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Structural and magnetic properties of F§Fe(CN)g] - 4H,0
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We report the structural and magnetic properties of polycrystalline ferriferricyanifEgEdN)g] - 4H,0.
The room temperature neutron diffraction pattern of the sample was refined with spaceFgmumpby the
Rietveld refinement technique. The M&ssbauer spectrum of the sample at room temperature reveals the pres-
ence of low spin F& (F&-S, S=1/2) and high spin F& (F&'S, S=5/2) 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 F&° and F&S spin only moments in F&eCN)g]-4H,0. Neutron diffraction study at
1.5 K shows the ordered site moments of (8)0and 0.82) ug for F&'S and FéS ions, respectively, in
F'Fe-S(CN)g] - 4H,0. 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 beloW (=17.4 K) 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 for practical applications. Transition temperature of Prussian

ue can be enhanced by incorporating a paramagnetic ion at

. . . Bl
Recently, there gas been intense research in the field gfo diamagnetic P& site. Using this strategy we have pre-
molecular magnets® based on hexacyanometalate$The 5104 4 prussian Blue analog compound, ferriferricyanide

general interest in this field is to control the magnetic PrOPE F&(CN),]-xH,O with both Fe ions in +3 ionic state. Bo-
erties like transition temperature, saturation magnetizationzorth et al% reported the results of dc magnetization mea-

and coercive field and to combine magnetic properties Wit@.urementﬂ =22 K, saturation magnetization=3:&/f.u.)
mechanical, electrical, and optical properties for practical aPy the “ferrifcerricyaﬁide.” However, the samples studied by
plication of these materials. Hexacyanometallates can be "ePrem were not in single phase. Mo}eover, the exact chemical
resented by the general formult’,[M"(CN)sly-ZH20,  tormuyla of the prepared sample for their study was not
whereM” andM" are 3l transition metal ions. Hexacyano- \noawn. As ferriferricyanide forms one of the basic com-
metallates possess fcc structure in whidh and M” are 4,045 in molecular based hexacyanometallates category, it
surrounded octahedrally by N and C atoms, resr,),e(_:tlvelyis, therefore, quite important to understand the true nature of
When x/y=1, the first coordination ofM’ and M” IS magnetic ordering in this fundamental molecular based mag-
{M"(NC)g} and {M"(CN)g}, respectively. Water molecules, petic material. With this aim, we have carried out structural
in this case, occupy the interstitial positions. But whengnq magnetic studies of single-phase ferriferricyanide,

xly>1, some of théM"(CN)e} vacancies are filled by water g re(CN)4]-xH,0 and the results of our study are reported
molecules and the first coordination &1’ and M” are  pgre.

{M’"(NC)g_n(H,0),} (n=1-6) and{M"(CN)g}, respectively.
In the later caséx/y>1), there are two types of water mol-
ecules:(i) water molecules coordinated ¥’ octahedra at
empty nitrogen sites, an@) uncoordinated water molecules  Ferriferricyanide was prepared by the precipitation
at interstitial positions? The M” ion surrounded by carbon method. In this method 100 ml 0.1 M;Re(CN)g aqueous
octahedra experiences a strong ligand field and is expected &lution was slowly added to 200 ml 0.1 M FgGlqueous
possess low spin configuration. On the other hand,Mfe  solution and the resulting solution was heated up to 53 °C.
ion surrounded by nitrogen octahedra sees a moderate @he hot solution was allowed to cool at room temperature
weak ligand field and is, therefore, expected to possess highnd diluted to double of its initial volume after cooling. Dark
spin configuratiort? green precipitate, so obtained, was filtered, washed many
Prussian Blué; '3 Fe[Fe(CN)gl;- 14H,0, is the parent times with demineralized water and acetone and finally al-
compound of the family of hexacyanometallates. Ferromaglowed to dry in air. The sample was ground to very fine
netic ordering temperature for Prussian Blue is very lowpowder. Neutron diffraction pattern, at room temperature, of
(Tc=5.6 K) because low spin P&ion (t,,° e, S=0)is dia-  the prepared polycrystalline sample was recorded using a
magnetic and distance between two nearest high spifi Feone-dimensionallD) position sensitive detector based pow-
ions (t,,> %, S=5/2) is large (10.16 A'112 along the der diffractometer(\=1.249 A at Dhruva Reactor, Trom-
Fe&*-C=N-F¢&** chain. Its transition temperature is too low bay. Low temperaturél.5 and 50 K neutron diffraction data

IIl. EXPERIMENT
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were collected at DMC cold neutron powder diffractometerdiffraction pattern of the prepared polycrystalline sample of
(A=2.568 A), SINQ, Paul Scherrer Institute, Switzerland. ferriferricyanide. The diffraction pattern was analyzed by the
Room temperature Mossbauer spectrum was recorded usimRjetveld refinement technique usirRyLLPROF programt®
a constant acceleration derive unit coupled with multichanne§ingle phase formation of the ferriferricyanide was con-
analyzer operated in time mode. dc magnetization measuréirmed. The pattern could be indexed with then3m space
ments were carried out using a 12 T commer¢iakford  group. Starting values for the positions of carbon, nitrogen,
Instrumentg vibrating sample magnetometer as a function ofand water molecules were taken from the literafd®wing
magnetic field and temperature. The sample taken for thg, the high background and limitations of powder diffraction,
magnetization measurements was in the form of a pellefe treated water molecules as pseudoat§F©} with an
weighing 20 mg. Temp_erature_ dgpendent magnetizatiogverage scattering length(H,0)=b(0)+2b(H)=—1.68 fm.
measurements were carried out in field-codied) and zero In our refinement the best fitting was achieved by taking four

field-cooled(ZFC) conditions down to 2 K. In ZFC condi- water molecules per formula unit. Results of the analysis are
tions, first, the sample was cooled in the absence of magnetlct 4in Table | Fp. 2 sh t'h it cell of ferrif y:
field from room temperature down to the lowest temperature,Ise In table 1. Figure 2 snows the unit cell ot territerricya-

then magnetization was measured as a function of temper&-'de' 'I_'he structure of the ferrlfern(zanlde contains - a
ture under the application of magnetic field in the heatingt'rée-dimensional  network of [eN=C-Fe chains

cycle. In FC conditions, the sample was cooled down to 2 k&long the edges of the unit cell cube. The four water
in the presence of same magnetic field as used as a measm0|eCU|eS present in the formula unit are uncoordinated and
ing field in the ZFC case and magnetization was measureﬂ]ay be considered a§ zeolitic water. The diS.tanceS between
(keeping the field onas a function of temperature in the various atoms obtained from the analysis are;-Re

heating cycle. Hysteresis curves were recorded at severai?.0026) A, Fe,-C=1.92G6) A,  C-N=1.162) A,
temperatures over +50 to —50 kOe field. Fe-Fe=a/2=5.10905) A, and Fg-Fe=Fe-Fe=a
=10.2181) A, where Fg and Fg are Fe atoms a0, 0, 0
IIl. RESULTS AND DISCUSSION and(1/2, 1/2, 1/2, respectivelysee Table). The derived

Figure 1 shows the observed room temperature neutrovialues of interatomic distances are close to the values re-

TABLE |. Structural parameters for ferriferricyanide at room temperature.

Space groupEm3m, a=10.2181) A, z=4

Atoms X y z Occupancy B (A?
Fe, 0 0 0 1 0.51)
Fe, 1/2 1/2 1/2 1 0.8
C 0.3121) 0 0 6 2.22)
N 0.1961) 0 0 6 2.22)
{H,0} 0.3319) 0.3319) 0.3319) 4 20(1)

Ry=1.54%, Ryp=2.44%, Rey,= 2.30%
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FIG. 2. Unit cell of FEF(CN)g]- 4H,0. Fg and Fe represent Inset shows the inverse susceptibility vs temperature curve. Solid

Fé** ions at(0, 0, 0 and (1/2,1/2,1/2 with Fm3m space group line is the Curie-Weiss fit in the temperature range 30—75 K.
symmetry, respectively. Water molecules are omitted for clarity.

ported for the pﬁrent Prussian Blue compound,room temperature, the apparent singlet behavior is not due to
Fe) FE(CN)gl3- 14H,0. a large linewidth. This is, therefore, due to weak electric field

The room temperature Mdssbauer spectrum of thgyradient for this particular component that causes smaller
prepared ferriferricyanide is shown in Fig. 3. The observetbs_

spectra can be fitted with two components having chemical |t js seen from Fig. 2 that Feand Fe are surrounded

shifts (CS) of -0.168 and 0.237 mm/s and quadrupole split-cahedrally by N and C atoms, respectively. Octahedral

ting (QS) of 0.27 and 0.45 mm/s, respectively. Linewidths ¢y seayjine field splits the Borbitals of F&*(df) ion into low
for these two components are 0.364 and 0.444 mm/s

respectively. The component with CS=-0.168 mm/s and 619 tzg (dhy, dyz, dz) and high energyey (dz, dic-yz)
QS=0.27 mm/s may be identified as low spin orbitals. It is evident from the interatomic distances that ni-

Fe* (S=1/2). Similar values of CS were found in the trogen octahe_dra are slightly biggé€3%) than the carbon
case of K.Co JFECN)g]-7H,O (low spin Fé", octahedra. It is expected that Fshould be affected by a
CS=-0.15 mm/gL6 Cu, JFE(CN)g]- 6H,0 (low spin Fé*,  Stronger ligand field than keThe ligand field influences the
CS=-0.15 mm/g’ and KygNi; JFE(CN)e]-4.5H0 (low  SPIN configuration 01‘3the2 Iﬁélons directly. It induces high
spin Fé', CS=-0.15 mm/s819 The second doublet with SPI conflguratlon(t295 ego, S=5/2) in Fe, (FE'S) and low
CS=0.237 mm/s and QS=0.45 mm/s may be identified a§Pin configuration(t,;” e,”, S=1/2) in Fe, (Fe-5).10
high spin F&* (S=5/2). The obtained value of CS is consis-  The observed negative chemical shift for the low spin
tent with the value obtained fromgsCo, {JFE(CN)¢]-7H,0  F€*" ion may be explained by the following way. N atom is
(high spin Fé&*, CS=0.19 mm/s'® Here we would like more electronegative than C atom. Wheri*Fen is bonded
to mention that there is a “singlet” appearance for theto C atom, as ifFe(CN)s]*", 3d electron density tends to
component with QS=0.27 mm/s. Since linewidths forflow from F€* ion to carbon atom along the Fe=EN chain
both the components are comparable with the linewidthdue to the higher electronegativity of nitrogen atom. Due to
(=0.30 mm/$ for iron foil used for calibration spectrum at reduced charge density ofi3lectrons at the Fé site, the
shielding of 4 electrons of F& ion by its 3 electrons be-

x10° comes less effective. Hence, it increases #ielectron
1.80- charge density at nucleus of ¥eas compared to standard
= 175] - metallic iron. The increasings-electron density at’’Fe
’g 1701 nucleus is responsible for the observed negative CS. On the
5 other hand, no negative CS was observed for the high spin
& 1.65- Fe** ion. This is due to the fact that the high spin®Fé@n
2 160 experiences a weaker electronegativity effect as the size of
3 the octahedron for this high spin ¥don is 3% larger.
o 185 Figure 4 depicts the field-cooled magnetizatidh) ver-

1.50 T T . T T sus temperatur€l) curve at 1 kOe magnetic fieldH) in the
3 2 1 0 1 2 3
Velocity (mmis) temperature range 2_—_75 K. A sharp riseNhis observed _
around 20 K. A transition temperature of 17.4 K was esti-
FIG. 3. Mossbauer spectrum of ferriferricyanide at room tem-mated from the minima oiM/dT vs T curve which corre-
perature. Open circles show the observed data and the thick sol@iPonds to the steepest rise Mif with decreasingT. High
line is the least square fitted curve. Two thin solid lines representemperature dc susceptibility=M/H) is found to obey the
the components of the least square fitted curve. Curie-Weiss law
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lowering the temperature is evident. The observed value of
H¢ is an order of magnitude higher than that for many other
hexacyanometallates. For example, the observed valti of
for V[Cr(CN)glpge2.8H0 is 25 0e (at 10K)2 for
Cry[Cr(CN)gl,-10H,0 is 20 0Oe (at 5K)° and for
CsNiCr(CN)g]- 2H,0 is 71 Oe(at 3 K).” Higher H¢ values

Magnetic Field (kOe)

were also found for Cu{Fe&(CN)g]- 6H,0 (H:=240 Oe, at

4 K),}” CsCqCr(CN)s]-0.5H,0 (Hc-=800 Oe, at 5 K?2!
and KCGFeCN)g] (Hc=930 Oe, at 4.2 K22 Top inset in
" Fig. 5 depicts virginrM vs H curve at 2.3 K. The magnetiza-
tion is nearly saturated at 50 kOe field. The solid line repre-
sents the fitting oM vs H curve at 2.3 K under mean field
approximation using the relationship

M =MgBg(x),

Magnetization (emu g

50 1 o

.oooooooooooo )

-100 T
-10 -5 0

Magnetic Field (kOe)

4 8 1 16 20
Temperature (K)
T

5 10

(2)

whereBg(x) is Brillouin function
FIG. 5. Hysteresis curve at 4.2 K. Top inset shows the viMgin

vsH curve at 2.3 K and solid line is the fit of the curve under mean By(X) = 2S+1 Cot 25+ 1X _ i Cot X
field approximation(see text Bottom inset shows thélc vs T 2S 25 2S 2S
(solid line is drawn to guide the eyes
and
C X:g[.LBS(H +)\M)/kBT

1

Here,Mg is saturation magnetizatioi is spin angular mo-
mentum quantum numbédg is Boltzmann constant, andis
mean field constant. The fit shown in the figure is obtained
by takingg=2 andS=3 and varying\ and Mg. Best fitting
yielded N\=5.21) and Mg=5.842) ug/f.u. The observed
value of saturation magnetization at 2.3 K is quite high com-
pared to the valuéis=3.8 ug/f.u., reported by Bozortket

al. in the literature® The expected spin only value of or-
dered magnetic moment from collinear ferromagnetic order-
ing of Fg (S=5/2) and Fg (S=1/2) in F§Fe(CN)g]4H,0 is
us=(1X2X5/2+1X2X1/2) ug=6 ug/f.u. This value is
very close to our experimentally observed value M§
(5.8 ug/f.u.) indicating a ferromagnetic ordering of spin
only moments of ferriferricyanide, Fee(CN)g]- 4H,0.

Figure 6 depicts the neutron diffraction patterns at 50 and
+1)}] u%, whereg is gyromagnetic ratid~2), n is the 1.5 K. At 1.5 K, some intensity enhancement in low angle
number of atoms/ions with spi® and summation is over all fundamentalnucleay Bragg peaks is observed which indi-
magnetic atoms in the formula unit. There are only two mag-cates the presence of long range ferromagnetic ordering. Ri-
netic atoms in one formula unit of FEa(CN)g]-4H,O,  etveld refinement witiFm3m space group yielded 52) ug
namely Fe (S=5/2) and Fg (S=1/2). The expected theo- moment for Fé&" at (0, 0, 0 and 0.82) ug moment for
retical (ue)?, therefore, from spin only value is:?21  Fe**at(1/2,1/2,1/2 at 1.5 K. Moments lie along the crys-
X5/2X712) u’g+2% (1X1/2X3/2) u’s=38 u?;. The ob-  tallographic axes. The theoretically expected values of
served value of u.)? is very close to the theoretically ex- ordered moments for high spin and low spirfFens are 5
pected from spin only valuedow spin and high spinthat ~ and 1ug, respectively. Ordered site moments obtained from
indicates the total quenching of orbital moments. Thethe neutron diffraction study confirm the ferromagnetic
guenching of the orbital moment in the iron-group metal ionsordering of Fe (S=5/2) at (0, 0, O and Fe (S=1/2) at
is expected due to large spatial extent dfshell and due to (1/2,1/2,1/2 site moments.
lack of outer electronic shells to screen thé ghell. The Figure 7 shows the FC and ZFC magnetization as a func-
guenching of orbital moment is observed in many com-tion of temperature. At a field of 200 Oe, there is a clear
pounds of hexacyanometallate famif?7:20.21 branching between FC and ZFC magnetization curves. This

Hysteresis curve over £10 kOe at 4.2 K is shown in Fig.branching diminishes as we increase the field and vanishes at
5. Large hysteresi@vith a coercive field of 465 Oe and rem- ~5 kOe field. The temperature at which branching occurs
anent magnetization of 34.58 emy/gvhich is a character- (branching temperaturds also found to decrease with in-
istic of bulk ferro or ferrimagnetic type of ordering, is evi- creasing magnetic field. This type of branching between FC
dent. Bottom inset in Fig. 5 shows the temperatureand ZFC magnetization curves is very common in spin
dependence of coercive fielthc. An increase inHg with  glass??7 cluster spin glas$2° and superparamagnéfs3?

whereC is Curie constant an is paramagnetic Curie tem-
perature. A linear fit ofy™t vs T curve in the temperature
range 30-75K is shown in the inset of Fig. 4.
Fitting yielded C=4.974+0.002 emu K/mole/Oe and
0®=17.65+0.03 K. The positive value &f indicates positive
exchange correlations between thé'Fiens. The effective
magnetic moment in the paramagnetic statgy;, obtained
from Curie constant is (ueq)?=(3Ckg/Nau?s~8C)
=39.79u%; (i.e., uer=6.31ug) per formula unit. This value
is lower than the reported valyg+=6.8 ug) for the “ferri-
ferricyanide” system by Bozortlet all* The theoretically
expected spin only value dfug)? per formula unit can be
calculated by using the formula(ues)?=2[g%n.S.(S
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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 f
each temperature. Short vertical lines represent the positions
Bragg peaks. Théhkl) 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.
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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 spiA*Fe
ions occupy 4 (0, 0, 0 and 4 (1/2,1/2,1/2 crystallo-
graphic sites and the occupancies of these sites are 100%.
Similarly, carbon and nitrogen atoms also occupy the 24
crystallographic site with 100% occupancies. However, wa-
ter molecules occupy the 82rystallographic site with only
50% occupancy. Therefore, a random distribution of water
molecules(present in this compoundlso contributes to the
observed branching between the FC and ZFC magnetization
curves.

The observed ferromagnetism in[Fe(CN)g] - 4H,0 can
understood qualitatively on the basis of molecular-field

r
e
3tiweory. The octahedral crystalline field of CNgand splits

the 3 orbitals of F&* into low energytyg (dyy,dy,, d;,) and
high energyey (do,dx.y) Orbitals. Competition between
splitting energy(difference in energy of,y and g, orbitalg

However, for the systems where long-range order is in@nd pairing energyenergy required for pairing of electrons
volved, the branching can occur from domains, domair” a0 orbita) determines the spin state of ¥don. In low

walls, inhomogeneities and also from disoréfe?® From dc

spin configuration, splitting energy is higher than pairing en-

magnetization and low temperature neutron diffraction stud€r9y SO that pairing starts i, orbitals after the arrival of

ies, it is clearly evident that ferriferricyanide belongs to a
collinear ferromagnetic material with long-range correlation

the fourth electron. The electronic configuration of low spin
Fe¥*(d°), therefore, ig,,° 0 i.e., there is only one unpaired

and higher coercivity. Here, the observed irreversibility be-€/€ctron and the resulting spin &=1/2. In high spin con-
tween FC and ZFC magnetization curves might arise fronfiguration, on the other hand, splitting energy is lower than
domain mobility or domain growth under different cooling the pairing energy so that electrons can occupy high energy
conditions. When the sample is cooled in the absence df Orbitals and the pairing of electrons i, ande, orbitals
magnetic field, the domains are more random giving low negtarts after the arival of the sixth electron. The electronic
magnetization. In the field-cooled case, however, magneti€onfiguration of high spin Fé(d°), therefore, ig,* 6% i.e.,
domains are preferentially oriented in the direction of thethere are five unpaired electrons in five orbitals and the re-
applied magnetic field, thus giving higher value of magneti-Sulting spin isS=5/2. The possibility of direct exchange
zation. The other reasons for the observed branching coul@etween the two nearest magnetic ions is excluded because
be due to the presence of inhomogeneity and inherent stru@f large distances between theffie;-Fe,=5.109 A). Large
tural disorder. As far as the question of large inhomogeneitgeparation eliminates the possibility of direct overlap of

759
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FIG. 7. Temperature dependence M{rc and Mgc under the

external magnetic field afi=0.2, 0.5, 1.5, and 5 kOe.

50

magnetic orbitals of Reand Fe 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 spififfee,) and low

spin Fé€*(Fe,) 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 theffre-Fe,=Fe,-Fe,=10.218 A. 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., betwegp (t,,)
orbital of Fg andd,, (gy) orbital of Fg also betweerd,,

(tpg) orbital of Fg andd,, (t,,) orbital of Fg; whereas anti-
ferromagnetic coupling results between the magnetic orbitals
of same symmetry, e.gd,, (t,,) orbital Fg and d,, (ty,)
orbital of Fg.?! The systematic illustration of ferro and an-
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carbon atoms is in low spifiS=1/2) state. The compound
undergoes a paramagnetic to ferromagnetic phase transition
at 17.4 K. The observed value pf.4, 6.31 ug per formula
unit, agrees well with the theoretically expected spin only
value of 6.16ug. Saturation magnetizatiofb.8 ug per for-
mula uni} is in disagreement with the literature reported
value of 3.8ug per formula unit. However, our observed
value of saturation magnetization is in agreement with the
High spin Fe** Low spin Fe™ expeqted &LB. per fqrmula unit fro_m co_IIinear ferro_magpetic
S—5/n S=1/2 ordering of high spin and low spin Feions. Coercive field
of the compound is an order of magnitude higher than that of
FIG. 8. Distribution of electrons iy, ande, orbitals for high ~ many other compounds of the hexacyanometallates family.
spin and low spin F¥ ions. F indicates ferromagnetic coupling and Thermomagnetic irreversibility between ZFC and FC mag-
AF indicates antiferromagnetic coupling among magnetic orbitals.netization curves is observed up tb kOe field. This irre-
versibility might have its origin in magnetic domain kinetics
tiferromagnetic coupling among the magnetic orbitals of theunder different cooling conditions and also due to the pres-
Fe** ions is shown in Fig. 8. It is, therefore, evident that for ence of available vacant sites in the lattice for the water
the present system ferromagnetic coupling between orbital@olecules. The observed ferromagnetism of this compound
of different symmetries is dominant over antiferromagnetichas been understood qualitatively in terms of molecular field
coupling between orbitals of same symmetries and the resuftbeory. The compound has both ferromagnetietween or-

ant ordering among the magnetic orbitals is ferromagnetic. thogonal magnetic orbitaiss well as antiferromagnetibe-
tween the orbitals having the same symmpginteractions

IV. SUMMARY AND CONCLUSIONS but the fe_rro_magnet_ic interactions are dominant over antifer-
romagnetic interactions and the resultant ordering is ferro-
We have presented the structural and magnetic propertigaagnetic.

of ferriferricyanide, FEFe(CN)g]-4H,0. It is a member of
hexacyanometallate based molecular magnetic materials. It ACKNOWLEDGMENTS
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