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The crystal structure of apatite Srs5(CrO4)3(Cugss60) was solved using X-ray diffraction data with GSAS
program in the space group P63/m with hexagonal unit cell parameters: a=10.0292(1), c=7.4623(1)A,
V=650.033(8) A3, and Z=2. This compound is stable up to 1473 K in air. It was found that copper in the
form of Cu* cations is located in infinite linear (CuO)~! chains inserted into the tunnels parallel to the
hexagonal c axis. The chains contain about 40% vacancies in copper positions. The experimental value
of the effective magnetic moment (/L) for the 1 Cr atom in formula Sr5(CrO4)3(Cugsg6(4)0) (1.671 1g) is
slightly smaller than the theoretical moment (1.732 ug) calculated in the assumption that all chromium
is present as Cr>* cations and copper as Cu*.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Four stable ternary oxides, SrCr6* 0y, Sr,Cr#*0y4, SrCry3*04, and
Sr3Cry°*0g, have been identified in the Sr—Cr—O system under
usual synthesis conditions and a temperature of 1250 K[1]. Accord-
ing to EDX analysis, the former three oxides are stoichiometric
compounds. The composition of the latter oxide differs from the
stoichiometric one (Srp ggCr,0g), and chromium in this compound
has a mixed valence state of +5.2 derived from XANES spectroscopy
data. This system is of interest since complex chromium and stron-
tium oxides stable in oxidizing media at high temperatures can be
possibly used in electrochemical devices.

The compound Sr4Cr3Og [2] with mixed chromium valance
(+3.33) was obtained in an argon atmosphere. Its trigonal crys-
tal structure is related to the structures of SryNi3Og, Ca3AMnNOg,
and SryAMn;0g (A=Cu, Ni, Co) oxides. A distinguishing feature
of the structures of these compounds is the presence of infinite
chains consisting of face-shared MnOg octahedra and AOg trigonal
prisms. These structural units lie along the hexagonal c¢ axis and
are surrounded by six chains made of Ca(Sr) antiprims [3-5]. The
compounds belong to the family of quasi-one-dimensional oxides
A3p+3mA nB3msnOom+6n, Where B=Mn, metals of the Pt group, etc.
Trying to obtain complex oxides Sr3ACrOg and Sr4ACr,Og in air
at high temperatures, we registered the formation of new hexag-
onal compounds with Sr/Cr=5/3. Since no ternary compound of
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this composition [1] was present in the Sr—Cr—O system under
these thermal treatment conditions, we suggested that Cu, Ni, and
Co should have a stabilizing effect on their formation. In order
to revise the composition and structure of the new compounds,
we used the structural data for the strontium chromate fluoride
Sr19(CrOg4)gF, with apatite-like structure and the hexagonal cell
parameters a=9.956(1), c=7.437(1)A, and V=638.4 A3. This com-
pound was reported [6] to be synthesized from SrCOs3, SrF,, and
Cr,03 at 1400K in a corundum crucible. To avoid hydrolysis reac-
tions, Sryg(CrOg4)gF, was synthesized in dry Nj.

Apatite-structure compounds of the general composition
A5(MOg4)3X are widely used in chemistry as natural, biological,
and synthetic objects [7]. A defining structural feature of apatite
(sp. gr. P63/m) is the presence of tetrahedral groups MO4 and
two non-equivalent positions for large-size cations A. The tetra-
hedra contain highly charged cations M having a small size (P,
As, V, etc.). Cations A(1) occupy 4f positions and are coordinated
with 9 oxygen anions. Cations A(2) are in 6 h positions with 7-fold
coordination of 6 02~ anions and 1X~ anion and form hexagonal
tunnels stretching along the hexagonal axis. X~ ions are located
in these spacious hexagonal tunnels and occupy 2a positions with
z=1/4.

According to [7], many compounds with apatite-like structure
are nonstoichiometric. Nonstoichiometry of these compounds is
due to the circumstance that the 2a structural positions can be
partially occupied by anions or be completely vacant. Phosphate
Pb4K(PO4)3 [8] can be cited as an example of compounds with
completely vacant 2a positions. Note also that besides F, CI~, OH™,
and 02—, more complex groups such as MO,2~ (M= Cu, Ni, Co [9]),
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BO,~ [10], etc. can be located in hexagonal tunnels as 2a posi-
tion anions. Along with phosphate Sr5(P04)3(Cu03)y3 [11], these
apatites include also compounds based on transition metals, in par-
ticular, Sr5(VO4)3(Cu0) [12]. Cu atoms in these compounds occupy
(0, 0, 0) positions, are coordinated with two 04 anions, and form
infinite linear chains [CuO]'~ along the c axis. In[12] was also men-
tioned compound (SrggCag 1)5(CrO4)3(Cu0) without any details of
synthesis and properties.

In this work we report the results of synthesis and struc-
tural analysis, as well as magnetic properties of the apatite-like
compound-strontium chromate cuprate Sr5(CrOg4)3(CuxO).

2. Experimental

The sample of Sr5(CrO4)3(CuO), was prepared from mixtures of stoichiometric
amounts of SrCO3, Cr,03, and CuO by means of the solid-phase reaction at 1423 K
in air for 36 h. The sample was reground after 12 and 24 h annealing. The pow-
der X-ray diffraction pattern measurements were performed at room temperature
using a STADI P (STOE) diffractometer in transmission geometry with a linear mini-
PSD detector with CuKa; radiation over range of 2 <26 < 120° with a step size of
0.02°. Polycrystalline silicon (a = 5.43075(5) A) was used as an external standard. The
refinement of the crystal structure of Srs(CrO4)3(Cugsse4)0) was carried out with
the GSAS program [13]. The peak profiles were fitted with a pseudo-Voigt func-
tion, 1(20)+x*L(20) +(1-x)*G(20) (where L and G are the Lorentzian and Gaussian
part, respectively). The angular dependence of the peak width was described by the
relation (FWHM)? = Utg?0 + Vtgh + W, where FWHM is the full line width at half max-
imum. The background level was described by a combination of thirty-six-order
Chebyshev polynomials.

The magnetic susceptibility measurements were performed on a MPMS-5-XL
SQUID magnetometer on powdered samples in the 4-300K temperature range.
The applied magnetic field was 5 kOe. The molar magnetic susceptibility value was
revised with allowance for diamagnetism of Sr?*, Cr>*, Cu*, and 0%~ ions [14].

3. Results and discussion

To determine the actual composition of the compound with
the apatite structure, we first performed structural analysis
of the products of synthesis of the phase SryCuCr,Og. Along
with the apatite-like compound, the sample was found to con-
tain strontium chromate Sr3Cr,0g and SrCuO,. By refining the
crystal structure of the apatite-like phase, we found its com-
position: Srs5(CrO4)3(Cugg;0). Later on, a complex oxide of the
same composition was synthesized under the same conditions
(1423K, 36h, in air). According to structural refinement, the
synthesized compound was Srs(CrO4)3(Cugsge4)0). Analysis of
the powder XRD pattern showed that in addition to this com-
pound there is trace amount (~0.5 mass%) of CuO. Complex oxide
Sr5(Cr04)3(Cug 536(4)0) have a dark green color and is stable in air
up to 1473 K. At higher temperatures, it decomposes with the for-
mation of Sr3Cr,Og u SrCu0,.

The XRD pattern of Srs5(CrO4)3(CugsggO) was indexed
with a hexagonal unit cell with parameters: a=10.0292(1)A,
c=7.4623(1)A, and V=650.033(8) A3. Fig. 1 presents experimental
(crosses), calculated (solid line), and difference (bottom line) X-ray
diffraction patterns for Sr5(CrO4)3(Cugsg60). Series of tick marks
correspond to the Bragg reflection. The crystallographic data and
displacement parameters are given in Table 1; selected interatomic
distances are listed in Table 2.

Sr5(Cr04)3(Cug 5860) is isostructural to Sr5(V04)3(Cu0)[12] and
Sr5(PO4)3(Cu03)y/3 [11] which were shown to be derivatives of
the apatite structure Cas(PO4)30H [15,16]. The crystal structure
contains isolated tetrahedral [CrO4]*~ anions and infinite linear
[CuO]'~ chains inserted into the tunnels parallel to the hexagonal
c axis (Fig. 2). The chains are formed by Cu and O(4) placed at spe-
cial sites 2b (0,0,0) and 2a (0, 0, 1/4), respectively. Copper atoms are
bonded to two O(4) atoms with average Cu—O distance 1.8656(0) A.
Chromium atoms are in the centers of slightly distorted oxygen
tetrahedrons with the mean Cr—O distance 1.696 A. Two types of
Sr2* cations occupy two kinds of cavities formed by oxygen atoms
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Fig. 1. Observed (crosses), calculated (solid line) and difference (bottom line) X-ray
powder diffraction pattern of Sr5(CrO4)3(Cug5360). Lower vertical lines indicate the
reflections of impurity phase CuO.

Table 1
Atomic coordinates and isotropic displacement parameters (Ui, x 100, A2) for
Sr5(Cr04)3(Cuo.s86(4)0)-

Atom x[a ylb z|[c Fraction Uiso x 100
Sr(1) 4f 1/3 2/3 0.5013(3) 1.0 2.90(3)
Sr(2) 6h 0.0115(2) 0.2528(1) 1/4 1.0 2.79(2)
Cr 6h 0.6302(2) 0.0321(2) 1/4 1.0 2.46(5)
Cu 2b 0 0 0 0.586(4) 3.0(2)
o(1) 6h 0.5150(7) 0.8386(7) 1/4 1.0 3.3(2)
0(2) 6h 0.5307(7) 0.1272(8) 1/4 1.0 2.5(2)
0(3) 12i  0.3479(4) 0.2519(4) 0.0681(5) 1.0 2.8(1)
0(4) 2a 0 0 1/4 1.0 3.0(3)

WRp =2.13%, Rp=1.55%, R(F2) = 2.58%.

of [CrO4]3~ and [CuO]'~ anions. Sr(1) has the coordination number
9 and is centered at a twisted tricapped trigonal prism (red poly-
hedron in Fig. 2) with the mean Sr—O0 distance 2.701 A. Sr(2) (CN7)
occupies a pentagonal bipyramide (blue polyhedron in Fig. 2) with
an oxygen atom (04) of the Cu—O0 chain at one apical position and
mean Sr—O0 distance 2.605 A. The O(4) atoms occupy the position of
F~ in the classical apatites, while Cu atoms lie near the H* positions
of hydroxyapatites.

Table 2
Selectic interatomic distances d (A) and angles (°) for Srs(CrO4 )3(Cug s86(4)0).

Interatomic distances Interatomic distances

Sr(1)—0(1) 2.582(4)3x  Sr(2)—0(2) 2.514(6)
Sr(1)—0(2) 2.600(5)3x  Sr(2)—0(3) 2.541(4) 2x
Sr(1)—0(3) 2.920(4)3x  Sr(2)—0(4) 2.4798(9)
Average 2.701 Sr(2)—0(3) 2.672(4) 2x
Expected?® 2.69 Sr(2)—0(1) 2.816(4)
Average 2.605
Cr—0(1) 1.691(7) Expected? 2.59
Cr—0(2) 1.690(6)
Cr—0(3) 1.701(4)2x  Cu—0(4) 1.8656(0) 2x
Average 1.696 Expected? 1.85
Expected?® 1.713 Cu—0(3) 3.162(3) 6x
Angles Angles
0(1)—Cr—0(2) 113.0(4) 0(1)—Cr—0(3) 2x 112.3(2)
0(3)—Cr—0(3) 105.9(3) 0(2)—Cr—0(3) 2x 106.4(2)

2 The sum of the crystal radii were calculated according to [Shannon R.D. Acta
Cryst. A 32 (1976) 751]: Sr?* IX - 1.45A, Sr?* VII - 1.35A, Cr5* IV - 0.485 A, Cr6* IV
- 0.40A, Cu' 11 - 0.60A, 02~ IV-1.24A, 02~ VI - 1.26 A, and general formula Srs2*
(Cra.586%"Cro.4145704%7 )3 (Cug.s86170%).
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Fig. 2. Crystal structure of Sr5(CrO4)3(Cugss60): (a) projection along the c-axis, (b)
side view showing the infinite [CuO]'~ chains and the coordination polyhedra of the
Cr and Sr atoms.

The mean Cr—O distance in the tetrahedra (1.696 A, Table 2)
closely corresponds to that found in the structure of Sr1g(CrOg4)gF>
(1.695 A [6]). The small distortion of the polyhedron is due to the
Jahn-Teller nature of Cr>* cations (d! configuration). The inter-
atomic Cu—0 bond length in the linear chains (1.8656 A) suggests
that copper in this compound should be in the form of Cu* cations
[12].

Magnetization measurements show that in the temperature
range from 4 to 300K the complex oxide Sr5(CrO4)3(Cugsg60) is
paramagnetic with magnetic susceptibility obeying the Curie law
(Fig. 3)

x=C|T, where yx is molar susceptibility (emu/mol), C is the
Curie constant (1.048 cm? K/mol). The experimental value of the
effective magnetic moment (ues) for the 1Cr atom in formula
Sr5(Cr04)3(Cugs860) (1.671 wp) is somewhat smaller than the the-
oretical moment (1.732 ) calculated in the assumption that all
chromium is present as Cr°* cations and cupper as Cu* cations.
Thus, the magnetic measurements performed confirm the results of
structural studies showing that cations Cu* are located in the linear
chains. Therefore, it is worth noting that according to X-ray photo-
electron spectroscopy data copper in apatites A19(PO4)sCuxOy(H);
(A=Ca, Sr) [17] is mainly in the divalent state. The presence of a
small amount of Cu3* cations was also noticed. At the same time
the existence of Cu as Cu* is found at Sr5(PO4)3(Cu0;);/3 obtained
at high temperatures [11]. After annealing the sample at lower
temperature part of copper is oxidized to Cu?*. The OH~ hydroxyl
groups are formed in the lattice in these conditions.
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Fig. 3. Temperature dependence of magnetic susceptibility x for
Sr5(Cr04)3(Cugs360) (H=5kO0e). The inset shows the dependence of 1/x =f(T).

A smaller effective magnetic moment in Sr5(CrOg4)3(Cug 5860) as
compared with the theoretical value evidently indicates that some
chromium in this compound, like in Sr3Cr, ggOg [1], is in the form
of Cr%* cations.

4. Conclusion

In  summary, the apatite-like strontium chromate
Sr5(Cr04)3(Cugsg60) have been successfully synthesized by
the solid state reaction method at usual conditions. The crystal
structure of Sr5(CrO4)3(Cugsgs0) has been determined from the
XRD date. According to cation-anion bond distances and magnetic
measurements the valence states of Cr and Cu may be mainly +5
and +1, respectively.
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