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New NZP-type phosphates of the formula PbM31M41P3O12

(M31 5 Cr, Fe, and In; M41 5 Ti, Zr, Hf, and Sn) were syn-
thesized. The evolution of lattice parameters with radii of
M31 and M41 cations indicates the anomalous behavior of tin-
containing compounds. The room temperature structure of
PbFeZrP3O12 has been re5ned using powder neutron di4raction
data. The compounds were characterized by infrared and elec-
tronic spectroscopic methods. Pb0.5Mo2P3O12 with molybdenum
present in the reduced state (14) was synthesized. It is found that
Pb0.5Mo2P3O12 is structurally related to TlMo2P3O12 and cry-
stallizes in an orthorhombic system with parameters a 5
8.621 As ; b 5 9.492 As ; c 5 12.486 As . ( 1999 Academic Press

Key Words: NZP; orthophosphates; neutron di4raction.

INTRODUCTION

Open framework phosphates of the general formula
AM

2
P
3
O

12
, crystallizing in the NZP (NaZr

2
P
3
O

12
) struc-

ture, are important in view of their fast-ion conduction and
low thermal expansion behaviour (1, 2). The compounds
are also studied for redox insertion and extraction reactions
(3}6), for ion-exchange reactions (7), and for the immo-
bilization of radioactive nuclides (8). These characteristic
properties are attributed to the unique crystal structure of
NZP.

The crystal structure of the prototype composition
NaZr

2
P
3
O

12
was "rst reported by Hagman and Kier-

kegaard (9). It has rhombohedral symmetry with R31 C space
group and the equivalent hexagonal unit cell has dimen-
sions a"8.804 As and c"22.758 As . The basic structure
consists of a framework of corner shared PO

4
tetrahedra

and ZrO
6

octahedra. This polyhedral interconnection gives
rise to two types of interstitial sites with distinct geometries.
The site with a distorted octahedral coordination of oxygen
is referred to as the type I site and that with trigonal
prismatic coordination is referred to as the type II site. The
type I sites (6b) are situated between two ZrO

6
octahedra

along the axis of the O
3
ZrO

3
(PO

4
)
3
O

3
ZrO

3
ribbons (c-

axis) and the type II sites (18e) are located between these
ribbons. These vacant sites are interconnected to form 3D
227
tunnels through which the charge compensating A-cations
can di!use.

An interesting aspect of the crytal chemistry of the NZP
structure is its extraordinary #exibility toward cationic sub-
stitutions at di!erent lattice sites leading to numerous chem-
ical compositions. There are also compounds with vacant
interstitial sites (e.g., M5`Ti4`P

3
O

12
) (10). The #exibility of

the framework is further demonstrated by the existence of
compounds with H`, the smallest ion, and Cs`, one of the
largest ions at the A site (11, 12). By suitable charge compen-
sating substitutions at the Zr site, compounds with divalent
and higher valent ions occupying the type I site can also be
synthesized (13}16). Thus, the NZP frame work is ideal for
developing a suitable composition that can meet the desired
requirements for a speci"c application.

The present work reports on the synthesis of a series of
new compounds of the formula Pb2`M3`M4`P

3
O

12
(M3`"Cr, Fe and In; M4`"Ti, Zr, Hf, and Sn) and
stabilization of elements with lower oxidation states
(Ti3` and Mo4`) in the orthophosphate lattice, e.g.,
Pb`2Ti`3Ti`4P

3
O

12
and Pb2`

0.5
Mo4`

2
P
3
O

12
. The struc-

tural features of the compound PbFeZrP
3
O

12
are deter-

mined by the Rietveld pro"le re"nement of the powder
neutron di!raction pattern. Since the properties such as
thermal expansion and ionic conductivity depend on the
nature of the ions present in the vacant sites, it is interesting
to synthesize and study this NZP family of compounds with
bulky Pb2` ion.

EXPERIMENTAL

Synthesis

The compounds were synthesized by high temperature
solid state reaction from high pure PbO, Cr

2
O

3
, Fe

2
O

3
,

In
2
O

3
, TiO

2
, ZrO

2
, HfO

2
, SnO

2
, and NH

4
H

2
PO

4
.

Stoichiometric mixtures of the metal oxides and ammonium
dihydrogen phosphate were heated in air at 3003C for 6 h to
eliminate H

2
O and NH

3
. The resultant mixture was heated

in the powder form at 6003C for 12 h and at 9003C for 24 h
with intermittent grindings. The powder samples were pel-
letized and sintered in the range of temperature from 1050
0022-4596/99 $30.00
Copyright ( 1999 by Academic Press

All rights of reproduction in any form reserved.



228 BUVANESWARI AND VARADARAJU
to 12003C depending on the nature of the M3` and M4`

ions present in the composition.
The compounds Pb`2Ti`3Ti`4P

3
O

12
and Pb

0.5
Mo

2
P
3
O

12
were synthesized by solid state reduction of Ti4` and

Mo6` by Ti and Mo metal powders (17, 18). In the "rst step
an o!-stoichiometric mixture of PbO, TiO

2
/MoO

3
, and

NH
4
H

2
PO

4
was heated in air at 3003C for 6 h and at 6003C

for 12 h. This treatment removes all the volatiles and en-
ables further reaction in an evacuated sealed quartz tube. In
the second step, the resulting &&master composition'' was
thoroughly mixed with the required amount of Ti or Mo
metal powder. The mixture was pelletized and the pellets
were heat treated at 9003C in an evacuated (&10~5 torr)
and sealed quartz tube for 24 h. The pellets were ground
well, repelletized, and heated in sealed quartz tubes at 9003C
for 24 h with intermittent grinding to ensure the homogen-
eity of the mixture. Finally the pellets of Ti-containing
compound were sintered at 10503C for 24 h and those of
Mo-containing compound at 10003C for 24 h in evacuated
and sealed quartz tubes. The reaction scheme is given below:
1. PbO#1.75TiO
2
#3NH

4
H

2
PO

4

*
&"
air

Master composition#H
2
O#NH

3
C

Master composition#0.25 Ti
*

&&&"
vacuum

Pb`2Ti`3Ti`4P
3
O

12

2. 0.5 PbO#1.3333 MoO
3
#3NH

4
H

2
PO

4

*
&"
air

Master composition#H
2
O#NH

3
C

Master composition#0.6667 Mo
*

&&&"
vacuum

Pb
0.5

Mo
2
P

3
O

12
.

The formation process was monitored for the compound
PbFeZrP

3
O

12
by recording XRD patterns at RT of the

reactant mixture heated at various temperatures as men-
tioned above. The elimination of water and ammonia at
3003C left behind a mixture of oxides (PbO, Fe

2
O

3
, and

ZrO
2
) and other amorphous phases. Heating at 6003C re-

sulted in the formation of phosphates such as PbP
2
O

6
,

Pb
2
P
2
O

7
, FePO

4
, Zr(PO

3
)
4
, and a-Zr

2
P
2
O

9
. At 9003C all

the lower phosphates decomposed and the formation of
PbFeZrP

3
O

12
together with ZrP

2
O

7
was noted. Heating at

11003C eliminated the ZrP
2
O

7
phase and resulted in single

phase formation of PbFeZrP
3
O

12
.

Characterization

The compounds were characterized by powder X-ray
di!raction (Rich Seifert, Germany, CuKa

1
) at room temper-

ature. Potassium chloride was used as an internal standard.
The di!raction patterns were indexed by using the LAZY
PULVERIX program. The lattice parameters were ob-
tained by LSQ "tting of high angle re#ections. A thermal
stability study was done on the mixed valent compound
using Stanton Redcroft (UK) simultaneous thermal ana-
lyser STA 781 series in N

2
atmosphere in the temperature

range 30}8003C using alumina as the reference material at
a heating rate of 103 C/min.

The neutron powder di!raction data were collected using
1.4882 As neutrons with the sample contained in thin-walled
vanadium cans. The di!raction pattern was recorded using
a position sensitive detector over the 2h range 5.403}105.353
in 0.05 steps.

The infrared spectra were recorded in the range
1700}400 cm~1 (Perkin Elmer 983) using the KBr disk
technique. Di!use re#ectance spectra on select samples were
recorded using a Varian Cary 2300 spectrophotometer.

RESULTS AND DISCUSSION

Phase Formation, Structure, and Stability

Phases of the formula Pb2`M3`M4`P
3
O

12
(M3`"Cr,

Fe and In; M4`"Ti, Sn, Hf, and Zr), Pb`2Ti`3Ti`4P
3
O

12
,

and Pb
0.5

Mo
2
P

3
O

12
were synthesized. All the compounds

show good crystallinity. In the preparation of mixed valent
titanium- and molybdenum-containing compounds no re-
duction of Pb2` either by Ti metal powder or by Mo metal
powder was observed. Depending on the nature of the M3`

and M4` ions the color of the compounds varies from white
to black (Table 1).

All phases are stable toward exposure to air and moisture
at room temperature. The compounds Pb`2Ti`3Ti`4

P
3
O

12
and Pb

0.5
Mo

2
P

3
O

12
are stable under normal condi-

tions. Thermal analysis of Pb`2Ti`3Ti`4P
3
O

12
in N

2
at-

mosphere shows that the compound is stable in the
temperature range 30}9003C. However, on heating in air
above 5003C, the compound decomposes with consequent
decoloration. The formation of TiO

2
, PbO

2
, and TiP

2
O

7
was observed on heating the sample at 9003C and this has
been con"rmed by XRD.

X-ray di!raction patterns of representative members
are given in Fig. 1. Figure 2 shows the pattern for
Pb

0.5
Mo

2
P
3
O

12
. All Pb2`M3`M4`P

3
O

12
compounds are

isostructural with the alkaline earth analogues (13, 19). On
the other hand the XRD pattern of Pb

0.5
Mo

2
P

3
O

12
shows



TABLE 1
Hexagonal Lattice Parameters of PbM31M41P3O12 Compounds

Lattice parameters (As )

Compounds Color a c Volume (As 3)

PbTiTiP
3
O

12
Black 8.474 22.76 1415

PbInTiP
3
O

12
White 8.513 23.09 1449

PbCrSnP
3
O

12
Green 8.320 23.03 1380

PbFeSnP
3
O

12
White 8.367 23.12 1402

PbInSnP
3
O

12
White 8.437 23.48 1447

PbCrHfP
3
O

12
Green 8.541 23.10 1459

PbFeHfP
3
O

12
White 8.608 23.19 1488

PbInHfP
3
O

12
White 8.710 23.50 1544

PbCrZrP
3
O

12
Green 8.557 23.13 1467

PbFeZrP
3
O

12
White 8.620 23.21 1494

PbInZrP
3
O

12
White 8.720 23.51 1548
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a strong resemblance to that of TlMo
2
P

3
O

12
(18). Accord-

ingly, the pattern is indexed on the basis of an orthorhombic
cell with the space group P bcm. The lattice parameters are
FIG. 1. Powder X-ray di!raction patterns of (a) PbTi3`Ti4`P
a"8.621 As , b"9.492 As , and c"12.486 As . The ortho-
rhombic structure of TlMo

2
P

3
O

12
is built up of corner-

shared MoO
6

octahedra and PO
4

tetrahedra which form
tunnels running along the b axis and cages, where the Tl`
ions are located.

The XRD patterns of Pb2`M3`M4`P
3
O

12
compounds

are indexed on the basis of a rhombohedral system with the
space group (R31 C). The equivalent hexagonal parameters
and the unit cell volumes are given in Table 1. It is noted
that the presence of Pb2` with a lone pair of 6s2 electrons
does not cause any modi"cation on the symmetry of the
structure. Similarly the variation in the sizes of the M`3 and
M`4 ions also has no e!ect on the structural symmetry of
these phases. The cell volumes, however, are large in com-
parison to the alkaline earth analogues. This could be due to
the stereochemical activity (20) of the 6s2 lone pair of the
Pb2` ion. Results obtained from the powder XRD study
con"rm that the compounds (Pb2`M3`M4`P

3
O

12
)

crystallize in rhombohedral symmetry, adopting the NZP
3
O

12
; (b) PbCrZrP

3
O

12
; (c) PbFeSnP

3
O

12
; (d) PbInHfP

3
O

12
.



FIG. 2. Powder X-ray di!raction pattern of Pb
0.5

Mo
2
P

3
O

12
.
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structure. The study does not show the existence of a super
structure. This implies that substituted M3` ions should be
statistically distributed over the 12c (Zr-site in NaZr

2
P

3
O

12
) octahedral site. To illustrate this, structural analysis of

a select compound PbFeZrP
3
O

12
was carried out.

Structure Rexnement of PbFeZrP
3
O

12
The room temperature neutron di!raction data were re-
"ned by the Rietveld method (21) using the FULLPROF
pro"le re"nement program and the peak shape was as-
sumed to be pseudo-Voigt function. The re"nement was
performed in the space group R31 C. The structure was
modeled by assuming that the title compound is isostructur-
al with NaZr

2
P
3
O

12
. It was assumed that Pb2` occupies

the Na site (6b), and the Fe/Zr atoms are considered to be
statistically distributed over the same crystallographic posi-
tions (12c). The P atoms are "xed on the 18e site and the
O atoms are uniformly distributed over two equivalent 36 f
positions. The atom positions of NaZr

2
P
3
O

12
were used as

the starting model.
In the initial stages of the re"nement the scale factor, the

instrumental zero point correction, the background para-
meters, the unit cell parameters, the FWHM parameters, the
overall thermal parameters, and the asymmetry factor were
re"ned. After reaching the minimum agreement factors, the
structural parameters were re"ned. The "nal agreement
factors reached are:

R
81

"5.03; R
1
"3.95; R

B3!''
"5.32

R
%9
"2.44; s2"4.25; R

F
"3.80

The "nal hexagonal lattice parameters obtained are
a"8.6281(3) As and c"23.2546(8) As . The parameters are in
good agreement with the values obtained from least square
"tting. The observed, calculated, and di!erence patterns
obtained from the "nal re"nement are shown in Fig. 3. The
atomic coordinates with standard deviations are given in
Table 2. Selected bond distances and bond angles are given
in Table 3.

Description of the Structure

The proposed structure for the compound PbFeZrP
3
O

12
consists of a framework of two nonequivalent MO

6
oc-

tahedra (M"Fe/Zr) and PO
4

tetrahedra sharing their
corners. The PO

4
tetrahedra are made up of P}O bonds

varying in length between 1.519(2) and 1.532(2) As . The
O}P}O bond angles range from 107.0(1) to 113.6(2). These
bond lengths and bond angles are comparable to the re-
ported values of other related phosphate compounds such
as KGe

2
P
3
O

12
(22), NaTiSnP

3
O

12
, (23) and MoAlP

2
O

9
(24).

The coordination around Fe/Zr can be described as dis-
torted octahedra. The average Fe/Zr}O

1
bond distance is

1.993(3) As and the Fe/Zr}O
2

bond distance is 2.075(2) As .
Similar bond lengths are found in other compounds of iron
with distorted FeO

6
octahedra such as a-Fe

2
O

3
where the

distances are 1.91 and 2.06 As (25) and in KBaFe
2
P
3
O

12
(26)

where one of the FeO
6

octahedra is distorted and has Fe}O
bond lengths 1.964 and 2.014 As . The Zr}O

1
and Zr}O

2
distances are in the range of zirconium}oxygen bond
lengths encountered in NaZr

2
P
3
O

12
(9), KZr

2
P
3
O

12
(27),

Na
5
ZrP

3
O

12
(28), and BaZrO

3
(29) where zirconium has

six-fold coordination.
The Pb2` ions located in the type I site are surrounded by

six nearest oxygen atoms at a distance 2.650(2) As . The
absence of monoclinic distortion also con"rms the occu-
pancy of Pb2` ion at the type I site. The octahedral environ-
ment of Pb2` is highly distorted as in the case of NaO

6
octahedra in NaZr

2
P
3
O

12
with the bond angles 61.4 and

118.6. The Pb}O bond distance is in the range of values
reported for other oxides of lead (where Pb is in a #2
oxidation state and has six-fold coordination) such as
Pb

2
O

3
(30) and PbSb

2
O

6
(31). In red PbO, lead is sur-

rounded by four oxygen atoms with an interatomic distance
of 2.30 (As ) (32), while in PbTiO

3
the average Pb}O distance

is 2.81 (As ) (12-fold coordination) (33).

Size Ewect of Framework M3` and M4` Ions

In the NZP structure, for a series of compounds with
a given ion in the type I site the lattice parameter variation is
governed by the size of the metal ion of MO

6
octahedra.

Figures 4 and 5 show the plots of the hexagonal a and
c parameters of Pb2`M3`M4`P

3
O

12
compounds as a

function of the ionic radius (34) of the octahedral site M3`

and M4` cations, respectively. For the purpose of compari-
son, the data for the compounds PbCrTiP

3
O

12
and



FIG. 3. Observed, calculated and di!erence pro"les of PbFeZrP
3
O

12
.
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PbFeTiP
3
O

12
(35, 36) are included. Both a and c para-

meters show an increase with increasing ionic radius of the
M3` cation. This trend is in contrast to the lattice para-
meter variation when the A-site cation size is varied (19).
Increase in the ionic radius of the A-site cation increases the
c-parameter and decreases the a-parameter.
TABLE 2
Atomic Positions of PbFeZrP3O12

Atom x y z

Pb 0 0 0
Fe 0 0 0.1508(1)
Zr 0 0 0.1508(1)
P 0.2897(3) 0 0.25
O1 0.1762(2) !0.0340(3) 0.1965(1)
O2 0.1918(2) 0.1682(2) 0.0920(1)
An increase in the ionic radius of the M4` cation leads to
an increase in the c-lattice parameter. On the other hand,
the a-parameter for tin-containing compounds is closer to
that of the titanium-containing compounds in spite of
the proximity between the radii of the Sn4` ion and the
TABLE 3
Selected Interatomic Distances (As ) and Bond Angles (3)

Bond distances Bond angles

6(Pb}O
1
) 3.534(3) O

1
}Fe/Zr}O

1
94.2(1) O

1
}P}O

1
113.6(2)

6(Pb}O
2
) 2.650(2) O

1
}Fe/Zr}O

2
170.9(1) O

1
}P}O

2
110.1(1)

3(Fe/Zr}O
1
) 1.993(3) O

2
}Fe/Zr}O

2
81.4(1) O

2
}P}O

2
109.4(2)

3(Fe/Zr}O
2
) 2.075(2) O

1
}Fe/Zr}O

2
93.1(1) O

2
}P}O

1
107.0(1)

2(P}O
1
) 1.519(2) O

1
}Fe/Zr}O

2
90.7(1)

2(P}O
2
) 1.532(2) Pb}O

2
}O

2
118.6(1)

Pb}O
2
O

2
61.4(1)



FIG. 4. Variation in the lattice parameters of PbM3`M4`P
3
O

12
with

the radii of the M3` (Cr, Fe, and In) cations.

FIG. 5. Variation in the lattice parameters of PbM3`M4`P
3
O

12
with

the radii of the M4`(Ti, Sn, Hf, and Zr) cations.
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Zr4`/Hf4` ions. Similar behavior was observed in
the NaM

2
P
3
O

12
(M"Ti, Zr, and Sn) series (37) and in the

NbMP
3
O

12
(M"Ti, Zr, Hf, and Sn) series of compounds

(38). The anomalous behavior of the Sn4`-containing
phases in comparison to that of the other transition metal
ion (Ti4`, Zr4`, and Hf4` )-containing phases could be
attributed to the di!erent nature of the electronic con"gura-
tion of the tetravalent metal ion as proposed by Rodrigo
et al. (37).

SPECTROSCOPIC ANALYSIS

Infrared Spectra

Table 4 lists the IR spectral assignments for all the com-
pounds in the range 1700}400 cm~1. Infrared spectra of
select compounds are shown in Fig. 6. The compounds
show characteristic PO

4
vibrations of the NZP framework

(39, 40). The broadbands and the complexity of the spectra
indicate that the symmetry of the phosphate group has been
reduced to the site symmetry C

2
inside the space group D

3$
(40). Since the compounds are isostructural, the spectra are
similar. However, distinguishable changes are observed in
the position of the l

3
band (antisymmetric P}O stretching

mode). As shown in Table 4, the l
3

band which is observed
at 1000 cm~1 in the parent phase NaZr

2
P

3
O

12
(19) is
shifted to higher frequency values. This could be due to the
presence of Pb2` in the type I site and the polarizing nature
of M3`/M4` ions. A shift of about 40 to 60 cm~1 toward
higher energy is observed in all tin-containing compounds
in comparison to the titanium-, zirconium-, and hafnium-
containing compounds. A similar observation was made in
the case of CuSn

2
(PO

4
)
3

and AgSn
2
(PO

4
)
3

(41). This could
be attributed to the weak O}Sn}O bonds due to the "lled
shell (d10) con"guration of Sn4` as proposed by Rodrigo et
al. (37). This could result in an increase in the covalency of
the P}O bond, thereby shifting the frequency of the l

3
band

to higher values. As seen from Fig. 5, the unit cell dimen-
sions also show di!erences when Sn, the main group ele-
ment, is introduced into the lattice. The titanium-containing
compounds display more resolved spectra. This indicates
the presence of highly distorted TiO

6
octahedra. The more

polarizing Ti4` ion makes the TiO
6

octahedron more rigid
which in turn reduces the symmetry of the PO

4
tetrahedron

in comparison to the ions viz., Zr4`, Hf4`, and Sn4`. Apart
from the region of the l

3
band, the l

1
and l

4
(symmetric

stretching and antisymmetric bending) vibrations occur al-
most in the same region (&950, 630}643, and 550 cm~1,
respectively). The symmetric bending vibrations (l

2
) show

a shift of 10}15 cm~1 toward a higher energy in all chro-
mium-containing compounds. Hence, the changes in the
infrared spectra of all these compounds can be viewed as the



TABLE 4
Assignment (cm21) of IR Bands for PbM31M41P3O12 Compounds

l
3

l
1

l
4

Compound l
!4

(P}O) l
4
(P}O) d (P}O) l

2
(P}O)

PbTi3`Ti4`P
3
O

12
1193m, 1042sh, 1009m 945m 636s, 556s 424m

PbCrTiP
3
O

12
1203m, 1050sh, 1001m 939sh 659w, 635s, 552s 439m

PbFeTiP
3
O

12
1206m, 1080sh, 1043sh, 1001m 942sh 631s, 546s, 580w 423m

PbInTiP
3
O

12
1210w, 1050sh, 999m 945w 627s, 551s 429s

PbCrSnP
3
O

12
1205m, 1062m, 1005sh * 632s, 553s 442m

PbFeSnP
3
O

12
1202b, 1057m 940sh 629s, 549s 432m

PbInSnP
3
O

12
1201m, 1065m 980sh 627s, 556s 436b

PbCrHfP
3
O

12
1205m, 1022b 950sh 643s, 552s 431w

PbFeHfP
3
O

12
1200m, 1036m 965sh 639s, 547s 424m

PbInHfP
3
O

12
1202m, 1028m 2 637s, 547s 422w

PbCrZrP
3
O

12
1206m, 1017b 2 637s, 548s 432m

PbFeZrP
3
O

12
1199m, 1024m 2 637s, 542s 422s

PbInZrP
3
O

12
1199m, 1107sh, 1057sh, 1022m 2 633s, 544s 422m

Note. s, sharp; m, medium; w, weak; b, broad; and sh, shoulder.
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manifestations of the combined e!ect of the interstitial Pb2`

cation and the framework Ti4`, Zr4`, Hf4`, and Sn4`

cations on the P}O bonds.
FIG. 6. Infrared spectra of (a) PbCrTiP
3
O

12
, (b) PbCrZrP

3
O

12
,

(c) PbCrHfP
3
O

12
, (d) PbCrSnP

3
O

12
.

Electronic Spectra

The di!use re#ectance spectra were recorded for chro-
mium- and iron-containing compounds in the range
2000}200 nm. The observed band maxima along with
the interelectronic repulsion parameter (B) and the
nephelauxetic ratio (b) are given in Table 5. The bands
correspond to allowed transitions for Cr3` present in oc-
tahedral coordination (42). The values of B and b for the
chromium-containing phases are large compared to the
values for Cr

2
O

3
. This indicates that in these compounds,

the Cr}O bond is less covalent. In the case of Fe3` the
transitions are spin forbidden and hence weak bands are
observed (43). The assignments are given in Table 5.

CONCLUSION

It has been shown that the NaZr
2
P
3
O

12
-type structure is

stable toward the substitution of bulky Pb2` ion at the Na
TABLE 5
Assignment of Bands Observed in the Electronic Spectra

Compound Band maxima (cm~1) B b

PbCrTiP
3
O

12
18,116a 24,096b * 568.3 0.62

PbCrZrP
3
O

12
17,606a 25,316b * 797.9 0.87

PbCrHfP
3
O

12
17,857a 25,641b * 803.9 0.88

PbCrSnP
3
O

12
17,857a 25,773b * 823.6 0.90

PbFeTiP
3
O

12
23,810c 21,053d 16,528e * *

PbFeZrP
3
O

12
24,096c 20,618d 16,393e * *

PbFeHfP
3
O

12
23,810c 20,408d 16,806e * *

PbFeSnP
3
O

12
24,570c 21,368d 16,367e * *

a 4A
2'
Q4T

2'
.

b 4A
2'
Q4T

1'
(P).

c 6A
1'
Q4E

'
.

d 6A
1'
Q4T

1'
.

e 6A
1'
Q4E

'
#4A

1'
.
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site with a variety of M3` and M4` ions at the Zr site.
Structural analysis of the compound PbFeZrP

3
O

12
shows

the statistical distribution of Fe3` and Zr4` in the octahed-
ral sites (12c). Molybdenum with lower oxidation state is
stabilized as Pb

0.5
Mo

2
P
3
O

12
.
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