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Abstract

Nine (Fe1-*Mn*)3(POa)2 solid solutions (0. l<xs0.9) with the graftonite-type structure
have been prepared and equilibrated at 1070 K. The structure contains three distinct cation
coordination polyhedra, all distorted: one octahedron, and two five-coordinated polyhedra.
Accurate unit cell dimensions (P2rlc) have been obtained from Guinier-Hiigg photographic
data for these phases. Mcissbauer spectra in combination with a neutron difraction study of
JFes 56Mne.5s)r@Oa)z have been used to determine the cation distribution for the various
compositions. Mn2+ preferentially enters the distorted octahedra and Fe2* the five-
coordinated sites. The site populations obtained are in agreement with general cation
preference trends.

Introduction

Many studies have been performed with the aim
of determining how approximately equidimensional
cations distribute themselves among distinct crys-
tallographic sites in minerals and inorganic struc-
tures. Such studies are principally concerned with
important oxysalt structures of natural and synthet-
ic minerals containing ubiquitous elements such as
calcium, iron, manganese etc. However, only 4-, 6-,
and 8-coordinated environments have been investi-
gated in detail so far. Therefore we have started
investigations involving five-coordinated sites
based on the farringtonite structure type (e.g. Du-
Fresne and Roy, 1961; Calvo, 1963; Nord and
Kierkegaard, 1968). Some results have already been
published (e.9. Nord, 1977; Nord and Stefanidis,
1980; Annersten e/ a/., 1980). We now extend our
studies to graftonite solid solutions of Mn3(POa)z in
Fe3(POa)2. There are three distinct cation sites in
Fe3(POa)2: M(1), M(2), and M(3). M(1) has a distort-
ed octahedral environment, while the two other
cations have five-coordinated polyhedra that are
distorted and geometrically are somewhere be-
tween a trigonal bipyramid and a tetragonal pyra-
mid (Kostiner and Rea 1974). According to the
criteria of Stephenson and Moore (1968), M(3)Os is
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somewhat closer to a trigonal bipyramid, while the
converse is true for M(2)Os. The same situation was
found in the isomorphous mineral graftonite with
the composition (Feo.ooMno.zzCao. r :):(PO+)z (Calvo,
1968). The graftonite structure, though, is unusually
flexible so that chemical and structural changes
may take place although the basic framework is
preserved. For instance, Calvo (1968) found the
M(l) cations in his graftonite to be 7-coordinated.
We now report on the cation distribution in nine
synthetic (Fe1-*Mn*)3(POa)z solid solutions, iso-
structural with Fe3(POa)2. The investigations are
based on Mdssbauer spectroscopic measurements
in combination with X-rav and neutron diffraction
data.

Experimental

Fe3(POa)2 and Mn3(PO a)2 were prepared as earli-
er described (Nord and Kierkegaard, 1980). These
batch samples were used for all other preparations.
The nine (Fe1-*Mn*)3(POa)z solid solutions were
made by heating stoichiometric amounts of the two
pure orthophosphates in evacuated and sealed silica
tubes at 1070 K (800-f 10"C) for one month and
afterwards quenching them in water. X-ray powder
diffraction data for each sample were obtained at
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room temperature (- 295 K) using a Guinier-Hiigg
type focusing camera (monochrom atized Cr K a1 ra-
diation, KCI internal standard).

Mossbauer spectra (57Fe) were recorded in trans-
mission geometry using a conventional set-up work-
ing in constant acceleration mode. The material
studied (- 5 mg Fe per cmz) was thoroughly mixed
with lucite powder, heated to 380 K where lucite is
melted, and cooled. Mcissbauer spectroscopic data
were then obtained and analyzed as described by
Annersten et al. (1980).

Neutron powder diffraction data were collected
at room temperature at the sruDsvrK R2 reactor
(Studsvik, Nykoping, Sweden) from 3 cm3 1- t0 g;
of powdered (Fes.5sMns.5o)r@O+)z kept in a vanadi-
um cup. A double copper-crystal monochromator in
parallel setting was used. The average flux was 1010
neutrons. m-2. s- l  for X -  1.56A. Data were
collected for 2 - 0 = 40' (A0 : 0.04") with a total
scan time of 12 days.

X-ray diffraction data

Graftonite and all solid solutions studied herein
crystallize in the monoclinic space group P2rlc (No.
14). Accurate unit cell dimensions were obtained by
conventional procedures (programs LAzy and
cELREF by A. G. Nord). The cell parameters are
listed in Table 1. For clarity, the unit cell volumes
versus compositions are plotted in Figure 1. The
curve V : f(x) for (Fer-*Mn*)3(POa)2 obeys Ve-
gard's law up to .tr - 0.6, at which point the cell
volume increases in a nonJinear fashion. This may
indicate a change in substitution mechanism as well
as presaging the final break-down of the graftonite
structure for pure manganese orthophosphate:
when quenched from 1070 K, Mn:(POa)z did not
form a graftonite-type structure, but another struc-

Table l. Unit cell dimensions (P2Jc) for (Fe1-*Mn*)3(POa)2
graftonite-type solid solutions (0 = x = l) at 295 K

c ( A ) B ( o ) V(A '  )

o  8 .882 ( l )  1 r . 171 ( r l )  6 . r \ 1Q)  99 .3 r ( \ )  601 .5 (5 )
o.10 a.gort i l  11.229(5) 6)-393) 99.253) 501'0(8)
0 .20  8 .842 (4 )  11 .280 (5 )  6 . r 17Q)  99 .15 (4 )  604 ' l ( 9 )
o . l o  8 .829 (1 )  r r JzaQ)  6 .1 t r 2 (1 )  99 .15 (1 )  606 .1 ( l )
o . r r o  e .a rg t z )  r r . 352 ( ,  6 . 147 (1 )  99 . r \ ( 2 )  607 .5 ( r r )

o .50  8 .810 (4 )  1 r . 170 (8 )  6 . \ 55 (J )  99  -07  (5 )  608 .8 (9 )
o .oo  8 .805 (5 )  1 r . t 85 (8 )  6 .77 )1 (1 )  99 .00 (2 )  611 .1 (9 )
o . zo  B .8o l ( r )  11 .406 ( l )  6 . 181 ( l )  99 .00 (2 )  611 .0 (4 )
o .6o  8 .804  (q  )  D . \ 21 rc )  6  . 2a7Q)  99 .00  (  4 )  615 .9 (7  )
o .90  B .Bo l (4 )  11 .429 (5 )  6 .226 (2 )  98 .97 ( / r )  618 .8 (7 )

|  * '  8 . 81 6 .27  99  . 0 62\ .7

F
to the 1,e6t-gquares P?oeedure

-x') data taken f"on StephenE (1967)

( Fer-x Mn, L 
(Poo)t

Fig. L Unit cell volume V (Z : 4) versrr composition x for
(Fe1-*Mn*)3(PO)r(0 = r < l). The value for pure Mn-graftonite
(o) is after Stephens (1967).

ture, denoted B'-Mn3(PO+)zby Stephens and Calvo
(1969), occurred.

Mtissbauer data and analysis

The Mossbauer data are summarized in Table 2
and Figures 2 and 3. The peak positions at room
temperature do not change much with the composi-
tion x in (Fe1-*Mn*):(POa)2. In agreement with the
crystal structure, the Mossbauer spectrum is com-
posed of three doublets, giving six partly overlap-
ping lines numbered from I to 6 after increasing
velocity. The lines l, 2, and 3 overlap considerably
building up the absorption profile on the left in
Figure 2. The lines 5 and 6 also overlap each other.
It is obvious from Figure 2 that the lines 3 and 4
form one doublet. Furthermore, the computer fits
favor a l-6,2-5,3-4 model in agreement with an
earlier study of Fe:(PO+)z by Mattievich and Danon
(977).

The resolution of the different Fer(PO+)z peaks is
decreased both at low and at high temperatures as
seen in Figure 3. Therefore the Mossbauer analyses
of (Fe1-*Mn*):(POa)z were principally performed
utilizing the data obtained at room temperature.
The model used gives somewhat different intensi-
ties for the three doublets in Fer(PO+)z @f.Table2),
although the three distinct cation sites are occupied
by one Fe2* ion; i.e., all iron occupancy factors are
equal to unity. This deviation from equal intensities
is only partly caused by different Debye tempera-
tures in iron at the three diferent positions as there

t=-

. .<.
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Table 2. Mcissbauer parameters for (Fe,_*Mn*)j(pOo), (o < x = 0.9)

r T (K ) CS (nrn/s) ab^  (nmlsJ

M r / l  \  M r / " \  M / " \

fntensities xFu
r\4(1) M(2) M(l)

W IM1V S,

M(1)  M(2)  M( r ) M(1 )  M(2 )  M(1 )

0 . 1
4 , 2
0 . 1
0 . 4
0 . 5

u . o
0 . 7
0 . 8

40  r . 13  1 .28
78  r . 3 t  r . 25

2 0 6  I  1 0  r  1 1

7r5 o.9o 0.86
295  1 .20  1 .10
295  r . 2 I  f . 10
295  1 .2 t -  1 . 10
295  r . 2 r  1 .10
295  1 .20  1 .10

295  7 .2?  1 .10
295  1 .19  1 .11
2 0 q  1 1 a  1 1 1

I . 3 T
'I 

20

1 . 1 6
0 .  8 7

a . a o

1  . 16
a  . l o

1 . 1 6
f . a o

I  . 16
r  . 10
I . T 7
I . I 7

)  1E: '

2  l o

2  . 1 0
1 . 4 1

Z . U O

2 . 0 6
2 . 0 3

2 n o

2 . 0 6'r oR

1 all

1 ' / )
'I qo

1  t rQ

l q o

1 . 6 0
1 . 6 1

2 . 5 4
2 . 1 7
) - .72

2 . 3 6

2 . ) 6
) z A

2 . 1 8

2 . 1 7
t " A
) 7 7

0 . 1 2
0 . 3 4
0 . 3 4
0  . 11

0 . l 0
0 . 2 4
0  . 2 f
0  . 19
0  . 1 1

0  . 1 0
0  . 0 7
0  . 0 4
0  . 04

0 . 2 8
0 .  2 8
U . Z O

0 .26
0  .28

o . 3 \
0 . l B
n ] ] "

0 . 4 7

0  . 60

0 . 2 7
0 , 2 9

n 2 q

a . 2 5
n t t r
n ) q

0 , 2 5

0 . 2 6
n ? q

u . z o

0 . 4 0
n z o
o'.i6 t'+) f) 1n€)
0 . 4 3

o . \ 2  0 . 7 9  0 . 9 7  0 . 9 4
0 . 4 4  0 . 5 6  0 . 9 7  0 .  8 7
0 . 4 5  0  . 4 3  0 . 9 0  O  . 7 7
0 . \ 3  0 . 1 2  0 . 8 5  0 . 6 3
0 . 4 4  0 . 1 8  0 . 7 9  0 . 5 3

0 . 4 3  0 . 1 1  o . 6 8  0 . 4 1
0 . 1 9  0 . 0 6  0 . 5 7  0 . 2 7
o . J 9  0 . 0 2  0 . 4 0  0 . 1 8

0 . r . 11  r . r 2 1 .
? xemperaxurer  -uunu!.uet,  Lenpelqture Ln regrees KeLOLn. UJ = cent

tempe.rature. LEe = quadneole splitting, i.e., the p

0 . 0 . 0 1  0 . 2 1  0 . 0 8 0 .
an Lron toLL at vom

tempe- ra tu re .  LEQ= qwztupo le  sp l l t t i l l g ,  i .e . ,  the  peak  sepota t ion in  adoub le t .  X t ro  =  s i te  occupana ies
tbn inon. t.:tr = full aidth at haLf rmimun of the Lorbntzian- Lines, aLL assmed to bb"equal in a fit.
x) ALL xp"ualues haoe beennornaLizedto equal  intensi t ies for  Fe3(p0l2at  zgs K,
The accurac!,t of the fitting progran is !0.0L in CS, LF4, W and internities.

TE

is no pronounced temperature dependence in the
intensities (Table 2). A combined effect of different
De^bye temperatures and small amounts (<l %) of
Fe'* and Fe2P2O7 impurities may have caused this
deviation as will be discussed in a forthcoming
paper (Nord and Ericsson, manuscript). Fortunate-
ly these effects do not affect the final cation distri-
bution results since the same iron(Il) orthophos-
phate sample was used for all preparations.
Moreover,  some addit ional preparat ions of
Fe:(PO+)z were also analyzed, and they gave Mciss-
bauer spectra identical to those shown in Figure 3.

There is a general trend that the centroid shift,
CS, increases with coordination number (Clark et
al., 1967) as well as with bonding distances (Tang
Kai et al., 1980). According to Kostiner and Rea
(1974) (all distances mentioned here for Fe3(POa)2
have been taken from that reference) the six-coordi-
nated M(1) site in Fe:(PO+)z has an average Fe-O
distance of 2.l4OA for the five nearest oxygen
atoms and2.231A for the six nearest oxygens. The
two five-coordinated sites have mean Fe-O dis-
tances of 2.844 tM(2)l and2.l0lA tM(3)1. Conse-
quently it is reasonable to attribute the doublet with
the highest CS value (1.19 mm/s at room tempera-
ture for Fer@O+)z) to M(1). For comparison, the
"7.2q(PO)2" structure contains one five- and one
six-coordinated cation site with average metal-oxy-
gen distances of 2.05 and 2.15A, respectively
(Calvo, 1963, and personal communication, 1973).
The CS values at room temperature for the iron-
containing solid solutio n y- (Zns.eoFes. 1 s)3 (POa)2 are
1.11 mm/s for the five- and 1.26 mm/s for the six-
coordinated cation site (Annersten et a/., 1980).

The two nearest oxygen atoms are much closer
for M(2) ( I .938 and 1.942 A) than for M(3) ( I .996 and
2.0424). Furthermore, the spread in Fe-O dis-
tances for the five oxygen neighbors is much larger
for M(2) (0.4824) than for M(3) (0.234A). According
to Ingalls (1964) the quadrupole splitting, AEq, for
ferrous iron tends to decrease when the distortion,
exceeding a threshold value, increases. Thus it
seems reasonable to attribute the smallest CS value
as well as the smallest AEq value to M(2). Accord-
ingly, we attribute CS/AEa : l.llll.59 (in mm/s
units) for Fe3(POa)2 at room temperature to M(2),
and 1.1612.37 to M(3) (cf. Table 2)..This assignment
may seem to be in contradiction to Bancroft's
(1973) empirical relationship that the quadrupole
splitting increases with the coordination number
(AEq for M(1) is 2.10 mm/s). However, Bancroft's
hypothesis was pr incipal ly based on 4-,  6-,
and S-coordinated iron sites. Furthermore. the dis-
tortion seems to be more pronounced for M(1) with
a spread in Fe-O distances of 0.6994 than for M(3),
where the spread is only O.n4A. Mossbauer studies
of some y(Zn1-*Fe*):(PO+)z solid solutions have
also shown that AEq for the five-coordinated Fe2+
was larger than for the six-coordinated Fe2* 1An-
nersten et al.,1980).

The Mossbauer data for the (Fe,Mn)3(POa)z solid
solutions in combination with the assignment made
above indicate that manganese concentrates at the
six-coordinated M(1) sites (c/. Table 2). As a matter
of fact, further Mossbauer studies of isomorphous
(Fe,Cd)3@Oa)2 and (Fe,Ca):(PO+)z solid solutions to-
gether with this assignment indicate that Cd2+ and
Ca2+ also concentrate in the M(1) sites (Nord and
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-t 0 | 2 3
VELOCITY (mm/s)

Fig. 2. Mcissbauer spectra of (a) (Feo qoMn6 ,6)3(POa)2, (b)
(Fe6.66Mn6 a6)3(POa)2, and (c) (Fes.3eMn6 7o)r(PO+)2, all recorded
at 295 K. The lines represent the individual Lorentzian doublets
obtained in the computer fittings. In each of the spectra one
Lorentzian doublet is dashed to make assignment easier.

Ericsson, manuscript), which is logical considering
their radii. Moreover, X-ray diffraction studies of
the graftonite (Feo.eoMno.ztCao.n)z@O+)z (Calvo,
1968) and the isostructural compound CdzZn(POa)z
(Calvo and Stephens, 1967) both indicate that the
largest cations preferred the M(1) sites of the struc-
ture.

Neutron difrraction study of (Fes.5sMns.5o)s(POc)z

In order to confirm the cation site assignment
based on the Mossbauer investigation, a neutron
powder diffracton study of (Fes.5eMn6.5o):@O+)z
was undertaken. Neutron data are favorable in this
case because of the widely divergent scattering
amplitudes for the metals: b(Fe) : +0.96 and b(Mn)

: -0.36 (in 10-12 cm units). Using the site occu-
pancies calculated from the Mossbauer data, the
scattering amplitudes for the three cation sites in
(Fes5eMns.5o)r(PO+)z would be bt : -0.19, b2 :

+0.33, and b3: +0.10. According to the Moss-
bauer analysis br is assigned to M(1), and so on.
This assignment was to be verified using the neu-
tron diffraction data.

Only data for 2 < 0 < 27o were used, including
130 independent reflections. For 0 > 27'the reflec-
tions overlapped considerably, and it was impossi-
ble to define the background level. After subtrac-
tion of the background from the intensity profile,
the net intensities were processed by means of the
full-profile refinement procedure of Rietveld (1969).
In a preliminary step the scale factor, zero point,
and unit cell dimensions were refined, thus- fixing
the mean neutron wavelength at 1.5594(4)4. The
complete structure was then refined with 46 param-
eters: one overall scale factor, three peak profile
parameters, 39 atomic coordinates and, to keep the
number of parameters within reasonable limits,
three isotropic temperature factors (for metals,
phosphorus, and oxygen). The structural data for
Fe:(PO+)z (Kostiner and Rea, 1974) were used as
starting parameters. The Rr value for the Moss-

-202
VELOCITY (mm/s)

Fig. 3. Mrissbauer spectra of Fe:(PO+)u recorded at different
temperatures: (a) at room temperature (-295 K), (b) at 715 K,
and (c) at 40 K. The full lines denote the sum of the computer-
fitted Lorentzian functions.
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Table 3. Some critical data from the six powder neutron-difraction full-profile refinements

Scattering amplitudea

M(1 )  M(2 )  M( l )

Average o(>c,/z)b Temoerature factors (A2)

.9 (Fe,lrhr) I  ( P ) B ( o )

1
2
t-
lf

5
6

h -

, 3
h 1

h t

b )

A ^

h .

h ^

h ^

h -

b i

b2
b v
bi
b j
D 2

(0 .292)  0 .1

0 . 0 6 9
0.r97

0 .150
0 .078

0 .008
0.o32

0  . 004
0  . 009

0 . 0 0 8
0 . 0 0 4
0  . 012

0 .004
0 .008
U . U ] 9

0 . 0 0 7
0 .005
0 .014

- r . v ( o ,
-7,(  ) \

>100

16(20)

r . 2 ( 6 )
6 ( 2 )

-2 (1)
2 . u  ( 9 )

0 . 0 ( l )
1 ( 1 )
1 ( 1 )

0 ( 1 )
1 . 1 (  4  )

b 0 . 2 7 0  0 . 1 6

0 .098
0 .009 - 8 . 5 ( 6 )

50 (18)
a gloen Drthin pd"en es TeteP reepectitse ua

0  ( 2 )

a) The netal .  seat ter ing anpl i tudes az,e b1 = -0.19,  b2 = 0,35,  andba= 0.10
b) tAtsez'age 

.a(x,lz)" r'epnesents the grcnd-mett of the'stanlanh nonoo's of the z,espectiue atonic cootdinatee
c) ?his refinenent did not qonue"ge

bauer model converged to 0.069 after ten cycles of
refinement (Ro :0.11, R*p : 0.13). The five other
possible ways to combine metal scattering ampli-
tudes and cation sites were then tested in the same
way (Table 3).

The data of Table 3 favor No. l[br to M(1), b2 to
M(2), and b3 to M(3)l as the correct model, in
agreement with the Mossbauer analysis. The sec-
ond best refinement (No. 5 in Table 3) implied
impossible metal-oxygen bond distances, and the
four other refinements clearly indicate that the
respective cation assignments are not correct. The
observed and calculated neutron data profiles for
refinement No. I are shown in Figure 4. The atomic
positional parameters from this refinement are list-
ed in Table 4. The large standard deviations ob-
tained for some coordinates are a consequence of
the large number of parameters in the refinement
and the small metal scattering amplitudes, which
considerably reduce the accuracy. A table of the

observed and calculated integrated intensities from
the neutron diffraction refinement (the bft2b3
"Mdssbauer" model) is available.I

Discussion

The Fe3@Oa)2 structure is built up of distorted
M(l)Oo octahedra sharing edges inpairs and arranged
in sheets throughout the structure. Edge-sharing
M(3)O5 polyhedra form chains almost perpendicular
to these sheets, while the M(2)O5 polyhedra are
joined to the sheets through corner-sharing. Illus-
trative figures of the structure type have been
published earlier (Kostiner and Rea, 1974; Calvo,
1968). Some averaged interatomic distances and
angles for (Feo.soMn0.50)3(PO4)2 are summarized in

t To obtain a copy of this table, order Document AM-82-199
from the Business Ofrce, Mineralogical Society of America,
2000 Florida Avenue, N.W., Washington, D.C. 20009. Please
remit $1.00 in advance for the microfiche.

Fig. 4. The least-squares fit obtained between the observed intensities (continuous line) and calculated intensities (points) for
(Fe65sMn6so)r(PO+)z from the neutron-difraction full-profile refinement No. I (see text). The discrepancy in the fit (1o6" - 1"^;") is
plotted below on the same scale.

rso Mno.so) r(Po6)2 9 raf ton ite
N e u t r o n  d a t a
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Table 4. Atomic positional coordinates for (Feo so Table 5. Average interatomic distances (A) and average angles
Mnoso)r(POr)z according to refinment No. I in Table 3 for three graftonite+ype structures

F"g .56h9.56 . .0  F"6 .6gh6.27c .6 .13 . . "Atorn

M(T )
M(2 )
M ( l )

P ( 1 )
P (2  )

0 (  1 )
0 ( 2 )
0 ( ] )
0 ( 4 )
0 ( 5 )
0 ( 6 )
0 ( 7 )

0 . 1 2 8 ( 4 )
o .  o5B (  l )
o . 2 0 l r ( B )

0 .146 (  J )
0 . 1 0 0 (  l )
o .  0 6 0 ( 2 )
0  .194 (  l )
o . r B B ( l )
0 . 1 1 2 ( 2 )
0 . ? 3 2 ( 2 )
0 . 0 8 r ( 2 )
0 . 0 5 6  ( 2 )

2 .17 \7 )
2 .00 (  5  )
2.41(9)
r . 6 1 (  6 )
r . 62 (6 )

2.43(2)
2.r4(2)
2 .16 (2 )
r .55(2)
1 .55(2)

0 . 8 5 r r ( 9 )
0 . t r 4 ( 7 )
0 . 1 4 2 ( 1 7 )

0 .179(6)
o . 8 0 6 ( 5 )

o  .147 (4  )
0 . 8 1 1 ( 4 )
0 . 1 8 2 ( 4 )
o . 6 v ( 5 )
o . 3 3 5 ( 5 )
o . o l 8 ( 4 )
0 . 6 0 1 ( 4  )

0 ( B )  0 . 5 2 7 3 )  - 0 . 0 5 1 ( t )  0 . 7 6 0 ( 4 )
Est

Table 5, with corresponding values for Fer(POa)z
and Calvo's (1968) graftonite added for comparison.
The somewhat inaccurate atomic positional param-
eters from our neutron diffraction study resulted in
large standard deviations in the distances and im-
probably large P-O mean distances. In spite of
these effects, it can be concluded that the mean
metal-oxygen distance is significantly longer for
M(1) than for M(2) and M(3) in (Fes.5qMno.so)r(PO+)z
as well as in (Fes.6sMns.27Cao.1:)r@O+)2. This re-
flects the larger cations (Mnt* and Ca2*) preferen-
tially occupying the M(1) sites, thus causing a
significant increase in the M(l)-O distances with
respect to Fer(PO+)r. The preference of Mn2" for
the M(1) site is also in accordance with the interpre-
tation of the Mcissbauer data. Furthermore, AEq as
well as CS decrease in a pronounced way for M(1)
as the Mn content increases from.r : 0.7 to -r : 0.9
(Table 2). The unit cell volume also increases in a
more pronounced way in the same interval (Fig. 1).
We attribute this effect to substantial distortions
especially in the M(1)06 polyhedra, thus making the
structure less stable for higher Mn contents.

The fractional amounts of iron in the three dis-
tinct cation sites are displayed in Figure 5. The
preference of Mn2* for the six-coordinated site is in
agreement with many other crystallographic obser-
vations. High-spin Mn2+ receives zero crystal-field
stabilization energy in an octahedral environment of
oxygen ligands, and its structural role is therefore
controlled principally by local electric charge and
size effects (Peacor, 1978). Cation distribution stud-
ies have shown that relative to Fe2+, the Mnz+ ion
usually occupies the largest site. Furthermore,
Fe2*, somewhat more strongly than Mn2+, seems
to prefer distorted sites (Peacor, 1978; Ghose,
1978). This is again in accordance with our results.

0 - p ( 1 ) - o  r o 9 . 5 o ( 2 )  1 0 9 0 ( 1 )  1 r 0 o ( 1 )
0 - P ( 2 ) - 0  1 0 9 . 4 0 ( 2 )  1 0 9 0 ( 2 )  1 1 0 0 ( 1 )

?he cao?dinat ian nwttbers fox M(1),  M(2),  M(3),  P(1),  md P(2) we
6, 5, 5, 4, and 4, respeetioel!, eicept fop the grcftmite friaeral
(e),  uhete M(1) ie 7-cooPdircted

a) !e.. denotes Fe3(Pal2 and. the ralues are flom Kostine? and Rea
( 1 9 7 4 )

b) Feg,5gMn6.g6.- denotes (Fe6.g6l4n6-g6)3(P04)2 ard the oalues ee

fr@ thi6 aork (neutron di f f raet ion sLudA Na. 1)
c) Fe g, 6 6Mn6 ZZCaO, 1 5..  denoteq graftoni te (  le 6. 6 gl4ng. 27Ca0. 1 Z )  Z (P0 d 2

end the oalues @e fw CaLvo (1968)

Estimated statdard deoiations are gioen in patentheses

There is also a difference between the two five-
coordinated sites in the (Fe,Mnh@O+)z solid solu-
tions: Fe2* somewhat prefers the M(2) "square
pyramid" sites to the M(3) "trigonal bipyramid"
sites, while the converse is true for Mn2*. It is
uncertain, though, whether this dependence is
caused by a size effect, the slightly different cationic
environments, or the fact that M(2)O5 is more
distorted than M(3)O5 judged from the variations in
the metal-oxygen distances. Finally, it is notewor-
thy that for M(3), the atomic fraction Xp" depends
almost linearly on the total amount of iron in each
phase.

In cation studies involving two kinds of cations
and two non-equivalent cation sites, it is customary

0.951(  B)
0 . 7 3 5 ( 4 )
o .  JBr (16)
o . o 8 t ( 5 )
0 .621(4  )
o . o 7 B ( 4 )
0  .47r (  l )
0 . 9 2 1 ( 3 )
0 . 7 2 0  ( 4 )
0 . 2 3 3 ( 4 )
0 .  701 (  J )
0 . 1 5 1 ( 4 )

N r ( r  ) - 0  2 . 2 3 r ( 4 )
M ( 2 ) - o  2 . r t ) ( \ )
r\4( t) -0 2.101 ( 4 )

P ( 1 ) - 0  r . 5 1 4 ( 4 )
P ( 2 ) - o  r . T 5 ( 4 )

e
><

- 
o 0.2 0.4 0.6 08 lo

(Fe1, Mnr13lPOa12

Fig. 5. Site occupancies for Fe2* (Xe..) at the M(l), M(2)
M(3) sites of (Fe1-*Mn*)3@O4), (0 < x = 0.9) according to
Mcissbauer analyses.

and
the
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to calculate a cation distribution coefficient, Kp, for
the intra-crystalline cation exchange reaction. In
the present (Fe,Mn)3(POa)2 phases we have com-
bined the five-coordinated sites M(2) and M(3) and
thus defined a distribution among five- and six-
coordinated sites with the expression

K; : (xY.. xM'"y(xHJ . xynJ,
where V and VI denote the coordination numbers.
Our nine phases gave an average of Ko - 10, which
more explicitly describes the stronger Fez* prefer-
ence for five-coordination. A comparison may be
made with a purely hypothetical (Fe,Mn)3(POa)2
phase with the farringtonite structur e (i.e . , isostruc-
tural with Mg3(POa)2 and " y-Zry(PO+)2"), contain-
ing five- and six-coordinated divalent cations. In a
study of such (Mg1-^Me*\(PO)2 solid solutions
(Nord and Stefanidis, 1980), the distribution factor
Ko :(Xil" 'xMD(XMt .Xil,) was determined for
Mgz*lFez* (Ko L 1.4) and Tor Mg2*/Mn2* 7K, -
0.3). If the Kp factor is supposed to represent the
equilibrium constant of the exchange reaction

Me2* 1vr1+ Mg'* (v) c Mez" (y)
* Mgz* (Yl) tMe : Fe or Mnl,

a hypotheticalFez* lMn2+ distribution factor in this
structure type may be derived by combining the two
respective equilibrium equations, giving Kr - 5
(i.e., 1.410.3), which may be compared with the
above cited value of Kp for the graftonite structure
type. An extensive study of several other (Fe1-*
Me*){PO+)z solid solutions is in progress (Nord and
Ericsson, manuscript) in order to define solid solu-
tion relationships in such structures.
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