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DIELECTRIC ABSORPTION IN POLYCRYSTALLINE IRON(II) PHOSPHATE.
A POSSIBLE MODEL OF ELECTRON HOPPING BETWEEN TWO SITES IN
THE CRYSTAL LATTICE

*
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Department of Materials Science, Denki-Tsushin University,
Chofu-shi, Tokyo 182

A remarkable dielectric absorption has been observed in the poly-
crystalline sample of iron(II) phosphate at room temperature with the
maximum of absorption at about 20 Hz. Electron hopping between two
sites in the crystal, i.e., between Fe2+ and Fe3+ ions, is suggested
as a possible mechanism of this dielectric absorption.

Iron(II) phosphate, Fe3(PO4)2-8H20, the mineral "vivianite", is known to be
pleochroic, showing different colours along the three crystal axes, cobalt blue(a),

1)

ions of considerable amount has been confirmed by Takashima and Ohashiz) by

nearly colourless(B) and pale olive-green(Y), respectively, while the existence
3+

of Fe

the measurement of Moessbauer effect, notwithstanding the chemical constitution as

3)

an iron(II) phosphate. The crystal structure analysis by Mori and Ito reveals

2+ ions in the unit cell, "site 1" and

that there are two kinds of site for the Fe
"site 2": the Fe2+ ions at the site 2 form a pair of ions of separation, 2.96 i,
along the b axis, while the distance between iron ions at the site 1 and site 2 is
5.24 A also along the b axis. Although the location of Fe3+ ions in the lattice re-
mains undetermined, this substance seems to have a characteristic feature of the so-
called mixed-valence compound which has been the subject of recent investigations by

a number of workers.3”®)

Possible dynamic behaviour of electrons and/or ions in this
crystal, as regards the dielectric absorption or electric conduction, has invoked
our interest to perform a dielectric measurement at radio- and ultralow frequency
region, observing a remarkable absorption at about 20 Hz at room temperature.

Iron(II) phosphate was synthesized in our laboratory from the aqueous solutions
of both FeSO, and Na,HPO,, with particular care to avoid presumable oxidation of
Fe2+ ions at the early stage of reaction. White precipitates produced first changed
the colour gradually into dark blue on standing. The sample of the material actual-
ly served for the dielectric measurement was the one kept in a sealed flask for
almost 10 years after the synthesis. The sample was ground to a fine powder and
then made a disk of 40 mm in diametre and 1.41 mm thick under the pressure of 15
tons/cmz. Dielectric measurements were performed with use of a transformer bridge
(ANDO TR-1C), and an ultgaow—frequency bridge (ANDO TR-4), together with a three-
terminal capacitance condenser as a measuring cell, which was kept in an electri-
cally regulated air thermostat.

One of the results of dielectric absorption, observed at 26.3°C, is shown in
Fig. 1 as a Cole-Cole plot, which exhibits clearly that the relaxation process in



570 Chemistry Letters, 1983

this crystal is of the Davidson-Cole type with a characteristic distribution of re-
laxation time,7) e*- e =(go- ew)/(l+jw1)8, where e*is the complex permittivity, €.,
€, are the permittivities at static and extremely high frequency electric field,
respectively; w is the angular frequency, T the relaxation time, and B is the para-
metre characterizing the distribution of relaxation time. The following values are
obf;ined for these parametres? €o= 102, g = 6.2, €&§x= 33.1, fmax=?l'9 Hz, 1t=1.22 x
10 s, B= 0.572. Here, fmax is the frequency at which the absorption reaches the

maximum value, €Y = 33.1.
max
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Fig. 1 Cole-Cole plot of the permittivity of iron(II) phosphate (26.5°C).
The Arrhenius plot of log({t) against reciprocal temperature gives a straight
line in the temperature range of 25 to 35°C(Fig. 2), from which the energy of acti-
vation for this relaxation process is obtained as AH=118 kJmol—l(ZB.l kcal/mol) .

This value is fairly large compared with those for the reorientational process of

usual small molecules in the crystal, such as the water of crystallization,s) or

the phosphate ion. Further, the low value of £ 21.9 Hz, too, suggests a mecha-

max’
nism other than the molecular reorientation for this dielectric absorption: accod-

ing to Ref. 8, fmax for the relaxation process of the water of crystallization is

usually found around 103 Hz.
The hopping of electrons between two sites localized in the crystal lattice or
in the non-crystalline solids has been proposed recently as the cause of dielectric

4)

absorption at low frequencies, in some of the charge-transfer complexes ’‘and in a

4)2-5) Lewis has discussed these phenomena theoretically.g)
Thus, we might apply this hopping model to the dielectric absorption observed in

Fe3(PO )2-8H20 as follows: first, let us admit that there are a considerable amount

of Fe3 ions occupying either site 1 or 2, instead of Fe2+ ions, as suggested by
Takashima and Ohashi of some vivianites beforez)(the ratio of Fe3+ to Fe2+ amounts

to almost 1, sometimes). The oxidation of Fe?t ions may be due to the contact with

mixed-valece salt, K3(Mn0

air, presumably reinforced by the electron-withdrawing tendency of the (PO4)3-ion,

10) 11)

as was pointed out by May and also by Van der Lugt and Poulis on the basis

of the observed chemical shift in 3lP nuclear magnetic resonance spectrum of vivia-

2+ and (P04)3- ions might

nite. The formation of a charge-transfer bond between Fe
2+]+—[(Po4)3’]‘, where Fe?' is the donor D and (904)3' is the
acceptor A, in the usual notation.

On the other hand, the bonding between Fe2+ and (PO4)3_ must be through oxy-

gen atoms of the phosphate ion, the Fe2+ at the site 1 being coordinated by two

be expected like [Fe

oxygen atoms, while those at the site 2 being coordinated by six oxygen atoms of
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3) 2+

phosphate ions, which form a double octahedral group of oxygen. As each Fe ion

of the pair(site 2) should have equal probability of forming a charge-transfer bond
with (P04)3_ ion, D+' A~, the alternation of this bonding would occur between Fe2+
and the phosphate ion concerned with an appropriate time constant, which would re-
sult the reorientation of an effective dipole of rather large moment (4.80x2.96=

14.2 Debye[47.4x10 30

to a large dielectric absorption if electric field of appropriate frequency is ap-

Cm], at least). This reorientation of dipole could give rise

plied. Figure 3 shows schematically the relation between the donor and acceptor
with the transfer of an electron between Fe2+ and Fe3+ ions separated by a poten-
tial barrier. The disEances, i T, and rij are apprg?imately 2.0 i for the former
two and 2.96 or 5.24 A for the latter, respectively.

The arrangement of ions in the lattice of vivianite is partly shown in Fig. 4,
drawn using the crystal data from Ref. 3; the location of the molecules of the water
of crystallization is omitted which are known to be arranged in such a way that
every four of them form a tetrahedron bonded to each other by weak hydrogen bonds
along the ac plane (cleavage plane). As can be seen from the figure, there are a

number of ways conceivable through which the electron could be transferred from Fe2+

to Fe3+, such as Fe2+—0- Fe3+, Fe2+—O-P-O- Fe3+, etc., other than the direct trans-
fer from Fe2+(site 2) to Fe3+(site 2) . These multiple paths of electron transfer
could be the origin of the distribution of relaxation time characteristic of the
Davidson-Cole type, depending on the magnitude of the potential barrier for the
respective electron transfer. Still, quantitative estimation of the relaxation time
for the respective process mentioned above is difficult at the present stage and

left for the future investigation.
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Fig. 2 Arrhenius plot of log T vs. T
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Fig. 4 Arrangement of ions along ac plane of vivianite(schematic).
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