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The phase formation in the system Cu;_.Fey. (POy)s
(0 <x < 1) was investigated at 920°C under air. These phos-
phates were studied by X-ray powder diffraction and Mossbauer
spectroscopy. At 0.3 <x < 0.95 new phosphates, Cu;_,Fe,.,
(PO,)s, are formed which are isotypic with Fe,(PO,)s. Mos-
sbauer spectroscopy confirms that the structure stabilizes Fe?*
cations up to 19% under air. At 0 <x<0.3 the synthesized
specimens contain Cu,P,0,, while at 0.95<x < 1 they contain
FePO, as the second phases. The crystal structures of
Cu,Fe 6(POy)s and Cu,gsFeqo5(PO,)s specimens were studied
by the Rietveld method. They crystallize in the triclinic space
group P-1 (No. 2), Z=1 with a=7.9231(2) A, b =9.3099(2) A,
€=6.2582(2) A, « =107.395(2), = 100.980(2), y = 105.675(2)
for Cu,,Fe s(POs)s and a=7.9434(2) A, b=9.3089(2) A,
c=6.2654(2) A, o =107.564(2),  =101.040(2), y = 105.643(2)
for Cu,sFe,05(PO,)s. The Fe** cations are localized in M(2)O,
and M(4)Oy sites. The trigonal bipyramidal M(3)Os sites are
fully occupied by Cu?* cations in both structures. With increasing
iron content in Cu;_,Fe,,.(PO,)s, the substitution of Fe?* for
Cu?* is realized in M(1)06 sites.  © 2000 Academic Press
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1. INTRODUCTION

Iron phosphates have a rich crystal chemistry and numer-
ous practical applications as heterogeneous catalysis (1-3),
passivation of metal surfaces (4), and corrosion inhibition
(5). They can be used also as sensor materials (6) and as
materials for fossil energy conversion (7). These properties
result from the fact that iron has two stable oxidation states,

+2and +3.

Gorbunov et al. (8) have reported the crystal structure of
the mixed-valent iron (II/III) phosphate, Fe;(PO,)s. By now
a number of isotypic compounds with the general formula
Me3*R3*(PO,)s have been described: Me;Cry(POy)s
(Me=Cr (9), Zn (9,10), Mg, Cu (10)), MesFe,(PO,)s
(Me=Ni (11), Co (12,13)), Mn,FeFe, (POy,)s (13),
Mg;Tiy(PO,)s (14), and Zn3V,4(POy)s (15). Some hydrogen-
phosphates, Co,H,(PO,)s (16), Mn,H,(PO,)s (17), and
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Fe,H(PO,)s (18), vanadates, pf-CusFe,VOy,)s (19),
NaCuFe,(VO,); (20), and LiCuFe,(VO,); (21), and molyb-
dates, Ag,Zn,(MoO,); (22) and Na,Mgs(MoQO,)s (23), are
crystallized in the same structure type. The composition of
iron-containing phosphates, Me;Fe,(PO,), differs from
stoichiometric. The actual stoichiometry of specimens
CosFe (PO,)s and Mn,FeFe (PO,)s defined in the course
of the structure refinement was Co, oFe, {(POy)s and
Mn, g6Fes 04(POL)6 (13). Mossbauer spectroscopy of co-
balt/iron phosphate, Co;Fe,(PO,)s, showed the presence of
Fe?™ cations (12). The composition of the titled compound,
NizFe,(PO,)s, was reported as Ni, ;sFes 55(POy4)6 +
0.266Ni; g Feq.10P,05 (11).

The Fe,(PO,)¢ structure type is described in many studies
(8-23). The structure contains four independent cation sites,
octahedra M(1)Og, M(2)O¢, and M(4)Og, and trigonal bi-
pyramid M(3)Os. In the idealized structure the M(1) and
M(3) sites are occupied by bivalent cations and the M(2) and
M(4) sites are occupied by trivalent cations (10). This distri-
bution was confirmed by the electrostatic site potential
calculations (8, 10, 13). Experimental cation distribution has
shown that the M(3) site is always occupied by bivalent
cations and the M(4) site is always occupied by trivalent
cations (10). The M(1) site is preferably occupied by bivalent
and the M(2) site by trivalent cations. Disordering of bi- and
trivalent cations over the M(1) and M(2) sites was observed
for some structures (10, 13, 14). For example, the following
cation distribution was found in Cu;Cry(POy)s (10):
0.892Cu?* + 0.108Cr**-M(1),  0.054Cu?* + 0.946Cr3*
-M(2), 1Cu?*-M(3), and 1Cr3*-M(4).

To our knowledge, only one compound, Cuy jsFes
(PO,);, with the alluaudite-type structure has been de-
scribed (24) in the system Cu-Fe-P-0. In this paper, we
describe new mixed-valent iron (II/III) phosphates,
Cu;_Fe, ;. (PO,)s, with the Fe,(PO,)q structure type.

2. EXPERIMENTAL

Synthesis

Cuz_,Fe (PO, (0 <x < 1) specimens were syn-
thesized from stoichiometric mixtures of CuQO, Fe,O3, and
NH,H,PO, by solid-state method at 900-920°C (90 h,
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ground every 30 h) under air in alumina crucibles. All start-
ing components were of analytical grade. Specimens with
x =0, 0.2, 0.3, 0.4, 0.6, 0.9, and 1.0 were obtained. After
annealing, the specimens were quenched at room temper-
ature. The powders with 0 < x < 0.6 were dark gray—green
and had a different tinge depending on iron content. The
specimens with x = 0.9 and 1.0 were almost black.

X-Ray Diffraction

X-ray diffraction (XRD) measurements were performed at
room temperature on a Siemens D500 powder diffrac-
tometer, equipped with an incident-beam SiO,-
monochromator (CuKoy, radiation at 30 kV and 30 mA,
A =1.5406 A, Ni-filter, Bragg-Brentano geometry) and
a position-sensitive detector (BRAUN). XRD data for phase
analysis were collected between 20 = 10-60° with a step
interval of 0.02°. Effective counting time per step was ca.
5min. Silicon was used as an external standard. For
structure refinements of the Cu, Fe, (PO4)s and
Cu,Fes(PO,)s specimens, XRD data were collected in the
range 20 = 10-120° with a step interval of 0.02°. Effective
counting time per step was ca. 30 min. XRD data processing
and the structure refinements were carried out by the Riet-
veld method (25) using the program RIETAN-94 (26).

Mossbauer Spectroscopy

Iron-57 Mossbauer spectra were recorded at room tem-
perature using a constant acceleration Mossbauer spec-
trometer coupled with a 1024 multichannel analyzer and
a 37Co/Cr source kept at RT. All isomer shift values (J)
given hereafter are referred to as a-iron. Experimental data
were resolved into symmetric quadrupole doublets with
Lorentzian lineshapes using an iterative least-square fit pro-
gram.

3. RESULTS AND DISCUSSION
Phase Analysis

XRD showed that the specimens Cu; — Fe, . (PO,)s with
x = 0 and 0.2 contained Cu,P,0 as the second phase. The
specimen with x = 1.0 contained FePO, as the second
phase. The specimens with x = 0.3, 0.4, 0.6, and 0.9 were
single phased. The quantity of the second phases was esti-
mated using the RIETAN-94 program (26) by the formula
given in (27), which includes the Rietveld scale factors and
the crystallographic information about phases. Only unit
cell parameters (among all structural parameters) of
Cu,P,0, (28), FePO, (29), and phases which are isotypic
with Fe;(PO,)s were refined during Rietveld processing of
XRD data. The specimen with the total composition of
Cu;Fe (POy)6 had ca. 4.4 wt% of Cu,P,0-, the specimen
with the total composition of Cu, gFe, ,(PO,)s had ca.
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FIG.1. X-ray diffraction patterns of Cu;_ Fe, (PO,)¢ with x = 0 (a),

0.2 (b), 0.3 (c), 0.4 (d), 0.9 (e) after the Rietveld processing of XRD data. For
the Cu3Fe (PO,)s specimen, Bragg reflections of the phase with the
Fe,(POy) structure type (1) and Cu,P,05 (2) are shown.

2.0 wt% of Cu,P,0-, and the specimen with the total com-
position of Cu,Fes(PO,)¢ had ca. 2.0 wt% of FePO,. Note
that the detection of FePO, was not possible without the
Rietveld processing of XRD data, as the strongest line
of FePO, (20 = 25.84) coincided with lines of the phase
with the Fe,(PO,)s structure type. XRD patterns of
Cu; - Fe,; (POy)s with x =0, 0.2, 0.3, 0.4, and 0.9 after
Rietveld processing are shown in Fig. 1. The refined unit-cell
parameters of all phases with the Fe,(PO,)¢ structure type
are given in Table 1.

XRD patterns of Cusz_ Fes: (POy)s (0<x<1) are
slightly distinguished even in the composition region of
0 < x < 0.3. It is especially noticeable in the vicinity of the
strongest line 260 = 29-31° (Fig. 1). This is probably due to
the fact that the system Cuj;_,.Fe, . (PO,)s is not quasi
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TABLE 1
Unit Cell Parameters for Phases With the Fe,(PO,)s Structure
Type in Cu3—xFe4+x(P04)6 (0 <x< 1)

x a, A b, A ¢, A o B y v, A3

0.0 7.9076(4) 9.3195(6) 6.2558(4) 107.155(9) 100.976(9) 105.752(9)
02 7.8991(4) 9.3102(6) 6.2529(4) 107.219(9) 100.967(9) 105.699(9)
0.3 7.9275(4) 9.3201(6) 6.2552(4) 107.234(9) 100.993(9) 105.797(9)
04 7.9155(4) 9.3130(6) 6.2549(4) 107.279(9) 100.982(9) 105.730(9)
0.6 7.9230(4) 9.3092(6) 6.2581(4) 107.390(9) 100.988(9) 105.673(9)
)
)

405.2
404.2
405.8
404.9
405.2
405.7
405.7

0.9 7.9395(5) 9.3072(7) 6.2614(5) 107.519(9) 101.031(9) 105.661(9)
1.0 7.9411(4) 9.3052(6) 6.2639(4) 107.566(9) 101.043(9) 105.647(9)

O \O \© O

binary (iron changes its oxidation state and copper pyro-
phosphate appears), and the Fe,;(PO,)q structure type may
contain more (for example, LiCuFe,(VO,); (21)) or less (for
example, NaZns 5(MoQO,)s (30)) than 7 cations per unit cell.
It seems that the composition of phases which possess the
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FIG.2. Mossbauer spectra of (a) Cu,g¢Fess(POy)s and (b)

Cu,Fes(PO,)s specimens at room temperature.
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Fe,(PO,)¢ structure type are distinguished in the region
0<x<0.3.

The quantity of Fe?* in the mixed phosphates
Cus_ Fe, (POy)s depends on the starting stoichiometry.
The experimental results showed that the quantity of Fe?*
can change in the region 0.3 < x < 0.95 and in this region
impurity phases are absent. Thus the crystal structure
Cu;_,Fe, . (PO,)s stabilizes the Fe?" cations during the
synthesis. The only possibility of formation of Fe?* is the
lost of oxygen by Fe,O3 during synthesis. It is well known
that Fe;O, is stable above 1200°C. It seems that the temper-
ature of appearance of Fe?* decreases (up to 900°C) in the
Cu;_Fe,; (POy)e system during the synthesis.

Mossbauer Spectroscopy

Mossbauer spectra of the Cu,¢Fe,4(POy)s and
Cu,Fes(PO,)e specimens are shown in Fig. 2 and the para-
meters corresponding to the fits shown in this figure are
given in Table 2. The full line widths at half-maximum
(FWHM) of the Fe** doublets were constrained to be equal
during least-square fitting. The fits of the spectra are not
unique. The fits are very similar and differ mainly by the
parameters of the Fe?* doublets. These parameters vary in

TABLE 2
Parameters of Mossbauer Spectra for Me;Fe,(PO,)s at Room
Temperature
Me 0% mm/s AEy’, mm/s T, mm/s S % Ref.
Co 0.44 0.72 0.48 95 (12)
Ni 0.44(1) 0.61(2) 0.29(1) 52 (11)
0.44(1) 1.00(2) 0.29(1) 39
1.24(3) 2.61(6) 047) 9
Fe 0.445 0.53
0.445 0.83 (31)
CN =5 1.12 2.56
CN=6 1.31 2.78
Fe 0451)  0.57(2) 029(1) 28(2)
0.45(1) 0.82(2) 0.29(1)  33(2) 32)
CN=5 1.15(1) 2.60(2) 024(1)  26(2)
CN =6 1.34(1) 2.85(2) 024(1)  13(2)
0.47(1) 0.83(1) 0.30(1) 44.8(15)
(Cu, Fe)* 0.46(1) 1.12(1) 0.30(1)  45.0(15) (this work)
1.31(1) 2.68(1) 0.27(1) 10.2(15)
0.47(1) 0.84(1) 0.30(1)  40.6(15)
(Cu, Fe)**  047(1) 1.04(1) 0.30(1)  40.7(15) (this work)
1.28(1) 2.78(1) 031(1)  18.7(15)

“Chemical shift.

*Quadrupole splitting.

‘Full width at half maximum.

Area.

*The Cu,_¢Fe, 4(PO,)s specimen (the expected area for Fe?™ is 9.1%).
**The Cu,Fes(PO,)s specimen (the expected area for Fe?™ is 19.2%).
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the ranges ¢ = 1.25-1.38 mm/s and A = 2.80-2.53 mm/s
for Cu,¢Fes4(POy)e and o6 =1.28-1.37mm/s and
A = 2.78-2.60 mm/s for Cu,Fes(PO,)s. It was not possible
to choose one model using the “goodness-of-fit” criterion.
So we chose the model that gives isomer shifts close to Fe?*
(with CN = 6) in Fe,(POy)s (6 = 0.31 mm/s (31), 0.32 mm/s
(11) and 0.34 mm/s (32)) and close to the isomer shift range
for Fe?* (with CN = 6) in oxides given by Menil (33)
(1.06 < 6 < 1.29 mm/s). Isomer shifts of doublets assigned
to Fe3* for all compounds with the Fe;(PO,)s structure
type are very close to each other (6 = 0.46(2) mm/s, see
Table 2). According to Menil (33), the isomer shifts for Fe®*
are 0.29 < 6 < 0.50 mm/s for coordination number CN = 6
in oxides and 0.22 < ¢ < 0.34 mm/s for CN = 5. The ob-
tained isomer shifts of Fe3* cations in the Cu, Fe4 4(PO.,)s
and Cu,Fes(PO,)s (6 = 0.47(1) mm/s) specimens strongly
suggest that Fe** cations are not located in the five-coor-
dinated site M(3)Os.

FWHM of doublets assigned to Fe?>* are close to
FWHM for the Fe®* doublets and to the instrumental
resolution (I = 0.25 mmy/s). It is likely to assume that Fe?*
cations occupy only one position. The isomer shifts of the

TABLE 3
Important Refined Parameters and Counting Conditions
for CUZ.4Fe4.6(PO4)6 and CuZFes(PO4)6

Cu, 4Fe, o(POy)s  CuyFes(POy)s

Space group P-1 (No. 2) P-1 (No. 2)
zZ 1 1
20 range (°) 10 =120 10 =120
Scan step 0.02 0.02
I,,.x (counts) 44758* 25888%*
Lattice constants

a (A) 7.9231(2) 7.9434(2)

b (A) 9.3099(2) 9.3089(2)

¢ A) 6.2582(2) 6.2654(2)

o 107.395(2) 107.564(2)

B 100.980(2) 101.040(2)

b 105.675(2) 105.643(2)

v (A3 405.2 406.1
dexps deare (g/cm?) 3.97(4), 4.01 3.96(4), 3.99
Number of Bragg reflections 1196 1201* + 165°
Variables

Structural/others 63/20 63/20
Reliable factors®

Rwp; Rp 8.30; 6.24 10.40; 7.40

Ry Rg 6.73; 3.25 6.58% 3.19¢

8.87%; 3.30°

S 3.33 3.25

D-wd 1.40 1.69

“Cuz.05F€4.05(PO4)6.

"FePO,.

‘Defined as in (26).
*Background was subtracted in 6500 counts.
**Background was subtracted in 4500 counts.
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TABLE 4
Atomic Positional and Isotropic Displacement Parameters
for Cu2,4Fe4,6(PO4)(, (I) and CUZFeS(PO4)6 (II)

Atom X y z Biso
M(1) | 0 0 0 0.5(1)
11 0 0 0 0.5(1)
M2 | 0.4504(6) 0.1185(5) 0.3866(7)  0.1(1)
11 0.4517(7) 0.1178(6) 0.3840(9) 0.1(1)
M@3 | —0.1950(4) 0.2738(4) 0.2658(6)  0.6(1)
11 —0.1927(5) 0.2750(5) 0.2659(7)  0.7(1)
M4 | —0.2782(5) — 0.4744(5) 0.0474(7)  0.2(1)
11 — 0.2782(6) — 0.4740(6) 0.0488(8)  0.1(1)
P(1) | —0.4021(8) —0.1661(8) 0.096(1)  0.8(2)
II —0.403(1) —0.165(1) 0.099(1)  0.8(2)
P(2) | 0.2289(8) 0.3732(7) 0.402(1)  0.4(1)
11 0.227(1) 0.3703(8) 0.398(1)  0.1(2)
P(3) | 0.1476(9) — 0.2305(8) 0.234(1)  0.7(2)
11 0.146(1) —0.2312(9) 0.233(1)  0.6(2)
o1 | 0.035(2) 0.242(1) 0.284(2)  0.2(1)
11 0.034(2) 0.237(2) 0.2772)  0.2(1)
0(2) | —0.461(2) — 0.085(1) 0.318(2)  0.2(1)
11 — 0.460(2) — 0.083(2) 0.321(3)  0.2(1)
o33 | 0.278(2) 0.464(1) 0.243(2)  0.2(1)
11 0.276(2) 0.466(2) 0.2493)  0.2(1)
(o)1) | 0.357(2) 0.282(1) 0.445(2)  0.2(1)
11 0.362(2) 0.280(2) 0.443(3)  0.2(1)
O(5) | 0.264(2) —0.227(1) 0.466(2)  0.2(1)
11 0.262(2) —0.226(2) 0.468(3)  0.2(1)
O(6) | —0.443(2) —0.347(1) 0.068(2)  0.2(1)
11 —0.445(2) —0.351(2) 0.068(2)  0.2(1)
o(7 | —0.200(2) — 0.080(2) 0.1192)  0.2(1)
11 —0.200(2) — 0.080(2) 0.1143)  0.2(1)
o8 | —0.472(2) 0.160(2) 0.121(2)  0.2(1)
11 — 0.468(2) 0.163(2) 0.121(3)  0.2(1)
09) | —0.196(2) 0.333(1) —0.018(2)  0.2(1)
11 —0.199(2) 0.335(2) —0.0173)  0.2(1)
0(10) | —0.243(2) —0.493(2) 0.360(2)  0.2(1)
11 —0.247(2) — 0.494(2) 0.354(3)  0.2(1)
o(11) | 0.197(2) — 0.054(1) 0.2352)  0.2(1)
11 0.201(2) — 0.055(2) 0.231(2)  0.2(1)
0(12) | —0.056(2) —0.298(1) 0.206(2)  0.2(1)
I — 0.055(2) —0.295(2) 0.208(3)  0.2(1)

Note. The M(1) site is field by 0.6Fe?* + 0.4Cu?* and 1Fe?* in
Cu, 4Fes ¢(POy)s and Cu,Fes(PO,)q, respectively. In both structures the
M(2), M(3), and M(4) sites are filled by 1Fe**, 1Cu?*, and 1Fe*, respec-
tively.

Fe2* doublets in Cu, ¢Fe, 4(PO,)s and Cu,Fes(PO,)s are
0 =131(1) and 1.28(1) mm/s, respectively. These isomer
shifts correspond also to Fe?* with CN =6 according
to Menil (33): 1.06 <6 <1.20mm/s for CN =5 and
1.06 <6 < 1.29 mm/s for CN = 6. The information about
FWHM and isomer shifts of the Fe?* doublets circumstan-
tially suggests that Fe?* cations are localized in one oc-
tahedral site M(1)Og4. Note that this conclusion does not
depend on the fitting model because all of them give isomer
shift of Fe?* § > 1.25 mm/s.
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FIG. 3. A portion of the Rietveld refinement profiles for (a) Cu, 4Fe, ¢(PO4)s and (b) Cu,Fes(POy)e; 1, observed; 2, calculated; and 3, difference X-ray
powder diffraction patterns; 4 and 4’ Bragg reflections for the phases with the Fe;(PO,), structure type and FePO,, respectively. The calculated patterns
are shifted to 2500 counts from the observed patterns.
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As shown in Table 2, the relative areas of the three
doublets obtained from a least-square fit agree very well
with those calculated from the stoichiometry of the com-
pounds. It is an indication that the recoil-free fractions for
the three sites are close. It was expected because the oc-
tahedral sites are similar, although no investigation of the
temperature dependents of the spectral absorption area was
made.

Mossbauer spectroscopy data indicate that iron cations
are not localized in the five-coordinated M(3) sites of the
structure. Thus, the M(3)Oj5 sites are fully occupied by Cu?*
cations in all compounds and with increasing iron content
in Cu;_,Fe,, (PO,)s the substitution of Fe?* for Cu®* is
realized in one octahedral site, which is probably M(1)Og.

Structure Refinement

For the structure refinement of the Cu, 4Fe, (PO4)s and
Cu,Fes(PO,)s specimens, the atomic coordinates of
CosFey (PO,)s (13) were used as the starting parameters. In
the Cu,Fes(PO,)s specimen only the scale factor and cell
parameters for FePO, (29) were refined because of its small

BELIK ET AL.

content (ca. 2 wt%). Counting conditions are given in
Table 3. As scattering factors of copper and iron cations are
close to each other it was impossible to refine real distribu-
tion of these cations over cation sites. Using XRD, it was
only possible to examine boundary situations. First, the
ideal cation distribution (10) was used; i.e., the bivalent
cations were located in the M(1)Og and M(3)Os sites
and the trivalent cations were located in the M(2)O¢ and
M(4)Og sites: 1Fe?t-M(1), 1Fe3*-M(2), 1Cu?*-M(3), and
1Fe3"-M(4) for Cu,Fes(PO,)s and 0.6Fe?* 4 0.4Cu’*-
M(1), 1Fe**-M(2), 1Cu?>*-M(3), and 1Fe3*-M(4) for
Cu, 4Fe, (PO,4)s. According to Mossbauer data the
M(3)Os5 sites were filled by copper. Using this cation distri-
bution usually observed isotropic thermal displacement
parameters (B;,,) were obtained for all cations (see Table 4).
The following refinement of cation occupancy factors result-
ed in the values equal to 1 within experimental errors
(n(M(1)) = 1.01(1), n(M(2)) = 1.02(1), n(M(3)) = 1.00(1), and
n(M(4)) = 1.02(1) for Cu,Fes(PO,4)s and n(M(1)) = 1.00(1),
n(M(2)) = 1.02(1), n(M(3)) = 1.00(1), and n(M(4)) = 1.01(1)
for Cu, 4Fe, ¢(PO4)s). When copper cations were placed in
the M(1), M(2), or M(4) sites and iron cations were placed in

TABLE 5
Bond Distances (108) and Angles (°) for Tetrahedra PO;~ in Cu,,Fe,s(PO,)s (I) and Cu,Fes(PO,)s (IT)
Bonds and angles I I Bonds and angles 1 II
P(1)-0(2) 1.59(1) 1.59(2) P(3)-0(12) 1.52(1) 1.50(2)
-0(8) 1.55(1) 1.56(2) -0(5) 1.55(1) 1.56(2)
-0(6) 1.56(1) 1.61(2) -0(9) 1.58(1) 1.61(2)
-0(7) 1.54(1) 1.56(2) -0(11) 1.58(1) 1.59(2)
(P(1)-0> 1.56 1.58 (P(3)-0) 1.56 1.57
O(7)-P(1)-0(2) 112.6(8) 144(1) 0(5)-P(3)-0(12) 110.8(8) 110.49)
-0(8) 109.3(8) 108.7(9) -0(11) 109.2(8) 109.1(9)
-0(6) 112.3(7) 112.1(9) -0(9) 110.0(7) 109.8(9)
0O(2)-P(1)-0O(8) 107.6(7) 108.0(9) 0O(12)-P(3)-0O(11) 109.0(7) 109.6(9)
-0(6) 106.2(7) 106.6(8) -0(9) 110.5(8) 112(1)
O(8)-P(1)-0(6) 108.5(8) 107 (1) O(11)-P(3)-0(9) 107.2(7) 105.3(8)
(O-P(1)-0> 109.4 109.4 {O-P(3)-0> 109.5 109.4
P(2)-0(3) 1.52(1) 1.51(2) M(1)-0(7)*2 1.94(1) 1.93(1)
-0(4) 1.52(1) 1.56(1) —O(11)*2 2.20(1) 2.21(1)
—O(1) 1.55(1) 1.56(2) —O(1)*2 2.32(1) 2.26(1)
-0(10) 1.53(1) 1.58(2) M(2)-0(4) 1.84(1) 1.81(1)
(P(2)-0> 1.53 1.55 -0(8) 1.98(1) 1.99(2)
0(3)-P(2)-0(4) 112.2(8) 112(1) -0(11) 2.03(1) 2.02(2)
-0O(1) 110.6(8) 111 (1) -0(2) 1.96(1) 1.96(2)
~0(10) 109.3(8) 107.3(9) -0(5) 2.10(1) 2.11(2)
0(4)-P(2)-0(1) 104.7(7) 105.4(9) -0(2) 2.15(1) 2.12(1)
-0(10) 107.9(8) 106.2(9) M(3)-0(1) 1.91(1) 1.92(2)
O(1)-P(2)-0(10) 112.0(7) 114.1(9) -0(9) 2.01(1) 2.01(2)
{O-P(2)-0> 109.5 109.3 -0(5) 1.99(1) 1.99(2)
M(4)-0(12) 1.89(1) 1.91(2) -0(8) 2.05(3) 2.04(2)
-0(3) 1.85(1) 1.89(2) ~0(10) 2.23(1) 2.23(2)
-0(10) 1.99(1) 1.95(2)
-0(9) 2.01(1) 2.002)
-0(6) 1.98(1) 1.97(1)
-0(6)) 2.20(1) 2.18(2)
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FIG. 4. Polyhedral surrounding of the M(3)Os site.

the M(3) site in Cu,Fes(PO,)s, the following occupancies
were obtained: n = 0.91(1) for M(1), M(2), or M(4) and
n = 1.09(1) for M(3). This result also confirms that Cu?”*
cations preferably occupy the M(3)Os sites in
Cu,Fes(POy)s.

Examination of By, for M(1)-M(4) cation sites in all
studied structures of orthophosphates with the Fe;(PO,)s
structure type (all of them were obtained using single-crystal
data) has shown that B, for the M(1) and M(3) sites are
almost the same, and they are greater than B, for the M(2)
and M(4) sites (which are also almost the same) by a factor
2-3. Despite thermal parameters obtained from powder
XRD are less reliable than that obtained from single-crystal
data, B, obtained in this work (Table 4) for the ideal cation
distribution is in agreement with this observation. Note that
B;,, for one and the same site in both structures are equal to
each other.

When iron cations were placed in the M(1) sites and
(0.6Fe**™ + 0.4Cu®*) cations were placed in the M(2) or
M(4) sites in Cu, 4Fe, (PO,)s the following occupancies
were obtained: n = 1.04(1) for M(1) and n = 0.95(1) for M(2)
or M(4) (with fixed Bj,, as in Table 4). These results confirm
that the ideal cation distribution is more probable. Impor-
tant refinement parameters are given in[Table 3] The final

observed, calculated, and difference profiles are shown in
Fig. 3 and the refined atomic coordinates, thermal para-
meters, and interatomic distances for Cu, 4Fe, ¢(PO,)s and
Cu,Fes(PO,)s are listed in Tables 4 and 5. The main fea-
tures of the crystal structure are shown in Figs. 4 and 5.

Thus, using both Mossbauer data and XRD structure
refinement it was deduced that the trigonal bipyramidal
M(3)Oj5 sites were fully occupied by Cu?™ cations in both
structures and with increasing of iron content in
Cu;_.Fe,; (PO,)s the substitution of Fe?* for Cu?* was
realized in the M(1)Og sites.

Using the results of quantitative phase analysis the com-
position of the Cu,Fes(PO,)s specimen may be presented
as Cu, gsFes 05(POy)s + 0.15FePO,. The composition
of the phase with the Fe;(PO,)s structure type,
Cu, o5Fe4 95(POy)s6, is very close to the composition of the
manganese/iron phosphate, Mn, g,Fe, 96(POy)s, which
was synthesized by hydrothermal method followed by an-
nealing at 450°C under air for 1 h (13). The M(1)O¢ and
M(3)Os sites in Mn, g4Fe, o6(PO4)e Were found to be occu-
pied by 0.16Fe?* + 0.84Mn?* and 0.4Fe?* + 0.6Mn?*, re-
spectively. This distribution of bivalent cations over the
M(1)O¢ and M(3)Os sites differs from the obtained cation
distribution in the Cu,Fes(PO,)s specimen. The factors
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FIG. 5.

(001) projection of crystal structure of Cu, 4Fe, ¢(PO4)s.

controlling the distribution of iron and manganese cations
in Mn, g4Fe, 06(POy)s remained unclear (13) because
Mn?* (d°) has no site preference on ligand-field grounds,
whereas Fe?* (d°) would be expected to show an octahedral
site preference. As for Cu;_ Fe, . (POy)s, iron (II) is local-
ized in the M(1)Og sites in accordance with ligand-field
grounds. Furthermore, the M(1)Og site is the compressed-
octahedral site (see Table 5). Such oxygen coordination is
seldom observed for the Jahn-Teller active ion Cu?* (10).
This is probably another reason why the substitution of
Fe2* for Cu?” is realized in the M(1)Oy sites.
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