclinic, anhydrous iron(III) sulfate
is antiferromagnetically coupled at 4.2 K. This conclusion may
be confirmed by measuring the Mossbauer spectrum of this
material in an applied field. If the material is ferromagnetic,
one would expect the rotation of the internal field directions
to reduce the internal hyperfine field. The field is reduced
because the Fermi contact term will be opposite in sign to the
applied field.*? In the case of a two-sublattice antiferromagnet,
the applied field will add to one sublattice magnetization and
substract from the second. In this case, the resulting
Maossbauer effect spectrum will exhibit a broadening of the
magnetic hyperfine lines, but no decrease in the magnetic
splitting is observed—as would be expected for a ferromagnet.
Although the powder average obtained for a polycrystalline
absorber will decrease the effect of the applied field, the final
result will be the same. We have measured the spectrum of
anhydrous iron(III) sulfate in an applied field of 1, 3, and 6
T. The results are presented in Table V and the resulting
spectra are illustrated in Figure 7.

Because the internal fields are so similar for the two
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Table V. Mossbauer Effect Parameters for Monoclinic Iron(IIT)
Sulfate in an Applied Field at 4.2 K®

. absolute
Hypp 8 H® T\, ¢ area® 2
0 0.62 560 (3) 0.48 1.40 9.7 1.7
1 0.62 560 (3) 0.48 1.39 9.4 32
3 0.62 560 (3) 0.48 0.93 9.7 3.6
6¢ 0.62 564 (3) 0.41 0.81 7.5 1.9

¢ All data in mm/s relative to natural o-iron foil. ? Internal
hyperfine field in kQOe. € Intensity ratio of line 2 (or 5) to line 3
(or 4). 2 Absolute area in counts'-mmy/s. € Obtained with a sep-
arate sample.
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Figure 7. The Mossbauer effect spectra of ordered anhydrous iron(I1I)
sulfate at 4.2 K obtained in a transverse applied magnetic field.

sublattices of anhydrous iron(III) sulfate at 4.2 K, we have
modeled the applied-field results to a single magnetic spectrum.
As a result, the x2 values given in Table V are higher than
for the zero-field spectra (Table 1V). In addition, this model
yields the average of the quadrupole shifts for the two sub-
lattices. All of the fits in Figure 7 indicate a zero quadrupole
shift. As expected for an antiferromagnet, the value of the
internal hyperfine field remains essentially constant in the
presence of the applied field. The values listed in Table V are
ca. 1% larger than those found in Table IV because a different
sample and fitting model has been used to obtain these values.
The relative intensity of the two (and five) line decreases with
increasing applied field. If the hyperfine field arrangement
in the polycrystalline sample is divided into components parallel
and transverse to the applied field, then the behavior of the
components can be considered separately. The transverse
components will be canted slightly in the direction of the
applied field which will increase the relative intensity of lines
two and five. However, for the parallel components, if the
applied field is sufficient to produce the spin-flop transition,
the transverse component of the internal hyperfine field will
increase. Although these components will then be canted
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Table VI. Magnetic Data for Monoclinic Anhydrous
Iron(III) Sulfate

Xpe' X 10¢, 1/xFe's

T, K cgsu cgsu™! Hegs MB
298.2 11 355 88.07 5.88
279.4 11815 84.64 5.84
262.6 12435 80.42 5.85
244.2 13080 76.45 5.84
224.1 13985 71.51 5.85
205.4 14685 68.10 5.81
188.3 16245 61.56 5.90
167.8 17250 57.97 5.87
147.8 18755 53.32 5.87
127.4 20530 48.71 5.86
103.3 23420 42.70 5.89
80.4 23935 38.56 5.80
69.3 28245 35.40 5.85
55.3 31 885 31.36 5.92
38.4 37650 26.56 6.02
32.9 44 455 22.50 6.39
30.8 69250 14.44 7.90
29.1 112 300 8.90 9.99
23.4 116 700 8.57 9.92
21.6 116 200 8.61 9.81
13.1 86 500 11.56 8.11
9.2 61550 16.25 6.70
6.0 49 740 20.10 5.92
4.3 42635 23.46 5.42

9 Calculated from the equation uegs = 2.828[xge (77— @)]"?
where ® is -82.0 K.
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Figure 8. A plot of the molar magnetic susceptibility, x', and the
inverse susceptibility of anhydrous iron(III) sulfate as a function of
temperature. The linear least-squares line through the inverse
susceptibility data is based on the data obtained above 60 K and gives
a O value of -82.0 K.

slightly in the applied field direction (as mentioned above),
the result, considering both components, will be a reduction
in the net parallel component which leads to a reduction in
the intensity of lines two and five. Apparently, a field of 3
T is sufficient to induce the spin-flop transition in this material.

Magnetic Susceptibility Results. The molar magnetic
susceptibility of monoclinic, anhydrous iron(III) sulfate is
presented in Table VI and shown in Figure 8. This sus-
ceptibility is the field-weighted average of eight applied-field
measurements obtained between 1000 and 8000 G. At most
temperatures the magnetization increased linearly with the
applied field. This is illustrated in Figure 9 for most of the
temperatures studied. Rather than discuss these results in
terms of molar susceptibility, we have calculated the sus-
ceptibility and magnetic moment per iron atom (see Table VI).
A plot of 1/xy’ (see Figure 8) or 1/xg.’ as a function of
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Figure 9. The magnetization bf anhydrous iron(III) sulfate as a
function of applied field. »

temperature yields a large negative Weiss temperature. For
reasons described below, we have only used data above 60 K
to determine the Curie~Weiss temperature through a linear
least-squares extrapolation to zero. The value obtained is ~82.0
K and is reasonable for ahi antiferromagnetic material. If the
temperature is corrected for the Weiss field (Table VI), the
magnetic. momient is ca. 5.9 up and essentially independent of
temperature above ca. 40 K. This is, of course, just the ef-
fective magnetic moment expected of a high-spin iron(I1I)
compound.

Below ca. 30 K the magnetic susceptibility and moment rise
sharply to a maximum at 23.4 K and then decrease just as
sharply. This sharp rise at ¢ca. 30 K is not the behavior ex-
pected of a typical antiferromagnetic compound but arises
because the magnetization is not equivalent in magnitude on
the two sublattices of iron(IIT) sulfate. Below c¢a. 33 K the
Weiss-corrected effective magnetic moment begins to increase
above 5.92 up. This is about 5 K above the ordering tem-
perature obtained in the Mdssbauer effect studies (see Figure
6). Apparently short-range critical fluctuations are important
in this temperature interval.2 It of course follows that the
maximum in the observed susceptibility at 23 K should
correspond to the temperature of the maximum difference in
magnetization of the two sublattices as is seen in Figure 6.
Below 23 K, as the field on the two sublattices begins to
saturate toward a value of ca. 550 kQOe, the difference de-
creases and correspondingly the observed susceptibility de-
creases. This description of the magnetic properties is also
confirmed by the magnetization results illustrated in Figure
9. Above the magnetic-ordering temperature there is no
spontaneous magnetization, and the induced magnetization
extrapolates exactly to zero at a zero applied field. However,
below the ordering temperature, the spontaneous magneti-
zation generated on the two antiferromagnetic sublattices is
not equivalent, and a net magnetization results at zero applied
field. This is of course observed in the extrapolation of the
induced magnetization to positive values at zero field (see
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Table VII. Magnetic Superexchange Pathways in Anhydrous Iron(III) Suifate

no. of total no.

different of exchange ave exchange ave angle at

atom pair Fe' atoms multiplicity paths exchange type pathway, A sulfur, deg
Fe(1)-Fe'(1) 3 2 6 ferromagnetic 6.94 110.7
Fe(2)-Fe'(2) 3 2 6 ferromagnetic 6.90 109.9
Fe(1)-Fe'(2) 1 4 4 antiferromagnetic 6.92 109.7
2 2 4 antiferromagnetic 6.93 108.4
4 1 4 antiferromagnetic 6.92 109.7

Fe(2)

Figure 10. A projection of the iron atomic coordinates with the various
superexchange pathways indicated by ——- for Fe(1)-Fe(1) linkages,
— for Fe(1)-Fe(2) linkages, and -- - for Fe(2)~Fe(2) linkages. The
numbers indicate the number of Fe—O--S~O-Fe bridges per path.

Figure 9) for data at 29.1 K and below.

The magnetic susceptibility data indicate an ordering
temperature between 30.8 and 29.1 K while the Mossbauer
effect data give a value between 28.8 and 28.6 K. The exact
reason for this difference is not understood at this time but
may be related to the different thermometry methods used in
the two studies.

Magnetic Ordering Model. The rather unusual low-tem-
perature magnetic properties of monoclinic, anhydrous
iron(III) sulfate call for special discussion. Specifically, we
need to understand why the magnetization on the two magnetic
sublattices shown in Figure 2 is different between the ordering
temperature and 4.2 K. In monoclinic, anhydrous iron(III)
sulfate each iron atom is coordinated to six oxygen atoms
which are a part of six different sulfate groups (see Figure 2).
As a result, each iron atom is connected to ten surrounding
iron atoms by 18 “bridging” Fe-O-S—O-Fe¢ linkages. The
nature of these connections is described in Table VII and
illustrated in Figure 10, This figure is a representation of
the unit cell of iron(III) sulfate (see Figure 2) in which we
have indicated the superexchange pathways with lines. The
number of the bridges between a specific iron atom and a given
neighbor varies from 1 to 4. The number of these bridges is
indicated in Figure 10. Specifically the Fe(l) site given in
bold letters in Figure 10 is connected to three other Fe(l)
atoms via two linkages each, for a total of six.>® These links
are shown by the dashed line. In addition the Fe(1) atom is
also connected to seven different Fe(2) atoms as shown by the
solid lines in Figure 10. This gives a total of 12 different
Fe(1)-O-S-0O-Fe(2) bridges. It is most interesting that this
Fe(1) is connected to one of the Fe(2) sites by four Fe-
O-S-0O-Fe bridges. Hence the two iron atoms in the lower
central portion of Figures 2 and 10 are connected by four
bridges while at most two bridges connect the Fe(1) atom to
any other iron.

The neutron diffraction results show that the two crys-
tallographically different iron atoms are antiferromagnetically
aligned. Because the superexchange pathways between Fe(1)
and Fe(1), Fe(1) and Fe(2), and Fe(2) and Fe(2) are rather
similar (see Table VII), it is not immediately apparent how
the observed antiferromagnetism arises. There are only small

variations in the lengths of the Fe(1)-Fe(2) exchange pathways
and no significant variations in the Fe—O-S bond distances
and angles. We believe that all the Fe«Fe interactions are
intrinsically antiferromagnetic but that the resultant anti-
ferromagnetic coupling between the crystallographically
different Fe(1) and Fe(2) (which requires that each separate
sublattice to be ferromagnetically coupled) stems from the
relative numbers of each type of pathway as is illustrated in
Figure 10.

In order to account for the differences in the magnetizations
on the two sublattices, we again draw attention to the crys-
tallographic distinction between Fe(l) and Fe(2). Because
the sites are clearly distinguishable, there is no reason to expect
the fields at the two sites to be the same. Perhaps small
differences in the superexchange pathways on the same
sublattice may account for the difference in magnetization.
In general it is expected that this superexchange will be more
effective the shorter the exchange pathway and the closer the
angle at the sulfur atom is to the tetrahedral angle.3*** As
is indicated in Table VII, there are a total of six of these paths
connecting a given iron to three of its crystallographically
equivalent neighbors. These pathways, which involve fer-
romagnetic interactions, are, however, slightly different in
average length and bridging angle at the sulfate for the two
sublattices. Specifically, the ferromagnetic superexchange
pathway is 0.04 A longer for the Fe(1) sublattice. Also the
average angle at the bridging sulfate for this sublattice is
110.7°, 0.8° further from the tetrahedral angle than is the
respective angle for the Fe(2) sublattice. As a result we
tentatively propose that the ferromagnetic exchange is stronger
on the Fe(2) sublattice than on the Fe(1) sublattice, and at
a given temperature it has the largest magnetization. This
is the basis for the assignment given in Table VI,
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The Raman spectra of four chloroselenate anions, SeO,CI", SeOCl;™, SeCl;™, and SeClg>, two of which have not been reported
before (Se0,Cl™ and SeCly7), are discussed. Both solid and MeCN solution spectra with polarization measurements are
considered. The spectra are consistent with a pyramidal SeO,Cl" ion (), a trigonal-bipyramidal SeOCl;™ ion with two
CI’s axial (C,), a square-pyramidal SeCls~ ion (C,,), and an octahedral SeClg®™ ion (O;). Spectral evidence for chloride
bridging is found for the compounds KSeOCl;, 8-hydroxyquinolinium oxotrichloroselenate(IV), Et,NSeCls, and Ph,AsSeCls.

Introduction

The complex chloro anions of selenium(IV) exhibit a varied
- and interesting stereochemistry. The stereochemical inactivity
of the lone valence electron pair in the hexahalo complexes,
SeX> (X = Cl, Br, I), has been a puzzle of longstanding
interest.l? Interligand repulsions are sufficiently strong to
overcome the stereochemical effect of the lone electron pair
in these cases. It would be of interest to determine whether
such repulsions are dominiant for any of the SeXs™ series of
anions.

The chloro anions derived from SeOCl, show an intriguing
range of stereochemistries. The 1:1 complex of KCl and
SeOCl,, which was first prepared by Wise® and later for-
mulated as K[SeOCI;] by Jackson and Smith,* has been
studied by Raman spectroscopy.’ The spectrum was assigned
assuming monomeric SeOCl;™ units. However, Cordes® has
shown that there are essentially infinite chains of SeOCl,
molecules linked by CI™ bridges in 8-hydroxyquinolinium
oxotrichloroselenate(IV). The one known example of an
oxotetrachloroselenate(IV) compound, dipyridinium oxo-
tetrachloroselenate(IV), has been shown to consist of cation,
chloride, and oxotrichloroselenate(IV) units.” Wasif and
Salama® have shown that only a 1:1 complex is formed between
SeOCl, and Cl” in Me,SO.

Complex formation between SeO, and X~ (X = Cl, Br, I)
in Me,SO has been studied by UV and visible spectroscopy.®
Evidence was found only for 1:1 complexes.

Because many of the chloroselenate(IV) anions have not
been studied in detail by vibrational spectroscopy and in some
cases not at all and since the nature of their stereochemistry

is varied and interesting, a program of synthesis and inves-
tigation of vibrational spectra of chloro- and oxochloroselenate-
(IV) anions was begun and is reported here.

Experimental Section

Materials. Selenium dioxide (Alfa) and tetraphenylarsonium
(Baker), tetraethylammonium (Baker), and tetramethylammonium
(Aldrich) chlorides were all dried overnight on the vacuum line before
use. In the case of Et,NCI, the dehydration was carried out at 0 °C
to prevent decomposition. Potassium chloride (BDH, AnalaR) was
dried in an oven at 110 °C. Ammonium chloride (BDH, AnalaR)
and 8-hydroxyquinoline (Anachemia) were used directly. Hydrogen
chloride was from Matheson. Selenium oxychloride (Baker) was
vacuum distilled before use. Selenium tetrachloride was prepared
according to Novak and Suttle.® Anal. Caled: Cl, 64.24. Found:
Cl, 64.20. 8-Hydroxyquinolinium chloride was prepared by crys-
tallizing 8-hydroxyquinoline from an excess of 6 M hydrochloric acid
required for neutralization. Anal. Calcd: Cl, 19,52, Found: Cl,
19.01. Acetonitrile was dried by refluxing over P,Os for 1 h and then
distilled.

Preparation of Chloroselenate(IV), MSeQ,Cl. Tetramethyl-
ammonium monochloroselenate(I1V) was prepared by dissolving
stoichiometric amounts of Me,NCl and SeO; in a minimum amount
of MeCN and cooling on ice. White crystals of Me,NSeO,Cl were
filtered out and dried over P,Os in a vacuum desiccator. Anal. Caled:
Cl, 16.07. Found: Cl, 15.93. The tetraphenylarsonium mono-
chloroselenate(IV) is considerably more soluble in MeCN and was
prepared by pumping a stoichiometric mixture in MeCN to dryness.

MSeOCl;. KSeOCl; was prepared by dissolving KCl in an excess
of SeOCl, by warming. Upon cooling, pale yellow crystals were
formed. These were collected by filtration and washed with cold CCl,.
Anal. Caled: Cl, 44.23. Found: Cl, 43.83. This product could also
be prepared from a 1:1 mole ratio of reactants in dry MeCN or as
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