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We report the structural and magnetic properties of polycrystalline ferriferricyanide, FefFesCNd6g ·4H2O.
The room temperature neutron diffraction pattern of the sample was refined with space groupFm3m by the
Rietveld refinement technique. The Mössbauer spectrum of the sample at room temperature reveals the pres-
ence of low spin Fe3+ sFeLS, S=1/2d and high spin Fe3+ sFeHS, S=5/2d ions. The compound undergoes a
paramagnetic to ferromagnetic phase transition at 17.4 K. Saturation magnetization at 2.3 K corresponds to
parallel ordering of FeHS and FeLS spin only moments in FefFesCNd6g ·4H2O. Neutron diffraction study at
1.5 K shows the ordered site moments of 5.0s2d and 0.8s2d mB for FeHS and FeLS ions, respectively, in
FeHSfFeLSsCNd6g ·4H2O. The coercive field of the compound is an order of magnitude higher than that of many
other compounds in the Prussian Blue analog family. The observed branching between field-cooled and zero
field-cooled magnetization belowTC s=17.4 Kd is ascribed due to magnetic domain kinetics under different
cooling conditions and the presence of available vacant sites in the lattice for the water molecules.
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I. INTRODUCTION

Recently, there has been intense research in the field of
molecular magnets1–3 based on hexacyanometalates.3–9 The
general interest in this field is to control the magnetic prop-
erties like transition temperature, saturation magnetization,
and coercive field and to combine magnetic properties with
mechanical, electrical, and optical properties for practical ap-
plication of these materials. Hexacyanometallates can be rep-
resented by the general formulaM8xfM9sCNd6gy·zH2O,
whereM8 and M9 are 3d transition metal ions. Hexacyano-
metallates possess fcc structure in whichM8 and M9 are
surrounded octahedrally by N and C atoms, respectively.
When x/y=1, the first coordination ofM8 and M9 is
hM8sNCd6j and hM9sCNd6j, respectively. Water molecules,
in this case, occupy the interstitial positions. But when
x/y.1, some of thehM9sCNd6j vacancies are filled by water
molecules and the first coordination ofM8 and M9 are
hM8sNCd6−nsH2Odnj sn=1–6d and hM9sCNd6j, respectively.
In the later casesx/y.1d, there are two types of water mol-
ecules:sid water molecules coordinated toM8 octahedra at
empty nitrogen sites, andsii d uncoordinated water molecules
at interstitial positions.10 The M9 ion surrounded by carbon
octahedra experiences a strong ligand field and is expected to
possess low spin configuration. On the other hand, theM8
ion surrounded by nitrogen octahedra sees a moderate or
weak ligand field and is, therefore, expected to possess high
spin configuration.10

Prussian Blue,11–13 Fe4fFesCNd6g3·14H2O, is the parent
compound of the family of hexacyanometallates. Ferromag-
netic ordering temperature for Prussian Blue is very low
sTC=5.6 Kd because low spin Fe2+ ion st2g

6 eg
0, S=0d is dia-

magnetic and distance between two nearest high spin Fe3+

ions st2g
3 eg

2, S=5/2d is large s10.16 Åd11,12 along the
Fe2+-CwN-Fe3+ chain. Its transition temperature is too low

for practical applications. Transition temperature of Prussian
Blue can be enhanced by incorporating a paramagnetic ion at
the diamagnetic Fe2+ site. Using this strategy we have pre-
pared a Prussian Blue analog compound, ferriferricyanide
FefFesCNd6g ·xH2O with both Fe ions in +3 ionic state. Bo-
zorth et al.14 reported the results of dc magnetization mea-
surementssTC=22 K, saturation magnetization=3.8mB/ f.u.d
on the “ferriferricyanide.” However, the samples studied by
them were not in single phase. Moreover, the exact chemical
formula of the prepared sample for their study was not
known. As ferriferricyanide forms one of the basic com-
pounds in molecular based hexacyanometallates category, it
is, therefore, quite important to understand the true nature of
magnetic ordering in this fundamental molecular based mag-
netic material. With this aim, we have carried out structural
and magnetic studies of single-phase ferriferricyanide,
FefFesCNd6g ·xH2O and the results of our study are reported
here.

II. EXPERIMENT

Ferriferricyanide was prepared by the precipitation
method. In this method 100 ml 0.1 M K3FesCNd6 aqueous
solution was slowly added to 200 ml 0.1 M FeCl3 aqueous
solution and the resulting solution was heated up to 53 °C.
The hot solution was allowed to cool at room temperature
and diluted to double of its initial volume after cooling. Dark
green precipitate, so obtained, was filtered, washed many
times with demineralized water and acetone and finally al-
lowed to dry in air. The sample was ground to very fine
powder. Neutron diffraction pattern, at room temperature, of
the prepared polycrystalline sample was recorded using a
one-dimensionals1Dd position sensitive detector based pow-
der diffractometersl=1.249 Åd at Dhruva Reactor, Trom-
bay. Low temperatures1.5 and 50 Kd neutron diffraction data
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were collected at DMC cold neutron powder diffractometer
sl=2.568 Åd, SINQ, Paul Scherrer Institute, Switzerland.
Room temperature Mössbauer spectrum was recorded using
a constant acceleration derive unit coupled with multichannel
analyzer operated in time mode. dc magnetization measure-
ments were carried out using a 12 T commercialsOxford
Instrumentsd vibrating sample magnetometer as a function of
magnetic field and temperature. The sample taken for the
magnetization measurements was in the form of a pellet
weighing 20 mg. Temperature dependent magnetization
measurements were carried out in field-cooledsFCd and zero
field-cooledsZFCd conditions down to 2 K. In ZFC condi-
tions, first, the sample was cooled in the absence of magnetic
field from room temperature down to the lowest temperature,
then magnetization was measured as a function of tempera-
ture under the application of magnetic field in the heating
cycle. In FC conditions, the sample was cooled down to 2 K
in the presence of same magnetic field as used as a measur-
ing field in the ZFC case and magnetization was measured
skeeping the field ond as a function of temperature in the
heating cycle. Hysteresis curves were recorded at several
temperatures over +50 to −50 kOe field.

III. RESULTS AND DISCUSSION

Figure 1 shows the observed room temperature neutron

diffraction pattern of the prepared polycrystalline sample of
ferriferricyanide. The diffraction pattern was analyzed by the
Rietveld refinement technique usingFULLPROF program.15

Single phase formation of the ferriferricyanide was con-
firmed. The pattern could be indexed with theFm3m space
group. Starting values for the positions of carbon, nitrogen,
and water molecules were taken from the literature.11 Owing
to the high background and limitations of powder diffraction,
we treated water molecules as pseudoatomshH2Oj with an
average scattering lengthbsH2Od=bsOd+2bsHd=−1.68 fm.
In our refinement the best fitting was achieved by taking four
water molecules per formula unit. Results of the analysis are
listed in Table I. Figure 2 shows the unit cell of ferriferricya-
nide. The structure of the ferriferricyanide contains a
three-dimensional network of Fe1-NwC-Fe2 chains
along the edges of the unit cell cube. The four water
molecules present in the formula unit are uncoordinated and
may be considered as zeolitic water. The distances between
various atoms obtained from the analysis are Fe1-N
=2.002s6d Å, Fe2-C=1.920s6d Å, C-N=1.16s2d Å,
Fe1-Fe2=a/2=5.1090s5d Å, and Fe1-Fe1=Fe2-Fe2=a
=10.218s1d Å, where Fe1 and Fe2 are Fe atoms ats0, 0, 0d
ands1/2, 1/2, 1/2d, respectivelyssee Table Id. The derived
values of interatomic distances are close to the values re-

TABLE I. Structural parameters for ferriferricyanide at room temperature.

Space group=Fm3m, a=10.218s1d Å, Z=4

Atoms x y z Occupancy B sÅ2d

Fe1 0 0 0 1 0.5s1d
Fe2 1/2 1/2 1/2 1 0.5s1d
C 0.312s1d 0 0 6 2.2s2d
N 0.196s1d 0 0 6 2.2s2d
hH2Oj 0.331s9d 0.331s9d 0.331s9d 4 20s1d

Rp=1.54%,Rwp=2.44%,Rexp=2.30%

FIG. 1. Room temperature neutron diffraction
pattern of ferriferricyanide. Open circles show
observed data and solid line represents the Ri-
etveld refined pattern. The difference pattern is
shown in solid line below the Bragg peak mark-
ers sshort vertical linesd. The shkld values of all
the Bragg peaks are also indicated.
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ported for the parent Prussian Blue compound,
Fe4fFesCNd6g3·14H2O.11

The room temperature Mössbauer spectrum of the
prepared ferriferricyanide is shown in Fig. 3. The observed
spectra can be fitted with two components having chemical
shifts sCSd of −0.168 and 0.237 mm/s and quadrupole split-
ting sQSd of 0.27 and 0.45 mm/s, respectively. Linewidths
for these two components are 0.364 and 0.444 mm/s,
respectively. The component with CS=−0.168 mm/s and
QS=0.27 mm/s may be identified as low spin
Fe3+ sS=1/2d. Similar values of CS were found in the
case of K0.2Co1.4fFesCNd6g ·7H2O slow spin Fe3+,
CS=−0.15 mm/sd,16 Cu1.5fFesCNd6g ·6H2O slow spin Fe3+,
CS=−0.15 mm/sd17 and K0.8Ni1.1fFesCNd6g ·4.5H2O slow
spin Fe3+, CS=−0.15 mm/sd.18,19 The second doublet with
CS=0.237 mm/s and QS=0.45 mm/s may be identified as
high spin Fe3+ sS=5/2d. The obtained value of CS is consis-
tent with the value obtained from K0.2Co1.4fFesCNd6g ·7H2O
shigh spin Fe3+, CS=0.19 mm/sd.16 Here we would like
to mention that there is a “singlet” appearance for the
component with QS=0.27 mm/s. Since linewidths for
both the components are comparable with the linewidth
s=0.30 mm/sd for iron foil used for calibration spectrum at

room temperature, the apparent singlet behavior is not due to
a large linewidth. This is, therefore, due to weak electric field
gradient for this particular component that causes smaller
QS.

It is seen from Fig. 2 that Fe1 and Fe2 are surrounded
octahedrally by N and C atoms, respectively. Octahedral
crystalline field splits the 3d orbitals of Fe3+sd5d ion into low
energy t2g sdxy, dyz, dzxd and high energyeg sdz2, dsx2−y2dd
orbitals. It is evident from the interatomic distances that ni-
trogen octahedra are slightly biggers3%d than the carbon
octahedra. It is expected that Fe2 should be affected by a
stronger ligand field than Fe1. The ligand field influences the
spin configuration of the Fe3+ ions directly. It induces high
spin configurationst2g

3 eg
2, S=5/2d in Fe1 sFeHSd and low

spin configurationst2g
5 eg

0, S=1/2d in Fe2 sFeLSd.10

The observed negative chemical shift for the low spin
Fe3+ ion may be explained by the following way. N atom is
more electronegative than C atom. When Fe3+ ion is bonded
to C atom, as infFesCNd6g3−, 3d electron density tends to
flow from Fe3+ ion to carbon atom along the Fe-C;N chain
due to the higher electronegativity of nitrogen atom. Due to
reduced charge density of 3d electrons at the Fe3+ site, the
shielding of 4s electrons of Fe3+ ion by its 3d electrons be-
comes less effective. Hence, it increases thes-electron
charge density at nucleus of Fe3+ as compared to standard
metallic iron. The increasings-electron density at57Fe
nucleus is responsible for the observed negative CS. On the
other hand, no negative CS was observed for the high spin
Fe3+ ion. This is due to the fact that the high spin Fe3+ ion
experiences a weaker electronegativity effect as the size of
the octahedron for this high spin Fe3+ ion is 3% larger.

Figure 4 depicts the field-cooled magnetizationsMd ver-
sus temperaturesTd curve at 1 kOe magnetic fieldsHd in the
temperature range 2–75 K. A sharp rise inM is observed
around 20 K. A transition temperature of 17.4 K was esti-
mated from the minima ofdM /dT vs T curve which corre-
sponds to the steepest rise ofM with decreasingT. High
temperature dc susceptibilitysx=M /Hd is found to obey the
Curie-Weiss law

FIG. 2. Unit cell of FefFesCNd6g ·4H2O. Fe1 and Fe2 represent
Fe3+ ions ats0, 0, 0d and s1/2,1/2,1/2d with Fm3m space group
symmetry, respectively. Water molecules are omitted for clarity.

FIG. 3. Mössbauer spectrum of ferriferricyanide at room tem-
perature. Open circles show the observed data and the thick solid
line is the least square fitted curve. Two thin solid lines represent
the components of the least square fitted curve.

FIG. 4. FC magnetization vs temperature curve at 1 kOe field.
Inset shows the inverse susceptibility vs temperature curve. Solid
line is the Curie-Weiss fit in the temperature range 30–75 K.
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x =
C

T − Q
, s1d

whereC is Curie constant andQ is paramagnetic Curie tem-
perature. A linear fit ofx−1 vs T curve in the temperature
range 30–75 K is shown in the inset of Fig. 4.
Fitting yielded C=4.974±0.002 emu K/mole/Oe and
Q=17.65±0.03 K. The positive value ofQ indicates positive
exchange correlations between the Fe3+ ions. The effective
magnetic moment in the paramagnetic state,meff, obtained
from Curie constant is smeffd2=s3CkB/NAm2

B,8Cd
=39.79m2

B si.e., meff=6.31mBd per formula unit. This value
is lower than the reported valuesmeff=6.8 mBd for the “ferri-
ferricyanide” system by Bozorthet al.14 The theoretically
expected spin only value ofsmeffd2 per formula unit can be
calculated by using the formulasmeffd2=Sfg2hn.S.sS
+1djg m2

B, where g is gyromagnetic ratios<2d, n is the
number of atoms/ions with spinS, and summation is over all
magnetic atoms in the formula unit. There are only two mag-
netic atoms in one formula unit of FefFesCNd6g ·4H2O,
namely Fe1 sS=5/2d and Fe2 sS=1/2d. The expected theo-
retical smeffd2, therefore, from spin only value is: 22 s1
35/237/2d m2

B+22 s131/233/2d m2
B=38 m2

B. The ob-
served value ofsmeffd2 is very close to the theoretically ex-
pected from spin only valuesslow spin and high spind that
indicates the total quenching of orbital moments. The
quenching of the orbital moment in the iron-group metal ions
is expected due to large spatial extent of 3d shell and due to
lack of outer electronic shells to screen the 3d shell. The
quenching of orbital moment is observed in many com-
pounds of hexacyanometallate family.3,7,17,20,21

Hysteresis curve over ±10 kOe at 4.2 K is shown in Fig.
5. Large hysteresisswith a coercive field of 465 Oe and rem-
anent magnetization of 34.58 emu/gd, which is a character-
istic of bulk ferro or ferrimagnetic type of ordering, is evi-
dent. Bottom inset in Fig. 5 shows the temperature
dependence of coercive field,HC. An increase inHC with

lowering the temperature is evident. The observed value of
HC is an order of magnitude higher than that for many other
hexacyanometallates. For example, the observed value ofHC
for VfCrsCNd6g0.86·2.8H2O is 25 Oe sat 10 Kd,3 for
Cr3fCrsCNd6g2·10H2O is 20 Oe sat 5 Kd5 and for
CsNifCrsCNd6g ·2H2O is 71 Oesat 3 Kd.7 Higher HC values
were also found for Cu1.5fFesCNd6g ·6H2O sHC=240 Oe, at
4 Kd,17 CsCofCrsCNd6g ·0.5H2O sHC=800 Oe, at 5 Kd,21

and KCofFesCNd6g sHC=930 Oe, at 4.2 Kd.22 Top inset in
Fig. 5 depicts virginM vs H curve at 2.3 K. The magnetiza-
tion is nearly saturated at 50 kOe field. The solid line repre-
sents the fitting ofM vs H curve at 2.3 K under mean field
approximation using the relationship

M = MSBSsxd, s2d

whereBSsxd is Brillouin function

BSsxd =
2S+ 1

2S
CothS2S+ 1

2S
xD −

1

2S
CothS x

2S
D

and

x = gmBSsH + lMd/kBT.

Here,MS is saturation magnetization,S is spin angular mo-
mentum quantum number,kB is Boltzmann constant, andl is
mean field constant. The fit shown in the figure is obtained
by takingg=2 andS=3 and varyingl and MS. Best fitting
yielded l=5.2s1d and MS=5.84s2d mB/ f.u. The observed
value of saturation magnetization at 2.3 K is quite high com-
pared to the valueMS=3.8 mB/ f.u., reported by Bozorthet
al. in the literature.14 The expected spin only value of or-
dered magnetic moment from collinear ferromagnetic order-
ing of Fe1 sS=5/2d and Fe2 sS=1/2d in FefFesCNd6g4H2O is
mS=s13235/2+13231/2d mB=6 mB/ f.u. This value is
very close to our experimentally observed value ofMS
s5.8 mB/ f.u.d indicating a ferromagnetic ordering of spin
only moments of ferriferricyanide, FefFesCNd6g ·4H2O.

Figure 6 depicts the neutron diffraction patterns at 50 and
1.5 K. At 1.5 K, some intensity enhancement in low angle
fundamentalsnucleard Bragg peaks is observed which indi-
cates the presence of long range ferromagnetic ordering. Ri-
etveld refinement withFm3m space group yielded 5.0s2d mB

moment for Fe3+ at s0, 0, 0d and 0.8s2d mB moment for
Fe3+ at s1/2,1/2,1/2d at 1.5 K. Moments lie along the crys-
tallographic axes. The theoretically expected values of
ordered moments for high spin and low spin Fe3+ ions are 5
and 1mB, respectively. Ordered site moments obtained from
the neutron diffraction study confirm the ferromagnetic
ordering of Fe1 sS=5/2d at s0, 0, 0d and Fe2 sS=1/2d at
s1/2,1/2,1/2d site moments.

Figure 7 shows the FC and ZFC magnetization as a func-
tion of temperature. At a field of 200 Oe, there is a clear
branching between FC and ZFC magnetization curves. This
branching diminishes as we increase the field and vanishes at
,5 kOe field. The temperature at which branching occurs
sbranching temperatured is also found to decrease with in-
creasing magnetic field. This type of branching between FC
and ZFC magnetization curves is very common in spin
glass,23–27 cluster spin glass,28,29 and superparamagnets.30–32

FIG. 5. Hysteresis curve at 4.2 K. Top inset shows the virginM
vs H curve at 2.3 K and solid line is the fit of the curve under mean
field approximationssee textd. Bottom inset shows theHC vs T
ssolid line is drawn to guide the eyesd.
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However, for the systems where long-range order is in-
volved, the branching can occur from domains, domain
walls, inhomogeneities and also from disorder.33–36 From dc
magnetization and low temperature neutron diffraction stud-
ies, it is clearly evident that ferriferricyanide belongs to a
collinear ferromagnetic material with long-range correlation
and higher coercivity. Here, the observed irreversibility be-
tween FC and ZFC magnetization curves might arise from
domain mobility or domain growth under different cooling
conditions. When the sample is cooled in the absence of
magnetic field, the domains are more random giving low net
magnetization. In the field-cooled case, however, magnetic
domains are preferentially oriented in the direction of the
applied magnetic field, thus giving higher value of magneti-
zation. The other reasons for the observed branching could
be due to the presence of inhomogeneity and inherent struc-
tural disorder. As far as the question of large inhomogeneity

is concerned, this possibility is quite rare in our case as the
sample was prepared by the precipitation method in which
two homogeneous aqueous solutions of the reactants were
mixed together to get the desired precipitate. However, the
available interstitial vacant sites for the water molecules
could be one of the contributing factors towards the observed
branching in FC-ZFC magnetization curves. It is evident
from our structural study that the high spin and low spin Fe3+

ions occupy 4a s0, 0, 0d and 4b s1/2,1/2,1/2d crystallo-
graphic sites and the occupancies of these sites are 100%.
Similarly, carbon and nitrogen atoms also occupy the 24e
crystallographic site with 100% occupancies. However, wa-
ter molecules occupy the 32f crystallographic site with only
50% occupancy. Therefore, a random distribution of water
moleculesspresent in this compoundd also contributes to the
observed branching between the FC and ZFC magnetization
curves.

The observed ferromagnetism in FefFesCNd6g ·4H2O can
be understood qualitatively on the basis of molecular-field
theory. The octahedral crystalline field of CN− ligand splits
the 3d orbitals of Fe3+ into low energyt2g sdxy,dyz,dzxd and
high energyeg sdz2,dsx2-y2dd orbitals. Competition between
splitting energysdifference in energy oft2g and eg orbitalsd
and pairing energysenergy required for pairing of electrons
in an orbitald determines the spin state of Fe3+ ion. In low
spin configuration, splitting energy is higher than pairing en-
ergy so that pairing starts int2g orbitals after the arrival of
the fourth electron. The electronic configuration of low spin
Fe3+sd5d, therefore, ist2g

5 eg
0, i.e., there is only one unpaired

electron and the resulting spin isS=1/2. In high spin con-
figuration, on the other hand, splitting energy is lower than
the pairing energy so that electrons can occupy high energy
eg orbitals and the pairing of electrons int2g andeg orbitals
starts after the arrival of the sixth electron. The electronic
configuration of high spin Fe3+sd5d, therefore, ist2g

3 eg
2, i.e.,

there are five unpaired electrons in five orbitals and the re-
sulting spin isS=5/2. The possibility of direct exchange
between the two nearest magnetic ions is excluded because
of large distances between themsFe1-Fe2=5.109 Åd. Large
separation eliminates the possibility of direct overlap of
magnetic orbitals of Fe1 and Fe2 ions, which is essential for
direct exchange to take place. But the two magnetic ions can
interact via cyanide ligand and this type of interaction is
called superexchange interaction. The observed magnetism
of ferriferricyanide, therefore, originates from superexchange
interactions between the nearest high spin Fe3+sFe1d and low
spin Fe3+sFe2d ions. These superexchange interactions are
mediated by cyanide ligands. Contributions due to the sec-
ond nearest neighbors can be neglected because of long dis-
tances between themsFe1-Fe1=Fe2-Fe2=10.218 Åd. The su-
perexchange interactions may be positive or negative
depending upon the symmetries of the magnetic orbitals in-
volved. Ferromagnetic coupling occurs when the magnetic
orbitals have different symmetries, e.g., betweendxy st2gd
orbital of Fe2 and dz2 segd orbital of Fe1 also betweendxy

st2gd orbital of Fe2 anddyz st2gd orbital of Fe1; whereas anti-
ferromagnetic coupling results between the magnetic orbitals
of same symmetry, e.g.,dxy st2gd orbital Fe2 and dxy st2gd
orbital of Fe1.

21 The systematic illustration of ferro and an-

FIG. 6. Neutron diffraction patterns at 50 and 1.5 K. Observed
data are shown by the open circles. Solid lines represent the calcu-
lated patterns. The difference patterns are shown at the bottom for
each temperature. Short vertical lines represent the positions of
Bragg peaks. Theshkld values of all the Bragg peaks are also indi-
cated. The Bragg peaks, marked by the vertically down arrows,
receive considerable magnetic contribution at 1.5 K.

FIG. 7. Temperature dependence ofMZFC and MFC under the
external magnetic field ofH=0.2, 0.5, 1.5, and 5 kOe.
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tiferromagnetic coupling among the magnetic orbitals of the
Fe3+ ions is shown in Fig. 8. It is, therefore, evident that for
the present system ferromagnetic coupling between orbitals
of different symmetries is dominant over antiferromagnetic
coupling between orbitals of same symmetries and the result-
ant ordering among the magnetic orbitals is ferromagnetic.

IV. SUMMARY AND CONCLUSIONS

We have presented the structural and magnetic properties
of ferriferricyanide, FefFesCNd6g ·4H2O. It is a member of
hexacyanometallate based molecular magnetic materials. It
crystallizes in the fcc structure with space groupFm3m. Fe3+

ion octahedrally coordinated by nitrogen atoms is in high
spin sS=5/2d state and Fe3+ ion octahedrally coordinated by

carbon atoms is in low spinsS=1/2d state. The compound
undergoes a paramagnetic to ferromagnetic phase transition
at 17.4 K. The observed value ofmeff, 6.31mB per formula
unit, agrees well with the theoretically expected spin only
value of 6.16mB. Saturation magnetizations5.8 mB per for-
mula unitd is in disagreement with the literature reported
value of 3.8mB per formula unit. However, our observed
value of saturation magnetization is in agreement with the
expected 6mB per formula unit from collinear ferromagnetic
ordering of high spin and low spin Fe3+ ions. Coercive field
of the compound is an order of magnitude higher than that of
many other compounds of the hexacyanometallates family.
Thermomagnetic irreversibility between ZFC and FC mag-
netization curves is observed up to,5 kOe field. This irre-
versibility might have its origin in magnetic domain kinetics
under different cooling conditions and also due to the pres-
ence of available vacant sites in the lattice for the water
molecules. The observed ferromagnetism of this compound
has been understood qualitatively in terms of molecular field
theory. The compound has both ferromagneticsbetween or-
thogonal magnetic orbitalsd as well as antiferromagneticsbe-
tween the orbitals having the same symmetryd interactions
but the ferromagnetic interactions are dominant over antifer-
romagnetic interactions and the resultant ordering is ferro-
magnetic.
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