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Abstract

Solid-state reaction between SrCOs, Cr,O3 and SrF; has produced the apatite phase Srig(CrOy4)sF> and Sr,CrO,4 which adopts the
K,NiF4-type structure. The reaction outcome was very sensitive to the heating rate with rapid rise times favouring the formation of
Sr,CrQOy, which has been synthesised at ambient pressure for the first time. Powder X-ray diffraction and electron diffraction confirmed
that Sr,CrO,4 adopts a body centred tetragonal cell (space group I4/mmm) with lattice parameters a = 3.8357(1) Aandc= 12.7169(1) A,
while a combination of neutron and X-ray diffraction verified Srio(CrOy4)sF> is hexagonal (space group P63/m) with lattice parameters
a= 9.9570(1)A and ¢ = 744292(1)1&. X-ray photoelectron spectroscopy and magnetic measurements were used to characterise the

oxidation states of chromium contained within these phases.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The influence of the discovery of high T, superconduc-
tors (HTSC) [1] on contemporary inorganic solid-state
chemistry has been enormous [2]. One consequence has
been that the chemistry of inorganic solids containing
transition metals, long a pillar of condensed matter
research, was partially deprived of its intrinsic diversity
and restricted almost entirely to the search for cuprates
showing superconducting properties [3]. On the other hand,
the complexity of the phenomenon of HTSC required an
understanding of one- or two-dimensional magnetic inter-
actions between unpaired spins of Cu®" cations and this
generated interest in low-dimensional magnetism. The
realisation that a deeper understanding of these interac-
tions would elucidate the incompletely understood me-
chanism of superconductivity has encouraged the
investigation of materials other than cuprates, which in
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turn is leading to a more balanced appreciation of the
chemistry of the transition metal oxides.

The perovskite family or more generally their Ruddle-
sden—Popper (RP) [4] derivatives with general formula
A, +1B,X3,+1 (where A is usually an alkaline earth or
lanthanide cation, B is usually a transition metal and X is
usually oxygen) is the most common structural family to
display HTSC behaviour. The search for RP-type phases
containing transition metals other than copper has revealed
giant and colossal magnetoresistive effects in RP-type
cobaltites [5] and manganites [6], respectively. More
generally, RP chemistry is diverse, although RP-type
phases containing chromium are less common and difficult
to prepare under conventional synthetic conditions. For
example, it has been reported that Sr,CrO4 synthesised
under solid-state reaction conditions in air does not adopt
a K,NiF,-type [7] structure (see Fig. 1) but is a f-K,SOy4-
type with the Cr*" ions in isolated tetrahedral coordina-
tion [8,9]. Kafalas et al. [10] synthesised K,NiF,-type
Sr,CrO4 via a high-pressure reaction between Sr,CrOy4
(B-K,SO4-type) and CrO, at 65 kbar and 1000 °C. Matsuno
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Fig. 1. A structural representation of Sr,CrO, with the larger spheres
representing Sr and polyhedra representing CrOq octahedra with the O
ions shown as smaller spheres. Unit-cell indicated by black lines.

et al. also prepared a thin film sample of a K,NiF,-like
Sr,CrO4 phase using pulsed-laser deposition (PLD) but
were unable to prepare a bulk sample [11]. This work
identified an orthorhombic unit cell that was determined
from its optical conductivity spectra to have an insulating
ground state. This is in strong contrast to the cubic
perovskite SrCrOj; that is reported to be metallic [12,13]. In
addition, Pelloquin et al. [14] prepared the K,NiF-related
phase Sr;5Cr, sOg¢ that was shown by high resolution
transmission electron microscopy (HRTEM) to adopt a
super-structure consisting of ordered intergrowths of
[Sr,CrOy4] and [(Srg 5Crg 5)Sr,CrOs] blocks. This structure
contained mixed chromium coordination and valence,
forming Cr®*0, tetrahedra, Cr’"Og octahedra and
Cr*" Os square pyramids analogous to the superconduct-
ing cuprate TlBa,_,La,  ,Cu,Oy [15].

This article describes the synthesis of a K,NiF-type
Sr,CrO,4 phase at ambient pressure without the appearance
of a super-structure. In the course of this study, the apatite
phase Sr;o(CrOy4)¢F, was also produced. While this phase
has been reported previously [16-18], only lattice para-
meters were given and no XPS or magnetic studies carried
out. Therefore, Rictveld refinement of this phase combin-
ing the techniques of powder X-ray and neutron diffraction
was undertaken and the magnetic properties investigated
for the first time. These observations are of fundamental

interest, as the appearance of Cr’" is rare but has been
identified in apatite (A19(CrO4)eX5) and the related mineral
phase spodiosite A,(CrO4)>X (A =Ca, Sr and Ba)
X = OH, Cl and F) [17].

2. Experimental methods

The preparation of Sr,CrO4 and Srio(CrOy4)¢F, was
achieved via a solid-state reaction between SrCQO;, Cr,03
and SrF, mixed in various molar ratios and treated at
temperatures ranging 800-1000°C for 10-40h under a
nitrogen atmosphere. The reaction products were char-
acterised using a combination of powder X-ray (PXRD)
and neutron diffraction (PND) and selected area electron
diffraction (SAED). The PXRD patterns were collected
using a Shimatzu diffractometer (Cu-Ko radiation) over
the angular range 10-140° 20 with a step size of 0.02° and a
dwell time of 10 seconds per step. The patterns were
analysed by the Rietveld method [19] using the funda-
mental parameters approach [20] contained within the
software TOPAS V3 (Bruker-AXS). Powder neutron
diffraction data were collected on the high resolution
powder diffractometer (HRPD) at the High Flux Austra-
lian Reactor (HIFAR) operated by the Australian Nuclear
Science and Technology Organisation (ANSTO). A neu-
tron wavelength of 1.8845A was used from 0.029° to
150.079° 20 in 0.05° steps. Approximately, 15g of the
apatite was loaded into a 12mm diameter vanadium can
that was rotated during data collection. Rietveld refine-
ments employed a pseudo-Voigt peak shape corrected for
asymmetry and the scattering lengths 0.7020, 0.3635,
0.5803 and 0.5654 x 10~'?cm were used for Sr, Cr, O and
F, respectively.

Powder specimens for examination by transmission
electron microscopy (TEM) were ground under ethanol,
dispersed in an ultrasonic bath for several minutes and a
drop of the suspension deposited onto a holey-carbon
coated copper-grid. SAED patterns were collected using a
JEOL-2100 microscope operated at 200kV. A Gatan
double tilt holder was employed to tilt crystals to the
principle crystallographic orientations.

The oxidation states of chromium in Sr,CrO,4 and
Sr1o(CrOy4)¢F> were analysed using a PHI 5600 X-ray
photoelectron spectrometer (XPS). Sample powders were
dusted onto a polymeric based adhesive tape on an
aluminium sample stub. All spectra were recorded using
a Mg Koy X-ray radiation source (1253 eV) with a scan
range of 0-1000eV binding energy (BE). The analysis
chamber pressure was 8.0 x 10~ torr. High resolution
spectra for chromium were recorded in the selected energy
range of 569-593 eV. Peak deconvolution, fitting and data
analysis were carried out using CASA (computer aided
surface analysis) XPS software (ver 2.3.10). BE values were
referenced against adventitious carbon (C 1s = 284.8¢V).
The Cr 2ps;; and Cr 2p,, lines were fitted using a Voigt
function with 30% Lorentzian character and included a
Shirley background. The components of the Cr-peaks were
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constrained by setting the Cr 2ps3,/Cr 2p,, ratio for each
set of the spin—orbit doublets to the theoretical ratio of 4:2
[21] and the full width half maximum (FWHM) ratio was
assumed to be unity [22].

Magnetic susceptibility measurements were conducted in
a quantum design superconducting quantum interference
device (SQUID magnetometer) over the temperature range
4-350 K with a magnetic field of 3000 Oe.

3. Results and discussion
3.1. Structural properties

3.1.1. SrCroOy

The PXRD pattern of the product from reaction
between SrCOjz, Cr,O; and SrF, in the ratio 9:3:1
performed under a nitrogen atmosphere at 1000 °C, using
a heating rate of 300°Ch™', a dwell time of 20h and
furnace cooling the sample to room temperature indicated
the formation of an n = 1 RP-type phase (K,NiF-type) of
Sr,CrOy4. The sample was not single phase and a small
number of the unknown reflections were possibly attribu-
table to ‘CrO,F,’; however, this phase remains partially
characterised with only d-spacings having been reported
[23]. As the reported d-spacings for ‘CrO,F,’ did not
account for all of the unknown reflections the presence of
other unknown phases cannot be excluded.
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The powder pattern was refined using a structural model
based on an n = 1 RP-type structure with regions contain-
ing the unknown reflections excluded from the refinement
(Fig. 2). As the software TOPAS does not include the
atomic scattering factor for Cr*' this atomic site was
refined with the form factor for the isoelectronic ion V3.
All atomic sites refined to within one standard deviation of
the expected full site occupancy, however the thermal
parameter for the Cr is quite large (1.47 A%). The crystal-
lographic data of Sr,CrOy4 are given in Tables 1 and 2 with
the refinement proceeding smoothly to an Rpape = 4.9%.
The Cr—O bond lengths show that the CrOg octahedra are
distorted with the axial Cr-O distances (2.070(9) A)
significantly longer than the equatorial (1.918(9) A). The
lattice parameters while comparable to those obtained

Table 2

Selected bond lengths for Sr,CrO4 (ax = axial, eq = equatorial)

Bond Sr,CrO4 (A)
Sr—Sr > 3.596(7)
Sr-Cr 3.254(4)
Sr—0O(1) 2.629(5)
Sr-O(2)(ax) 2.494(9)
Sr—0(2)(eq) 2.726(1)
Cr-0O(1) (eq) 1.918(9)
Cr-0(2) (ax) 2.070(9)
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Fig. 2. Rietveld analysis of the PXRD pattern of Sr,CrO,4. The regions where the background is lower were excluded from the refinement.

Table 1
Refined atomic positions for Sr,CrOy

S.G. TA/mmm a=3.8357()A c=12.7169(1) A Ryp = 14.2% Rprage = 4.9% Occ.
Wyckoff X y z q

Sr 4e 0 0 0.3589(2) 1.27(2) 1.0(1)

Cr 2a 0 0 0 1.47(5) 1.0(1)

o) 4c 0 0.5 0 1.10(13) 1.0(1)

0(2) 4e 0 0 0.1622(7) 1.21(13) 1.0(1)
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Table 3
Refined atomic positions for Srjo(CrOy)sF>

S.G. P63/m a= 9.9570(1)1& c= 7.4292(1)A Ry, =7.1% Rprage = 3.3%
Site X ¥ z B Occ.

Sr(1) 1/3 2/3 —0.0006(5) 0.78(7) 1.0(1)

Sr(2) 0.2502(3) 0.0105(3) 1/4 0.79(5) 1.0(1)

Cr 0.3678(5) 0.3972(6) 1/4 0.63(9) 1.0(1)

o(1) 0.4811(4) 0.3131(4) 1/4 1.0L(7) 1.0(1)

0(2) 0.4698(4) 0.5971(4) 1/4 1.24(7) 1.0(1)

0(3) 0.2512(3) 0.3428(3) 0.0683(3) 1.35(6) 1.0(1)

F 0.00000 0.00000 1/4 1.65(8) 1.0(1)

Fig. 3. SAED pattern of SrzCrOo4 [001] (to;g) [100] (bottom). Unit-cell
parameters a~3.8 A and h~3.8A, ¢ = 12.7 A with reflection conditions
hkO: h+k = 2n (top) and Ok/: k+1=2n.

from the high-pressure synthesis of Sr,CrQOy,, are, however,
slightly larger than the previously reported values of
a=>b=23.82A and ¢ = 12.4 A (estimated standard devia-
tions were not reported) [10] (Table 3).

TEM was used to seek evidence of super-structures and/
or stacking faults in Sr,CrO4. The SAED patterns for the
[100] and [00 1] zone axes could be indexed in a tetragonal
cell with unit-cell parameters ¢ = b~3.8 A and cx~12.7A

Fig. 4. Structural representation of the apatite Srio(CrO4)¢F,. Larger
spheres F atoms with SrO¢ octahedra and CrO, tetrahedra with O atoms
shown as smaller spheres. The unit-cell is indicated by black lines.

(Fig. 3). The conditions limiting the reflections correspond
to a body centred lattice (/) #k0: h+k = 2n with no other
conditions and is consistent with the space group 14/mmm.
SAED patterns never contained weak reflections indicative
of a super-structure, or diffuse intensity suggesting the
presence of RP phase intergrowths as observed previously
in cuprates [24], titanates [25] and manganates [26] (Fig. 4).

4.2. SV]()(C}’04)6F2

Using identical molar ratios of SrCOj;, Cr,O5 and SrF,
as for the preparation of Sr,CrOy4 and the same reaction
temperature of 1000°C with a dwell time of 20h but
applying a slower heating rate of 100 °Ch~" to the reaction
temperature, resulted in a PXRD pattern typical of an
apatite-type compound. It is unclear why modification of
the heating rate by just three times resulted in different
reaction products; however, one possible explanation is the
faster heating rate results in the partial loss of fluorine or
fluorine-containing volatile. Because PXRD can be proble-
matic when deriving the atomic positions for elements with
low atomic mass e.g. O and F within apatite-type structures
[27], neutron diffraction data were collected. This diffrac-
tion data was successfully refined using Ca;q(PO4)sF> [28]
as a structural model with appropriate chemical substitu-
tions (Fig. 5, Table 4). The reliability factors obtained from
the refinement indicated that Sr;o(CrOy4)¢F, adopts the
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Fig. 5. Rietveld analysis of the PND pattern of Sr;o(CrOy)sF».

Table 4
Selected bond lengths (a) and tetrahedron angles (b) for Sro(CrOy4)eF»

Table 5
Metaprism twist angle for selected strontium apatites

Distance (A)

Chemical formula Average radius Metaprism twist angle (°)

(a) Bond

Sr(1)-0(1) 2.552(3)
Sr(1)-0(2) 2.595(3)
Sr(1)-0(3) 2.949(3)
Sr(2)-0O(1) 2.727(4)
Sr(2)-0(2) 2.506(5)
Sr(2)-0(3) 2.644(4)
Cr-0O(1) 1.709(7)
Cr-0(2) 1.724(6)
Cr-0(3) 1.683(4)
Sr(2)-F 2.441(5)
(b) Angle

O(1)-Cr-0(3) 111.1(3)
O(1)-Cr-0(2) 114.4(2)
0O(3)-Cr-0(3) 106.6(3)
0O(3)-Cr-0(2) 106.6(3)

prototypical hexagonal P65/m apatite structure. The CrOy
tetrahedral bond lengths and angles were quite distorted, as
expected for Cr°" which is a ' Jahn-Teller ion.

A diagnostic tool known as the metaprism twist angle
has been developed to check that refined apatite structures
are crystallographically realistic, as the degree of twist is
related to the relative sizes of the A, B and X ions [29]. In
addition, this approach has been shown to be a sensitive
probe for the detection of unexpected departures from
ideal stoichiometry or thermodynamic equilibrium. The
metaprism twist angle (¢) is defined as the (00 1) projected
angle of the O(1)-A(1)-O(2) (see Fig. 4), with a compila-
tion of values for available strontium apatites given in
Table 5 and Fig. 6. It is evident that as the average ionic
radii increases i.e. the size of the tunnel ion increases
through the series F>OH>Cl>Br the metaprisms un-
twist to accommodate the larger anion. Only two examples

St10(PO4)6F> 1.180 24.3
Srlo(PO4)6(OH)2 1.183 23.0
SI']()(PO4)6C12 1.203 21.1
Sr.O(PO4)6Br2 1.210 19.6
Srlo(CrO4)6F2 1.205 25.1
Sr10(CrO4)6(OH), 1.208 24.8°
St10(CrO,4)sCl* 1.228 2.8
Sr1o(CrO4)¢Brs 1.235 22.1°

#Reported in the hexagonal space group P6;.
Predicted metaprism twist angle from extrapolation of plot in Fig. 6.

27
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21 1 Br

19 A Br
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Metaprism twist angle (°)

15

1.16 1.18 12 1.22

Average ionic radii (A)

1.24

Fig. 6. Plot of metaprism twist angle for strontium phosphate (diamonds)
and chromate (triangles) apatites from Table 5.

of strontium chromate apatites have been reported in the
literature and based on the near linear relationship shown
for the strontium phosphate apatites we predict the
metaprism twist angles for the apatites Sr;o(CrOy4)s(OH),
and Sr;p(CrOy4)sBr, will be close to 24.8° and 22.1° (see
Table 5).
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4.3. Magnetic properties

The magnetic and inverse magnetic susceptibility data
for Sr,CrO,4 are quite noisy probably due to the small
magnetic moments of the sample and the presence of
secondary phase/s (Figs. 7 and 8). The magnetic data do
not show any evidence of a transition to long-range
magnetic ordering. A Curie-Weiss fitting to the high-
temperature 1/y versus 7 data was performed; however, it
is acknowledged that the numerical values from this fitting
should be treated with some caution due to the associated
noise and the fact the sample is not single-phase. Never-
theless, the negative Weiss constant, § = —376 K, suggests
antiferromagnetic interactions are taking place and the
calculated effective magnetic moment of 3.12 pg is higher
than the calculated spin-only value of 2.83 pg for a d* ion
with § = 1. The origin of this difference points towards a
chromium oxidation state different from Cr*". The
antiferromagnetic interactions are in corroboration with
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Fig. 7. Magnetic susceptibility versus temperature plot for Sr,CrO4 in a
magnetic field of 3000 Oe.
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Fig. 8. Inverse magnetic susceptibility versus temperature plot for
Sr,CrO4 in a magnetic field of 3000 Oe. Inset: Curie-Weiss fit to the
linear paramagnetic region.

the insulating ground state found in a thin film sample of a
K5 NiF4-type Sr,CrO4 described by Matsuno et al. [11].

Perovskite and RP phases containing d* (S = 1) ions are
rare and few examples are reported in the literature. Of the
known perovskite examples, AMoO; (A = Ca, Sr and Ba)
and SrCrO; are metallic and Pauli paramagnetic, whereas
CaCrO;, PbCrO;, LaVO3; and YVO; are semi-conducting
and antiferromagnetic [13]. The only reported d* (S = 1)
RP phase is Sr;M00Q,, which also did not show any long-
range magnetic ordering, however this phase was found to
display Pauli-paramagnetism and metallic-type behaviour
[30].

The magnetic and inverse magnetic susceptibility plots
for Srio(CrOy4)¢F, yield a linear relationship between 1/
versus T typical of paramagnetic behaviour (Figs. 9
and 10). A Curie-Weiss fit to the data gives an effective
magnetic moment of 1.63ug per Cr, which is in good
agreement with the calculated spin-only value of 1.73 pp for
a d' ion with S = % Only the low temperature part of the
curve was used to fit the data in order to avoid the non-
linearity due to the small signal for temperature beyond
~200K.
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Fig. 9. Magnetic susceptibility versus temperature plot for Sryo(CrOy4)¢F>
in a magnetic field of 3000 Oe.
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Fig. 10. Inverse magnetic susceptibility versus temperature plot for
Sr19(CrOy)6F> in a field of 3000 Oe. Insert: Curie-Weiss fit to the linear
paramagnetic region.
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4.4. Chemical state of chromium

High resolution XPS spectra of Cr for Sr,CrO4 and
Sr19(CrOy4)eF, are shown in Figs. 11a and b, respectively.
For Sr,CrO,4, deconvolution resulted in two Cr 2p
doublets, one at binding energies 576.2, 585.8 ¢V attributed
to Cr*" and the other at 579.7, 588.9 eV associated with
Cr’" species (Fig. 11a) which is consistent with earlier
reports [21,31-33]. Quantification of the respective peak
area revealed the presence of 67at% Cr’" and 33at%
Cr’". Assuming the ratio of the two chromium species
observed on the surface of the sample is representative of
the bulk, this gives approximately 2% unpaired electrons per
unit formula, which in turn yields a calculated spin only
value of 3.17pp in good agreement with the observed
magnetic moment of 3.12 pg. In addition, the mixed Cr” "/
Cr*”" oxidation states could explain why although the site
refined to full occupancy for Cr*" a quite high thermal
parameter was also observed as noted earlier. However, as
this sample is not single phase and the absolute values
obtained for the quantities of Cr’* and Cr*" should be

5500

treated with caution. In addition, it is possible that some of
the Cr’ " present in the sample is reduced to Cr’" in the
XPS chamber [31].

It is unknown whether the chromium oxidation states
found in this work for Sr,CrO, are different from that
prepared in previous work using high-pressure methods
[10] as no XPS or magnetic measurements were carried out.
However, the mixed Cr° " /Cr** in the sample prepared in
this work may explain why the refined lattice parameters
for Sr,CrO,4 prepared at ambient pressure are dilated
compared to than those obtained in the high-pressure
synthesis as the ionic radii of Cr’* (0.62A) is large
compared to Cr*™ (0.55 A) [34].

The Cr 2p XPS of Sro(CrOy4)eF> (Fig. 11b) also showed
two doublet peaks at binding energies of 579.3, 588.5e¢V
and 577.2, 585.9eV, consistent with Cr°" and Cr’",
respectively [21,31-33]. From the relative peak area it is
seen that the concentration of Cr’* species is higher on the
surface as compared to Cr® ", and as the magnetic studies
indicate pure Cr’", the calculated effective magnetic
moment cannot be reconciled with the presence of Cr**

Counts per second (cps)

570 575

580 585 590

Binding energy (eV)

Fig. 11. X-ray photoelectron curve fitted spectrum of Cr 2p in: (a) Sr,CrOy; (b) Srio(CrOy)eF,.



T. Baikie et al. | Journal of Solid State Chemistry 180 (2007) 15381546 1545

with three unpaired electrons. This anomaly arises due to
the in situ reduction of Cr°" under X-ray irradiation [31]
and the apatite contains Cr°" primarily in the bulk,
corroborating with the magnetic measurement. In addition,
it was observed that the relative amount of Cr** increased
when the sample was argon ion etched within the XPS
chamber.

Fig. 12 shows the high resolution O Is spectrum of
Sr,CrO4 and Srio(CrOy4)¢F, samples. The O 1s peak of
Sr,CrO4 comprised of main component peak at 530.6¢V,
which is attributed to lattice oxygen and a minor
component peak at ~535eV due to chemisorbed water
species (which are typically present even under ultra-high
vacuum conditions) as noted in earlier reports [35]. The
broad O 1s peak of Srjo(CrOy)sF> can be deconvoluted
into two component peaks at 530.0 and 531.8eV. The
former is due to lattice oxygen and the latter can be due to
apatitic oxygen (CrO;~ similar to PO3 ™) or adsorbed OH™~
or CO3™ species [36]. An additional peak at higher BE
(~534.8¢V) is due to adsorbed water on the sample
surface.

7500
4500 A
n
Q.
)
2 1500 . . . . : , :
§ 523 525 527 529 531 533 535 537
wn
g b
®
c
3
O 17000 A
12000 -
7000

525 527 529 531 533 535 537
Binding energy (eV)

Fig. 12. X-ray photoelectron curve fitted spectrum of O 1s in: (a)
Sr2CrO4; (b) Srlo(CrO4)6F2.

5. Conclusions

The K,NiF4-type phase Sr,CrO4 was prepared at
ambient pressure for the first time and characterised using
a combination of SAED and PXRD. The material displays
antiferromagnetic interactions but no transition to long-
range magnetic ordering. The structure of Srig(CrOy)¢F»
has been refined using powder neutron diffraction for the
first time and both materials provide rare examples of
materials containing chromium in the +5 oxidation state.
The presence of pentavalent chromium was unequivocally
assigned using a combination of XPS and magnetic
susceptibility measurements.
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