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New phosphates, Sr1.9Cu4.1(PO4)4, Sr2Cu(PO4)2, and
Sr9.1Cu1.4(PO4)7, were found in the Cu3(PO4)2+Sr3(PO4)2 system
at 9003C under air. Sr1.9Cu4.1(PO4)4 crystallizes in an orthorhom-
bic system with a 5 15.3695(7)A_ , b 5 10.3652(4)A_ , and
c 5 7.9425(4)A_ . Crystal structures of Sr9.1Cu1.4(PO4)7,
Sr2Cu(PO4)2, and the known phase, Sr3Cu3(PO4)4, were re5ned
by the Rietveld method from X-ray di4raction data: space group
R31 m, a 5 10.6119(1)A_ , c 5 19.7045(2)A_ , and Z 5 3 for
Sr9.1Cu1.4(PO4)7; space group C2/m, a 5 11.5155(1)A_ ,
b 5 5.07543(6)A_ , c 5 6.57487(7)A_ , b 5 106.3563(6)3, and Z 5 2
for Sr2Cu(PO4)2; and space group P21/c, a 5 9.2010(1)A_ ,
b 5 4.94104(4)A_ , c 5 17.8998(3)A_ , b 5 122.8952(9)3, and Z 5 2
for Sr3Cu3(PO4)4. A second-harmonic generation study con-
5rmed that the structures of all four compounds have the center
of symmetry. Sr3Cu3(PO4)4 is isotypic with Ca3Cu3(PO4)4. Cop-
per cations in Sr3Cu3(PO4)4 have square planar and trigonal
bipyramidal coordination and strontium cations have octahedral
and ninefold coordination. Sr2Cu(PO4)2 is isotypic with
Ba2Cu(PO4)2. Copper cations in Sr2Cu(PO4)2 have square planar
coordination and strontium cations have ninefold coordination.
Sr9.1Cu1.4(PO4)7 is structurally related to b-Ca3(PO4)2 and
Sr3(PO4)2. A portion of copper cations in Sr9.1Cu1.4(PO4)7 fully
occupies the trigonal-distorted octahedral site M5. The structure
of Sr9.1Cu1.4(PO4)7 has some disordered elements: (1) strontium
cations in the M3 site statistically occupy four positions near
the center of symmetry; (2) orientation disordering of the
P1O4 tetrahedra is observed; (3) the M4 site is occupied by
0.05Sr21 1 0.2Cu2 1 1 0.75h; and (4) copper cations in the M4
site are slightly displaced from the threefold axis with distances
between positions about 0.94 A_ . Formation of solid solu-
tions Sr9.1 2 xCaxCu1.4(PO4)7 (04x49.1), Sr2 2 xBaxCu(PO4)2
1To whom correspondence should be addressed. E-mail: lazoryak@
tech.chem.msu.ru.
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(04x42), and Sr3 2 xBaxCu3(PO4)4 (04x41.5) was shown.
( 2002 Elsevier Science
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1. INTRODUCTION

Orthophosphates M3(PO4)2 (M2`"Mg, Ca, Zn, Sr, Cd,
and Ba) with di!erent substitutions have been extensively
studied as luminescence materials (1}5). Binary phosphates
of strontium and divalent metals (Mg, Mn, Fe, Co, Ni,
Cu, Zn, and Cd) have been studied and characterized by
di!erent authors. Crystal structures of a-SrZn2(PO4)2
(6), SrNi2(PO4)2 (7), Sr2Ni(PO4)2 (8), SrCo2(PO4)2 (9),
Sr2Co(PO4)2 (10), SrMn2(PO4)2 (11), Sr3Cu3(PO4)4 (12),
and Sr9Fe1.5(PO4)7 (13) were determined. Phase diagrams
M3(PO4)2}Sr3(PO4)2 were investigated for M"Ca, Mg,
Zn (1) and Cd (2). The existence of solid solutions,
Sr3~x

Mg
x
(PO4)2 (0.274x41.08 at 10003C), Sr3~x

Zn
x

(PO4)2 (0.274x40.81 at 10253C), and Sr3~x
Cd

x
(PO4)2

(0.364x40.63 at 10003C), isotypic with b-Sr3(PO4)2
and compounds, SrMg2(PO4)2, b-SrZn2(PO4)2, and
SrCd2(PO4)2, with unknown crystal lattices was found (1, 2).
b-Sr3(PO4)2 was supposed to be isotypic with b-Ca3(PO4)2
(1). The solid solutions Sr3~x

Fe
x
(PO4)2 (0.344x40.43)

with the b-Sr3(PO4)2 structure type and the compound
SrFe2(PO4)2 crystallizing in a monoclinic system were
found in the Fe3(PO4)2}Sr3(PO4)2 system (13). Crystal
structures of compounds M3~x

Cu
x
(XO4)2 (M"Ca, Sr, Ba;

X"P, V, As) usually di!er from crystal structures of com-
pounds (similar in stoichiomerty) with other transition
metals or magnesium due to the Jahn}Teller distortion
1
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caused by copper cations, for example, BaCu
2
(PO

4
)
2

(14)
and BaNi

2
(PO

4
)
2
(15), Ba

2
Cu(PO

4
)
2
(16) and Ba

2
Mg(PO

4
)
2

(17), BaCu
2
(VO

4
)
2

(18) and BaMn
2
(VO

4
)
2

(19), and
BaCu

2
(AsO

4
)
2

(20) and BaNi
2
(AsO

4
)
2

(21). Copper-con-
taining compounds are interesting because of their magnetic
properties.

To our knowledge, in the Cu
3
(PO

4
)
2
}Sr

3
(PO

4
)
2

system
only one compound, Sr

3
Cu

3
(PO

4
)
4
, was found (12, 22, 23).

Sr
3
Cu

3
(PO

4
)
4

was supposed (22) to be isotypic with
Ca

3
Cu

3
(PO

4
)
4

(24) by a comparison of X-ray powder dif-
fraction patterns. The magnetic properties of the
(Sr

1~x
Ca

x
)
3
Cu

3
(PO

4
)
4

solid solutions were studied (22, 23).
A new form of Sr

3
Cu

3
(PO

4
)
4
, which is topologically similar

but not isotypic with Ca
3
Cu

3
(PO

4
)
4
, was synthesized by

a hydrothermal method and its crystal structure was deter-
mined (12). Hereinafter, these two forms of Sr

3
Cu

3
(PO

4
)
4

will be denoted as I-Sr
3
Cu

3
(PO

4
)
4

and II-Sr
3
Cu

3
(PO

4
)
4
,

respectively.
In this paper, we investigate the Cu

3
(PO

4
)
2
}Sr

3
(PO

4
)
2

system at 9003C under air. New phosphates Sr
1.9

Cu
4.1

(PO
4
)
4
, Sr

2
Cu(PO

4
)
2
, and Sr

9.1
Cu

1.4
(PO

4
)
7

were isolated
and the crystal structures of Sr

9.1
Cu

1.4
(PO

4
)
7
,

Sr
2
Cu(PO

4
)
2
, and I-Sr

3
Cu

3
(PO

4
)
4

were re"ned by the Riet-
veld method.

2. EXPERIMENTAL

Synthesis. Samples in the Sr
3~x

Cu
x
(PO

4
)
2

system were
synthesized from stoichiometric mixtures of CuO (99.9%),
SrCO

3
(99.999%), and NH

4
H

2
PO

4
(99.999%) by the solid

state method. Stoichiometric mixtures were heated very
slow up to 6003C and then annealed at 9003C (120 h, ground
every 30 h) under air in alumina crucibles. The samples with
x"0, 0.289, 0.4, 0.414, 0.429, 1, 1.05, 1.25, 1.5, 1.75, 2, 2.05,
2.075, 2.125, 2.5, and 3 were obtained. After annealing, the
samples were quenched at room temperature. For synthesis
of solid solutions Sr

9.1~x
Ca

x
Cu

1.4
(PO

4
)
7

(04x49.1),
Sr

2~x
Ba

x
Cu(PO

4
)
2

(04x42), and Sr
3~x

Ba
x
Cu

3
(PO

4
)
4

(04x41.5), we used also CaCO
3

(99.0%) and BaCO
3

(99.0%). Solid solutions Sr
9.1~x

Ca
x
Cu

1.4
(PO

4
)
7

(04x4
9.1) were synthesized at 900}9203C followed by quenching
in air. Solid solutions Sr

2~x
Ba

x
Cu(PO

4
)
2

(04x42) and
Sr

3~x
Ba

x
Cu

3
(PO

4
)
4

(04x41.5) were synthesized at
8403C followed by quenching in air.

Make some remarks about the synthesis of the three new
compounds in the Sr

3~x
Cu

x
(PO

4
)
2

system with x"0.4, 1,
and 2.05. The single-phased samples Sr

1.9
Cu

4.1
(PO

4
)
4

(x"2.05) and Sr
2
Cu(PO

4
)
2

(x"1) could be obtained at
9003C. Annealing of the sample Sr

1.9
Cu

4.1
(PO

4
)
4

at 9503C
resulted in the appearance of a liquid phase. This specimen
contained I-Sr

3
Cu

3
(PO

4
)
4
, Cu

3
(PO

4
)
2
, and traces of un-

identi"ed phases. A long treatment of Sr
1.9

Cu
4.1

(PO
4
)
4

at
9503C resulted in the growth of I-Sr

3
Cu

3
(PO

4
)
4

single crys-
tals. Annealing of the blue specimen Sr

2
Cu(PO

4
)
2
at 10203C
resulted in a green powder, which consisted of an unidenti-
"ed phase (phase I with six strongest lines: d"2.657, 3.121,
2.800, 3.098, 2.784, and 2.702 A_ ) and traces of
Sr

9.1
Cu

1.4
(PO

4
)
7

and I-Sr
3
Cu

3
(PO

4
)
4
. Traces of phase I,

Sr
9.1

Cu
1.4

(PO
4
)
7
, and I-Sr

3
Cu

3
(PO

4
)
4

appeared when
Sr

2
Cu(PO

4
)
2

was annealed at 9203C. Our attempts to syn-
thesize at 9003C the compound Sr

9.1
Cu

1.4
(PO

4
)
7

(x"0.4)
from SrCO

3
(99.999%) were not successful, even when

platinum crucibles and quenching in liquid nitrogen were
used. The specimens in these cases were blue and consisted
of three phases, Sr

3
(PO

4
)
2
, Sr

9.1
Cu

1.4
(PO

4
)
7
, and

Sr
2
Cu(PO

4
)
2
, in comparable amounts. When the specimen

Sr
9.1

Cu
1.4

(PO
4
)
7

was cooled in a furnace, it was light-gray
and also consisted of the three phases. The compound
Sr

9.1
Cu

1.4
(PO

4
)
7

(with traces of Sr
3
(PO

4
)
2
) could be ob-

tained by quenching from 10003C into air in a platinum
crucible. The single-phased sample Sr

9.1
Cu

1.4
(PO

4
)
7

(x"0.4) in the amount of 0.1 g was obtained in a corundum
crucible by quenching from 9003C into air when we used
SrCO

3
(98.0%), CuO (99.9%), and NH

4
H

2
PO

4
(99.999%)

in synthesis. It seems that impurities can stabilize the
Sr

9.1
Cu

1.4
(PO

4
)
7

phase.

X-ray di+raction measurements. X-ray powder di!rac-
tion (XRD) measurements were performed at room temper-
ature with a SIEMENS D500 Bragg-Brentano-type powder
di!ractometer equipped with an incident-beam quartz-
monochromator to obtain CuKa

1
radiation (j"1.5406A_ )

and a BRAUN position-sensitive detector and operated at
30 kV and 30 mA. Silicon was used as an external standard.
For phase analysis XRD data were collected in the range
2h"103}603 with a step interval of 0.023. Counting
conditions of XRD data collection for crystal structure
re"nements of Sr

2
Cu(PO

4
)
2
, I-Sr

3
Cu

3
(PO

4
)
4
, and

Sr
9.1

Cu
1.4

(PO
4
)
7

are summarized in Table 1. Structure re-
"nements were carried out by the Rietveld method (25) with
RIETAN-2000 (26). The split pseudo-Voigt function of
Toraya (27) was "t to each pro"le, and the ninth-order
Legendre polynomials to the background. Partial pro"le
relaxation (26) was applied to 012, 110, 015, 122, 205, 220,
404, 045, and 324 re#ections for Sr

9.1
Cu

1.4
(PO

4
)
7
, 001, 110,

!111, !202, 002, 310, 020, 022, and !222 re#ections for
Sr

2
Cu(PO

4
)
2
, and 100, 011, !202, !213, !115, and 202

re#ections for I-Sr
3
Cu

3
(PO

4
)
4
to improve "ts in these re#ec-

tions at the last stages of the structure re"nements. Preferred
orientation was corrected with the March}Dollase function
on the assumption of the (001) preferred orientation vector
for Sr

2
Cu(PO

4
)
2
and (010) for I-Sr

3
Cu

3
(PO

4
)
4
. Atomic scat-

tering factors for Sr2`, Cu2`, P, and O~ were taken from
(28). Standard deviations were estimated by the conven-
tional method.

Second-harmonic generation (SHG) study. The second-
harmonic generation response of powder samples was mea-
sured in the re#ection scheme. A Q-switch pulsed Nd:YAG



TABLE 1
Conditions of the Di4raction Experiments and Parts of

Re5nement Results for I-Sr3Cu3(PO4)4, Sr2Cu(PO4)2, and
Sr9.1Cu1.4(PO4)7

I-Sr
3
Cu

3
(PO

4
)
4

Sr
2
Cu(PO

4
)
2

Sr
9.1

Cu
1.4

(PO
4
)
7

Space group P2
1
/c (No. 14) C2/m (No. 12) R31 m (No. 166)

Z 2 2 3
2h range (3) 10}140 7}100 10}110
Scan step (3) 0.02 0.02 0.02
I
.!x

(counts) 55429 87889 87791
Lattice constants:

a (As )
b (As )
c (As )
b (3)
< (A_ 3)

9.2010(1)
4.94104(4)
17.8998(3)
122.8952(9)
683.30(2)

11.5155(1)
5.07543(6)
6.57487(7)
106.3563(6)
368.724(7)

10.6119(1)

19.7045(2)

1921.69(3)
Number of Bragg

re#ections 1290 217 330
Variables:
Structure/lattice
Background/pro"le
Scale/shifts/texture
PPPa

48/4
10/10
1/2/1
25

17/4
10/10
1/2/1
35

32/2
10/10
1/2/*
35

Texture parameter 1.0253(10) 0.9308(9) *

R
81

, R
1

R
B
; R

F
S

5.01%; 3.80%
1.75%; 0.65%
1.97

4.67%; 3.35%
1.98%; 1.10%
2.47

5.16%; 3.94%
3.81%; 1.98%
2.07

R
81

*, R
1
*

R
B
*, R

F
*

S*

6.56%; 4.67%
1.71%; 0.66%
2.57

5.56%; 3.98%
1.92%; 1.14%
2.93

6.04%; 4.61%
3.77%; 1.93%
2.41

aRe"ned primary pro"le parameters (PPP). R factors without stars are
after applying partial pro"le relaxation and with stars before applying partial
pro"le relaxation.
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laser operating at ju"1064 nm was used as the radiation
source with a repetition rate of 4 impulses/s and a duration
of impulses of about 12 ns. The laser beam was split into
two beams to excite the radiation at doubled frequency
(j

2u"532 nm) simultaneously in samples under investiga-
tion and in a reference sample. The incident beam peak
power was about 0.1 MW on a spot of 3-mm diameter on
the surface of the sample. Powdered crystalline a-SiO

2
was

used as a reference sample.

3. RESULTS AND DISCUSSION

Phase Analysis

The single-phased samples were obtained for x"0, 0.4, 1,
1.5, 2.05, and 3. All other samples were two-phased and
contained the neighboring single-phased compounds. The
single-phased samples had the following colors: white for
x"0, light-blue for x"0.4, deep blue for x"1, gray-blue
for x"1.5, and malachite-green for x"2.05 and 3. Thus,
four binary compounds are formed at 9003C in the
Sr

3~x
Cu

x
(PO

4
)
2
system: Sr

1.9
Cu

4.1
(PO

4
)
4
, I-Sr

3
Cu

3
(PO

4
)
4
,

Sr
2
Cu(PO

4
)
2
, and Sr

9.1
Cu

1.4
(PO

4
)
7
.

XRD patterns of Sr
1.9

Cu
4.1

(PO
4
)
4

and Sr
2
Cu(PO

4
)
2

were indexed with the TREOR90 program (29).
Sr

1.9
Cu

4.1
(PO

4
)
4

was indexed in an orthorhombic system
with a"15.3695(7)As , b"10.3652(4)As , and c"7.9425(4)As
(M

20
"32.5, F

30
"68.6 (0.0073, 60), indexing was made

using 122 re#ections in the range 2h"103}623). Figure 1a
shows a portion of the XRD pattern for Sr

1.9
Cu

4.1
(PO

4
)
4
.

The XRD pattern of Sr
2
Cu(PO

4
)
2

was indexed in a C-
centered monoclinic cell with a"11.5155(4)As ,
b"5.0753(2) As , c"6.5747(2)As , and b"106.357(3)3
(M

20
"58.2, F

30
"75.9 (0.0092, 43), indexing was made

using 123 re#ections in the range 2h"103}903). The unit
cell parameters of Sr

2
Cu(PO

4
)
2
was found to be similar with

Ba
2
Cu(PO

4
)
2

(16): a"12.160As , b"5.133As , c"6.885As ,
b"105.423, and space group C2/m. But we could not "nd
any isostructural compounds among AM

2
(XO

4
)
2

(A"Ca,
Sr, Ba; M"Mg, Mn, Co, Ni, Cu, Zn; X"P, V, As) for
Sr

1.9
Cu

4.1
(PO

4
)
4
. With crystal structure information for

Sr
9
Fe

1.5
(PO

4
)
7

(13) and Ca
3
Cu

3
(PO

4
)
4

(24), indexing of
XRD patterns for Sr

9.1
Cu

1.4
(PO

4
)
7

and I-Sr
3
Cu

3
(PO

4
)
4

was carried out in a trigonal system with unit cell para-
meters a"10.6104(2)As and c"19.7013(5)As (M

20
"264.5,

F
30
"169.4 (0.0049, 36), indexing was made using 118 re-

#ections in the range 2h"103}813), and in a primitive
monoclinic cell with unit cell parameters a"9.2018(6) As ,
b"4.9414(3) As , c"17.903(1)As , and b"122.895(5)3
(M

20
"55.7, F

30
"114.3 (0.0060, 44), indexing was made

using 107 re#ections in the range 2h"103}603), respective-
ly. Index results for Sr

1.9
Cu

4.1
(PO

4
)
4
, I-Sr

3
Cu

3
(PO

4
)
4
,

Sr
2
Cu(PO

4
)
2
, and Sr

9.1
Cu

1.4
(PO

4
)
7

will be published in
the Powder Di!raction File. All four compounds (with
x"0.4, 1, 1.5, and 2.05) showed no SHG response. These
data con"rmed that crystal structures of Sr

2
Cu(PO

4
)
2

and
I-Sr

3
Cu

3
(PO

4
)
4

have the center of symmetry as for
isotypic compounds, Ba

2
Cu(PO

4
)
2

(space group C2/m) (16)
and Ca

3
Cu

3
(PO

4
)
4

(space group P2
1
/c) (24), respectively.

SHG data also indicated that crystal structures of
Sr

1.9
Cu

4.1
(PO

4
)
4

and Sr
9.1

Cu
1.4

(PO
4
)
7

have the center of
symmetry.

Structure Rexnements

The crystal structure re"nement of I-Sr
3
Cu

3
(PO

4
)
4

with
the initial atomic coordinates for II-Sr

3
Cu

3
(PO

4
)
4

(a"18.439As , b"4.921As , c"18.035As , and b"123.253 in
space group A2/n) (12) resulted in a part of weak re#ections
not being "tted, while all strong re#ections were "tted rather
well. In addition, the calculated XRD pattern contained
some weak re#ections, which were absent on the observed
XRD pattern. When atomic coordinates for Ca

3
Cu

3
(PO

4
)
4

(a"8.917As , b"4.8995As , c"17.619As , and b"124.083
in space group P2

1
/c) (24) were used as the starting model,

all re#ections were "tted. The re"nement of the crystal
structure of I-Sr

3
Cu

3
(PO

4
)
4

in the latter model converged
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FIG. 1. Portions of XRD patterns and Rietveld re"nement pro"les for (a) Sr
1.9

Cu
4.1

(PO
4
)
4
, (b) I-Sr

3
Cu

3
(PO

4
)
4
, (c) Sr

2
Cu(PO

4
)
2
, and

(d) Sr
9.1

Cu
1.4

(PO
4
)
7
. 1, di!erence XRD patterns; 2, Bragg re#ections.
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TABLE 2
Fractional Coordinates and Atomic Displacement Parameters

for I-Sr3Cu3(PO4)4

Atom x y z B (A_ 2)

Cu1 0 0 0 0.55(3)
Cu2 0.94707(14) 0.4682(3) 0.12149(7) 0.64(3)
Sr1 0.5 0 0.5 0.94(3)
Sr2 0.71968(9) 0.4649(2) 0.26364(5) 0.43(2)
P1 0.2346(3) !0.0105(5) 0.58723(13) 0.39(4)
P2 0.2061(3) 0.0228(5) 0.83698(13) 0.53(5)
O1 0.4110(7) !0.0881(11) 0.6718(3) 0.98(12)
O2 0.2368(6) 0.5570(11) 0.0032(3) 0.5*
O3 0.1836(6) 0.2879(10) 0.5932(3) 0.5*
O4 0.0896(6) !0.1981(9) 0.5827(3) 0.06(11)
O5 0.3759(6) !0.1355(9) 0.8924(3) 0.53(11)
O6 0.0614(6) !0.0773(10) 0.8519(3) 0.54(11)
O7 0.2371(6) 0.1640(9) 0.3568(3) 0.09(11)
O8 0.1473(5) !0.0178(12) 0.7377(3) 0.11(10)

*Fixed values. All sites have the occupancy equal to 1.

TABLE 4
Fractional Coordinates and Atomic Displacement Parameters

for Sr2Cu(PO4)2

Atom x y z B (A_ 2)

Cu 0 0.5 0.5 0.48(3)
Sr 0.17120(5) 0 0.21669(8) 0.40(2)
P 0.14221(13) 0 0.7099(2) 0.42(3)
O1 0.0499(3) 0 0.8346(5) 0.68(8)
O2 0.2711(3) 0 0.8628(4) 0.29(7)
O3 0.1295(2) 0.2463(4) 0.5606(3) 0.55(6)

Note. All sites have the occupancy equal to 1.
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successfully and good agreement between the observed and
calculated XRD patterns was obtained (Fig. 1b). Table
1 presents the "nal R factors and lattice parameters. Final
fractional coordinates and atomic displacement parameters
for I-Sr

3
Cu

3
(PO

4
)
4

are listed in Table 2 and metal}oxygen
bond lengths and angles in Table 3.

The crystal structure re"nement of Sr
2
Cu(PO

4
)
2
using the

atomic coordinates of Ba
2
Cu(PO

4
)
2

(16) as the starting
TABLE 3
Bond Distances (As ) and Angles (3) for Tetrahedra PO32

4

in I-Sr3Cu3(PO4)4

Bonds and angles Bonds and angles

Cu1}O3 (]2) 1.917(5) Sr2}O1 2.463(5)
}O4 (]2) 1.942(5) }O3 2.524(5)

Cu2}O8 1.902(4) }O8 2.532(6)
}O2 1.939(5) }O7 2.590(4)
}O6 2.001(5) }O4 2.672(5)
}O4 2.117(5) }O6 2.701(5)
}O7 2.162(5) }O1a 2.786(5)
}O3 2.791(5) }O5 2.925(5)

Sr1}O5 (]2) 2.423(5) }O8a 2.999(6)
}O2 (]2) 2.469(4)
}O7 (]2) 2.519(5)

P1}O2 1.532(5) P2}O5 1.534(5)
}O1 1.550(6) }O8 1.565(4)
}O3 1.569(5) }O6 1.573(4)
}O4 1.590(5) }O7 1.579(5)

O1}P1}O2 110.9(3) O5}P2}O6 112.9(3)
O1}P1}O3 111.0(3) O5}P2}O7 111.0(3)
O1}P1}O4 108.1(3) O5}P2}O8 105.7(3)
O2}P1}O3 111.9(3) O6}P2}O7 109.7(3)
O2}P1}O4 108.7(3) O6}P2}O8 110.5(3)
O3}P1}O4 106.1(3) O7}P2}O8 106.8(3)
model converged successfully. Reasonable atomic displace-
ment parameters and interatomic distances were obtained
(Tables 4 and 5). Table 1 gives R factors and lattice para-
meters. Figure 1c displays a portion of the observed, cal-
culated, and di!erence XRD patterns for Sr

2
Cu(PO

4
)
2
.

The structural data of Ca
9
Cu

1.5
(PO

4
)
7

(30) were used as
an initial model for the structure re"nement of
Sr

9.1
Cu

1.4
(PO

4
)
7
. Ca

9
Cu

1.5
(PO

4
)
7

(space group R3c,
a"10.3379As , c"37.1898As , and Z"6) is isotypic with
b-Ca

3
(PO

4
)
2

(31) and has six cation sites M1}M6 (32).
The following cation distribution was used as an initial
cation distribution for Sr

9.1
Cu

1.4
(PO

4
)
7
: 1Sr2` in M1,

1Sr2` in M2, 1Sr2` in M3, 0.4Cu2` #0.1Sr2` #0.5h in
M4, 1Cu2` in M5, and 1h in M6 (h, vacancy). The occu-
pancy of the M4 site was deduced from the total composi-
tion of the sample. The re"nement in this model gave good
agreement between the observed and calculated XRD pat-
terns (R

81
"7.19% (S"2.84), R

1
"5.31%, R

B
"3.94%,

and R
F
"2.47%). But di$culties appeared in the localiza-

tion of oxygen atoms around the P1 position; it was also
discovered that some cations occupied the M6 site, and
some oxygen atoms had negative atomic displacement para-
meters in the R3c model. A rather satisfactory description of
the crystal structure of Sr

9.1
Cu

1.4
(PO

4
)
7

in the R3c model
indicates that the structures of Sr

9.1
Cu

1.4
(PO

4
)
7

and
Ca Cu (PO ) do not signi"cantly di!er from each other.
TABLE 5
Bond Distances (As ) and Angles (3) for Tetrahedra PO32

4

in Sr2Cu(PO4)2

Bonds Bonds and angles

Sr}O1 2.473(3) P}O1 1.514(3)
}O1a 2.507(3) }O2 1.540(3)
}O3 (]2) 2.679(2) }O3 (]2) 1.571(2)
}O2 (]2) 2.711(1) O1}P1}O2 109.9(2)
}O3a (]2) 2.742(2) O1}P1}O3 (]2) 112.49(13)
}O2a 2.871(3) O2}P1}O3 (]2) 108.12(11)

Cu}O3 (]4) 1.925(2) O3}P1}O3a 105.5(2)

9 1.5 4 7



TABLE 6
Fractional Coordinates and Atomic Displacement Parameters

for Sr9.1Cu1.4(PO4)7

Atoma Site n x y z B (A_ 2)

M1 18h 1 0.19082(4) 0.80918 0.53685(3) 0.74(2)
M31 18h 1

4
0.4920(3) 0.5080 0.0069(4) 0.39(5)b

M32 18h 1
4

0.4682(2) 0.5318 0.0135(2) 0.39b
M41 6c 1

20
0 0 0.363(4) 4.7c

M42 18h 1
15

0.0295(12) 0.9705 0.360(2) 4.7(5)c
M5 3a 1 0.0 0.0 0.0 0.78(5)
P1 3b 1 0.0 0.0 0.5 3.06(14)
P2 18h 1 0.49238(9) 0.50762 0.39690(11) 1.07(4)
O11 36i 1

3
0.9046(14) 0.0431(14) 0.5381(4) 5.4(4)

O21 18h 1 0.5365(2) 0.4635 0.6781(2) 1.42(10)
O22 36i 1 0.2642(3) 0.0104(2) 0.23416(14) 0.47(6)
O24 18h 1 0.9128(2) 0.0872 0.0669(2) 0.81(9)

a The M1, M31, M32, and M41 sites are occupied by Sr2`; the M42 and
M5 sites are occupied by Cu2`.

b Constrained values.
c Constrained values.

TABLE 8
Unit Cell Parameters in Solid Solutions Sr2 2 xBaxCu(PO4)2 (I),

Sr3 2 xBaxCu3(PO4)4 (II), and Sr9.1 2 xCaxCu1.4(PO4)7 (III)

Composition a (As ) b (As ) c (As ) b (3)

I, x"0.5 11.816(1) 5.0980(4) 6.7404(6) 105.801(6)
II, x"1.5 9.3484(7) 4.9974(3) 18.007(2) 122.21(1)
III, x"9.1 10.3399(3) 37.1967(7)
III, x"6.825 10.4357(3) 37.3701(7)
III, x"4.55 10.5053(3) 19.1887(4)
III, x"2.1 10.5700(3) 19.4984(4)
III, x"0.7 10.6055(3) 19.6613(4)
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As our SHG study showed, the structure of
Sr

9.1
Cu

1.4
(PO

4
)
7

has a center of symmetry, while the struc-
ture of Ca

9
Cu

1.5
(PO

4
)
7

does not have a center of symmetry
(30). Moreover, examination of the hkl list for the observed
re#ections in the R3c model of the crystal structure of
TABLE 7
Bond Distances (As ) and Angles (3) for Tetrahedra PO32

4

in Sr9.1Cu1.4(PO4)7

Bonds Bonds and angles

M1}O22 (]2) 2.536(3) M31}O22 (]2) 2.490(7)
}O24 (]2) 2.602(2) }O21 (]2) 2.694(4)
}O22a (]2) 2.651(2) }O22a (]2) 2.614(7)
}O21 2.585(4) }O21a (]2) 2.913(4)
}O11 (]2) 2.694(8) }O11 (]2) 2.920(9)
}O11a (]2) 2.80(2) M31}M31aa 0.401(8)

M41}O21 (]3) 2.419(14) M31}M32a 0.456(7)
}O11 (]6) 2.35(7) M31}M32aa 0.835(3)

M41}M42a 0.55(3)
M32}O21 (]2) 2.438(3) M42}O21 (]2) 2.193(10)
}O11 (]2) 2.583(8) }O21a 2.95(2)
}O22 (]2) 2.588(5) }O11 (]2) 2.16(4)
}O22a (]2) 2.660(4) }O11a 2.55(3)

M32}M32aa 1.124(7) }O11b 2.65(3)
M42}M42aa 0.94(4)

M5}O24 (]6) 2.075(3) O24}Cu5}O24a 96.0(2)
P1}O11 (]12) 1.503(6) O21}P2}O22 (]2) 108.5(2)
P2}O21 1.571(4) O21}P2}O24 112.1(2)
}O22 (]2) 1.551(3) O22}P2}O22a 112.8(2)
}O24 1.602(3) O22}P2}O24 (]2) 107.5(2)

a Distances between split positions. Distances for all split positions O11
are given.
Sr
9.1

Cu
1.4

(PO
4
)
7

revealed that all l indexes were even.
These facts allowed us to reduce the c parameter by a factor
of 2 and to transform the atomic coordinates from space
group R3c to R31 m (as R3cPR31 cPR31 m) according to the
cell transformation a@"!a, b@"!b, 2c@"c. This proced-
ure was described in more details for the crystal structure
re"nement of Sr

9
Fe

1.5
(PO

4
)
7

(13). In the R31 m model, the
M1 and M2, M4 and M6 sites, and the P2O

4
and P3O

4
tetrahedra of the Ca

9
Cu

1.5
(PO

4
)
7

structure are equivalent.
The P1, M3, and M5 sites lie in centers of symmetry (sites
3b, 9e, and 3a, respectively). Hereafter, for the structure of
Sr

9.1
Cu

1.4
(PO

4
)
7

we retained the same site numeration as
for Ca

9
Cu

1.5
(PO

4
)
7
(30) and other compounds isotypic with

b-Ca
3
(PO

4
)
2

(32}35). The following cation distribution was
assumed as an initial cation distribution in the R31 m model:
1Sr2` in M1, 1Sr2` in M3, 0.2Cu2`#0.05Sr2`#0.75h in
M4, and 1Cu2` in M5.

Further re"nement in the R31 m model showed that stron-
tium cations in the M3 site had B"6.6(2) and cations in the
M4 site had B"10.0(4). The displacement of strontium
cations in the M3 site from site 9e in the center of symmetry
(1
2
, 1
2
, 0) to the half-occupied 18h site (x,!x, z) gave

B"1.4(1). The crystal structure re"nement of
Sr

9.2
Co

1.3
(PO

4
)
7

(36) from single-crystal data showed that
in reality strontium cations in the M3 sites are disordered
over four positions. Additional splitting of strontium ca-
tions in the M3 sites in the structure of Sr

9.1
Cu

1.4
(PO

4
)
7

over two 18h sites, M31 and M32, with n"1
4

(where n is
occupancy) was successful and led to common B"0.39(5).
Note that the re"nement of strontium cations in two 18h
sites, M31 and M32, resulted in the lower R factors
(R

81
"5.16% (S"2.07), R

1
"3.94%, R

B
"3.81%, and

R
F
"1.98%) in comparison with the re"nement in one

18h site, M3 (R
81

"5.73% (S"2.30), R
1
"4.26%,

R
B
"3.98%, and R

F
"2.11%). The displacement of cations

(0.8Cu2`#0.2Sr2`) in the M4 site from site 6c (0, 0, z) with
n"1

4
to site 18h (x,!x, z) with n" 1

12
gave B"3.2(4). But

this led to short distances M4}O11 (2.14As ) and M4}O21
(2.21As ) for strontium cations. Thus, copper and strontium
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FIG. 2. Projections of crystal structures of (a, b) b-Ca
3
(PO

4
)
2

(space group R3c), (c, d) ideal centrosymmetric b-Ca
3
(PO

4
)
2
-like structure (space group

R31 ), (e, f ) Sr
9.1

Cu
1.4

(PO
4
)
7

(space group R31 m), and (g, h) Sr
3
(PO

4
)
2

(space group R31 m) viewed along the [110] direction. Columns A and B are marked.
Layers I (b, d, f, h) and layers II (a, c, e, g) and unit cells are shown. The disordered P1O

4
tetrahedra and split sites M3 and M4 are shown for the structure

of Sr
9.1

Cu
1.4

(PO
4
)
7

(e, f ).
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cations in the M4 site were split: strontium cations were
retained in site 6c (0, 0, z) with n" 1

20
(M41), while copper

cations were displaced from the threefold axis to site 18h
(x,!x, z) with n" 1

15
(M42). Note that occupancies for

copper and strontium cations in the M4 sites were "xed
from the total composition of the sample and were not
re"ned. Splitting of copper cations in the M4 sites was also
found in the structurally related compound Ca

9
Cu

1.5
(PO

4
)
7

(30). Tetrahedron P2O
4

was localized quite easily, while
di$culties appeared in the localization of oxygen atoms
around the P1 position. Thermal parameters for oxygen
atoms O11 (site 6c) and O12 (site 18h) were large: B"68(9)
and B"4.5(4), respectively. We examined di!erent models
of oxygen surrounding the P1 site. The best model for X-ray
powder di!raction data was obtained when oxygen atoms
O11 and O12 in the half-occupied special positions 6c (0, 0,
z) and 18h (x,!x, z) (the initial model) were re"ned as one
oxygen atom O11 in a general position 36i (x, y, z) with
n"1

3
. The R31 m model led to the increased atomic displace-

ment parameters for the P1 (B"3.06(14)) and O11
(B"5.4(4)) atoms that may be caused by the disordered
character of the P1O

4
tetrahedron. Note that the re"ned

occupancy for the O11 site was close to 1
3

(n"0.332(3))
when B was "xed at the value 3.0.

We also tried to use the atomic coordinates of Sr
3
(PO

4
)
2

(37) (transformed according to a@"!2a, b@"!2b, c@"c)
as an initial model. But the re"nement was not successful
until columns A in the structure of Sr

3
(PO

4
)
2

were modi"ed
in that way as they are in the structure of b-Ca

3
(PO

4
)
2

(see
Structure Description Section).



FIG. 3. Projections of crystal structures of (a) b-Ca
3
(PO

4
)
2
, (b)

Sr
9.1

Cu
1.4

(PO
4
)
7
, and (c) Sr

3
(PO

4
)
2

viewed along the [001] direction.
Layers I and II and columns A and B are marked. Unit cells are shown. The
split sites M3 and M4 are shown for the structure of Sr

9.1
Cu

1.4
(PO

4
)
7

(disordered P1O
4

tetrahedra are not shown). Atom labels are the same as
those in Fig. 2.

FIG. 4. Columns A with surrounding tetrahedra in (a) b-Ca
3
(PO

4
)
2

and (b) the ideal centrosymmetric b-Ca
3
(PO

4
)
2
-like structure. Atom labels

are the same as those in Fig. 2.
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Table 1 lists R factors and lattice parameters for
Sr

9.1
Cu

1.4
(PO

4
)
7
. Final fractional coordinates and atomic

displacement parameters are listed in Table 6 and
metal}oxygen bond lengths and angles in Table 7. Figure 1d
displays a portion of the observed, calculated, and di!erence
XRD patterns for Sr

9.1
Cu

1.4
(PO

4
)
7
.

Structure Descriptions and Relationships

I-Sr
3
Cu

3
(PO

4
)
4

obtained by the solid state method is
isotypic with Ca

3
Cu

3
(PO

4
)
4
(24) and Ca

3
Cu

3
(AsO

4
)
4
(38) in

comparison with II-Sr
3
Cu

3
(PO

4
)
4

obtained by the hy-
drothermal method (12). Copper cations in I-Sr

3
Cu

3
(PO

4
)
4

occupy two positions: one has square planar coordination
and another has trigonal bipyramidal coordination. Stron-
tium cations occupy two positions with octahedral and
ninefold coordination. Dimensions of the polyhedra Sr1O
6

(Ca1O
6
) and Sr2O

9
(Ca2O

9
) in I-Sr

3
Cu

3
(PO

4
)
4

and
Ca

3
Cu

3
(PO

4
)
4

are adopted to sizes of cations located in
these positions. The size of the Sr2O

9
polyhedron may

likely be adopted to barium cations. To examine this
suggestion, we studied the formation of solid solutions
Sr

3~x
Ba

x
Cu

3
(PO

4
)
4
. It was shown that these solid solutions

are formed for 04x41.5 at 8403C (Table 8), which corres-
ponds to the partial (75%) occupation of the nine-coor-
dinated site by barium cations. In samples with x'1.5
impurity phases were detected.

Copper cations in Sr
2
Cu(PO

4
)
2

have square planar co-
ordination and strontium cations have ninefold coordina-
tion. Sr

2
Cu(PO

4
)
2

is more stable than Ba
2
Cu(PO

4
)
2

(also
blue in color) (16). The latter compound decomposes above
795}8103C, also giving a green product (16). But our at-
tempts to synthesize Ca

2
Cu(PO

4
)
2

at 9003C were not suc-
cessful. The formation of solid solutions Sr

2~x
Ba

x
Cu(PO

4
)
2

(04x42) was con"rmed (Table 8), as might be expected
from the isotypic crystal structures of Sr

2
Cu(PO

4
)
2

and
Ba

2
Cu(PO

4
)
2
.

The structure of Sr
9.1

Cu
1.4

(PO
4
)
7

is related to b-
Ca

3
(PO

4
)
2

(31) and Sr
3
(PO

4
)
2

(space group R31 m,



FIG. 5. Fragments of the crystal structure of Sr
9.1

Cu
1.4

(PO
4
)
7

viewed
along (a) the [110] and (b) [001] directions. Polyhedra for the ideal M3 site
are emphasized.
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a"5.3901As , c"19.785As , and Z"3) (37). Projections of
the three structures viewed along the [110] and [001] direc-
tions are shown in Figs. 2 and 3. The structure of Sr

3
(PO

4
)
2

can be constructed from one type of layers, I (layers II
shown in Figs. 2g and 3c are equivalent with layers I). Layer
I contains one type of columns B (columns A shown in
Fig. 2g are equivalent to columns B). The structures of
Sr

9.1
Cu

1.4
(PO

4
)
7
and b-Ca

3
(PO

4
)
2

(31, 32) can be construc-
ted from two types of layers I and II. Layer I contains
columns B, while layer II contains columns A and B. Layers
I and columns B are very similar for the three structures
(Figs. 2b, 2f, and 2h). The di!erences among the three
structures are in layers II and columns A. The structure of
Sr

9.1
Cu

1.4
(PO

4
)
7

may be considered as the intermediate
structure between b-Ca

3
(PO

4
)
2

and Sr
3
(PO

4
)
2
. But the

structure of Sr
9.1

Cu
1.4

(PO
4
)
7

is topologically closer to the
structure of b-Ca

3
(PO

4
)
2

because they are distinguished by
di!erent site occupancies (sites M4 and M6) and by di!erent
P1O

4
tetrahedra orientations (Figs. 2a and 2e). While the

di!erence between Sr
3
(PO

4
)
2

and Sr
9.1

Cu
1.4

(PO
4
)
7

in-
volves elimination of tetrahedra from columns A in addition
to di!erent site occupancies and tetrahedra orientations
(Figs. 2e and 2g).

The ideal centrosymmetric b-Ca
3
(PO

4
)
2
-like structure

without disordering is shown in Figs. 2c, 2d, and 4b. This
structure can be described by space groups R31 or R31 m with
the same cell dimensions as in b-Ca

3
(PO

4
)
2
. But this ideal

ordered structure does not take place in Sr
9.1

Cu
1.4

(PO
4
)
7
.

In fact, Sr
9.1

Cu
1.4

(PO
4
)
7

has the reduced c parameter by
a factor of 2 in comparison with b-Ca

3
(PO

4
)
2

and many
disordered elements in its crystal structure. In the R31 m
model of Sr

9.1
Cu

1.4
(PO

4
)
7

the phosphorus atoms P1 lie in
the center of symmetry that cannot be in a real structure.
Displacement of the oxygen atoms O11 and copper atoms
in the M4 sites from the threefold axis and disordering of
strontium cations in the M3 site may indicate that the
symmetry of the real structure deviates from trigonal, as
was found for Sr

9
In(PO

4
)
7

(space group P2/c, Z"4,
a"18.3716(2)As , b"10.66321(4)As , c"18.0428(2)As , and
b"132.9260(5)3) with synchrotron XRD data (39). But
XRD pattern of Sr

9.1
Cu

1.4
(PO

4
)
7
showed no superstructure

re#ections and no splitting of re#ections. In addition,
studies of isotypic compounds, Sr

9.2
Co

1.3
(PO

4
)
7

by single-
crystal X-ray di!raction (36), Sr

9.3
Ni

1.2
(PO

4
)
7

by neutron
powder di!raction and electron microscopy (ED and
HREM) (these data will be published elsewhere), and
Sr

9`x
M

1.5~x
(PO

4
)
7

(M"Mn, Fe, Co, Ni, and Cd) (13, 40)
by X-ray powder di!raction, in combination with SHG
data, have con"rmed the R31 m space group with a +10.6As
and c+19.7As , partial occupation of the M4 sites, and
disordering of P1O3~

4
tetrahedra and strontium cations in

the M3 site.
Some contradictions between the results of the

crystal structure re"nement and MoK ssbauer data for
Sr
9
Fe

1.5
(PO

4
)
7

were found (13). These contradictions were
explained by the disordered character of the Sr

9
Fe

1.5
(PO

4
)
7

structure and by the fact that MoK ssbauer spectroscopy gives
information about local environments of iron cations, while
XRD data give an average crystal structure. The same
situation is observed for Sr

9.1
Cu

1.4
(PO

4
)
7
. Copper cations

in Sr
9.1

Cu
1.4

(PO
4
)
7

have a rather unusual oxygen sur-
rounding. Copper cations occupy the trigonal-distorted oc-
tahedral M5 site and the large cavity M4. In the M5O

6
octahedron all six copper}oxygen distances are the same,
which is not usual for the Jahn}Teller copper cation. Prob-
ably, distortions caused by the Jahn}Teller e!ect take place
but it is not possible to detect by X-ray di!raction methods.
Copper cations in the M4 site are displaced from the three-
fold axis because the distances between the threefold axis
and oxygen environment are too large for copper cations
(2.35}2.42As ). A similar oxygen environment was observed
in Ca

9
Cu

1.5
(PO

4
)
7

(30). Unusual oxygen surrounding of
copper cations is a possible reason for the instability of
Sr

9.1
Cu

1.4
(PO

4
)
7

in comparison with other isostructural
compounds Sr

9.2
Co

1.3
(PO

4
)
7

(36), Sr
9
Fe

1.5
(PO

4
)
7

(13), and
Sr

9`x
M

1.5~x
(PO

4
)
7

(M"Mn, Ni, and Cd) (40).
Polyhedra for the ideal M3 sites (that is, in site 9e (1

2
, 1
2
, 0))

without O11 atoms are shown in Fig. 5. These polyhedra
have four quadrilateral faces O21}O21a}O22}O22a and
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Sr2.3Ca0.7(PO4)2 

FIG. 6. Phases and solid solution regions known in the system
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3
(PO

4
)
2
}Sr

3
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4
)
2
}Cu

3
(PO

4
)
2
.
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can be considered as incomplete without O11 atoms. But
distances M3}O11"3.11As are large, which likely results in
the displacement of strontium cations toward one of the
O11 atoms. The presence of cations in the M4 sites results in
the oxygen atoms around the P1 site not being located on
the threefold axis. Otherwise, the M4}O distances would
become very short. This is a possible reason for the P1O

4
tetrahedra disordering.

The compounds Sr
9.1

Cu
1.4

(PO
4
)
7

and b-Ca
3
(PO

4
)
2

are
structurally related. In its turn, solid solutions Ca

10.5~x
Cu

x
(PO

4
)
7

(04x41.5) with the b-Ca
3
(PO

4
)
2

structure
exist (30, 41, 42). Thus, formation of solid solutions
Sr

9.1~x
Ca

x
Cu

1.4
(PO

4
)
7

(04x49.1) might be proposed,
which was con"rmed (see Table 8). The specimens with
x"9.1 and 6.825 were indexed in space group R3c (as
b-Ca

3
(PO

4
)
2
) because of the presence of weak re#ections

with odd indexes l, while only re#ections with even indexes
l were observed on XRD patterns of the specimens with
x"4.55, 2.1, and 0.7, which make it possible to reduce the
c parameter by a factor of 2 (Table 8) as for
Sr

9.1
Cu

1.4
(PO

4
)
7
. In the system Ca

3~x
Sr

x
(PO

4
)
2

solid solu-
tions with the b-Ca

3
(PO

4
)
2

structure are formed at
04x42.3 (1, 41, 43). Thus, solid solutions in the region b-
Ca

3
(PO

4
)
2
}Ca

9.1
Cu

1.4
(PO

4
)
7
}Sr

9.1
Cu

1.4
(PO

4
)
7
}Sr

2.3
Ca

0.7
(PO

4
)
2

may exist (Fig. 6).
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