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The crystal structure of the perovskite Sr2FeTaO6 has been refined by simultaneous analysis of X-ray and neutron powder
diffraction data collected at 280 K; space group Pbnm, a=5.6204(3), b=5.6161(3 ), c=7.9266(3) Å. The structure is of the GdFeO3type, with a disordered distribution of Fe and Ta over the six-coordinate cation sites. The structure of Sr2FeSbO6 has been refined
in a similar manner; space group P21/n, a=5.6132(5 ), b=5.5973(5), c=7.9036(7 ) Å, b=90.01(1 )°. The two crystallographically
distinct six-coordinate sites in Sr2FeSbO6 are occupied in a partially ordered manner [0.795(6)50.205(6)] by Fe and Sb atoms.
Neutron diffraction data collected from Sr2FeTaO6 at 1.5 K show no evidence of long-range magnetic ordering and, in the light of
previous susceptibility and Mössbauer measurements, it is concluded that Sr2FeTaO6 is a spin glass below 23 K. Neutron
diffraction data collected from Sr2FeSbO6 at 1.5 K include magnetic Bragg peaks characteristic of a type I magnetic structure with
an average ordered moment of 3.06(9) mB per Fe atom on the Fe-dominated octahedral site, and no significant ordered moment on
the second site. The magnetic Bragg scattering decreases to zero in the temperature interval 1.5∏T /K∏37(2 ). It is concluded that
the partial cation ordering leads to the coexistence of a magnetically ordered spin system and a spin-glass system.

The magnetic susceptibility of many transition-metal oxides observed magnetic hysteresis and thermal remanent magnetis-
passes through a maximum value on cooling. This is often an ation, we suggested that Sr2FeTaO6 is a spin glass below 23 K.
indication that the compound has an antiferromagnetic low- In contrast, Sr2FeSbO6 crystallises in the monoclinic space
temperature phase, but it is unwise to assume this on the basis group P21/n and shows a partial ordering of the Fe3+ and
of susceptibility data alone. It has become clear in recent years Sb5+ cations over the six-coordinate sites.8 The relatively low
that, for a number of oxides, the spin system is static below effective magnetic moment and the negative Weiss constant
the temperature of the susceptibility maximum but, in contrast derived from magnetic susceptibility data (mFe=5.0 mB, h=
to the situation in a true antiferromagnet, there is no long- −221 K) suggested that strong, short-range, antiferromagnetic
range ordering of the atomic magnetic moments. The formation ordering is present in Sr2FeSbO6 in the temperature range
of this so-called spin-glass phase is most likely to occur when 50∏T /K∏280, although no difference between the field-cooled
the compound contains more than one magnetic species1 or (FC) and zero-field-cooled (ZFC) magnetic susceptibility data
when the particular combination of chemical composition was observed8 in this temperature regime. However, such a
and crystal structure leads to a degree of atomic disorder. difference was apparent below the susceptibility maximum at
Sr2FeNbO6 ,2 in which paramagnetic Fe3+ and diamagnetic 36 K, suggesting that a spin-glass phase might exist at low
Nb5+ cations are distributed in a disordered manner over the temperatures, although the possibility of long-range magnetic
six-coordinate sites of a pseudo-cubic perovskite structure, order could not be ruled out. In order to establish unambigu-
belongs to the latter category of compound. The concentration ously the nature of any long-range magnetic ordering in these
of magnetic cations (50%) on the sites of what is essentially a two compounds, we have now collected neutron diffraction
simple cubic cation sublattice is considerably greater than the data on Sr2FeMO6 (M=Ta, Sb) over the temperature
percolation threshold (30.7%) for this non-frustrated system,3 range 1.5∏T /K∏300. The results of these experiments are
but susceptibility and hysteresis data suggest that Sr2FeNbO6 described below.
behaves as a spin glass below 32.5 K,4 and there is no evidence
of a transition to a phase showing long-range magnetic order.
This behaviour is surprising in view of the fact that magneti- Experimental
cally concentrated LaFeO3 shows long-range order at tempera-

Polycrystalline samples (ca.10 g) of Sr2FeMO6 (M=Ta, Sb)tures as high as 750 K,5 and theoretical models6 predict a fall
were prepared as described previously.8,9 Rietveld analyses10in TN of only ca. 550 K when the Fe3+ concentration on the
of X-ray powder diffraction patterns collected at room tem-magnetic sublattice is reduced to 50%. Rodriguez et al.4
perature in Bragg–Brentano geometry on a Siemens D5000explained this behaviour by postulating the existence of short-
diffractometer (Cu-Ka1 radiation, 5∏2h/degrees∏120, D2h=range structural ordering between Fe3+ and Nb5+, but sub-
0.02°) established that the samples were monophasic. Constant-sequent EXAFS and Mössbauer studies7 failed to find any
wavelength neutron powder diffraction data were collectedevidence for such an effect.
using the instruments D1b and D2b at the ILL, Grenoble. TheFollowing the work of Rodriguez et al., we have reported
diffractometer D1b is equipped with a position-sensitive detec-behaviour similar to that of Sr2FeNbO6 in a wide range of
tor (PSD), having 400 detectors 0.2° apart in 2h, making itmixed iron oxides with the general formula A2FeMO6 (A=
possible to measure a low-resolution but complete diffractionCa, Sr, Ba; M=Nb, Ta, Sb).8,9 Of these compounds, Sr2FeTaO6 pattern over the angular range 10∏2h/degrees∏90 withoutwas studied in most detail. The X-ray diffraction pattern
moving the detector. The instrument operates at a wavelengthindicated that this compound is a cubic perovskite [a=
of 2.522 Å. During the course of our experiments on3.9664(9) Å] at room temperature with no (structural ) ordering
Sr2FeSbO6 , a computer-controlled cryostat was used to rampof the cations on the transition-metal sublattice.9 On the basis
the sample temperature through the range 1.5∏T /K∏100 atof the non-Brillouin temperature dependence of the internal

hyperfine field observed in the Mössbauer spectrum, and the a constant rate of 9 K h−1 . The data were stored, and the
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detectors reset to zero, every 15 min, giving a set of diffraction by performing a refinement using neutron and X-ray diffraction
data simultaneously, thus making use of the complementaritypatterns with a temperature resolution of 2.25 K. The conven-

tional diffractometer D2b operates at a neutron wavelength of of the two techniques. Thirty-nine variables were refined; seven
atomic coordinates, four isotropic temperature factors, three1.5938 Å (calibrated using X-ray data from our samples).

During the course of each experiment (ca. 6 h), the bank of 64 lattice parameters and a set of profile parameters for each of
the two data sets. The resulting atomic coordinates are listeddetectors was used to collect data over the angular range

5∏2h/degrees∏140 with a 2h stepsize of 0.05°. Data were in Table 1 and the most interesting bond lengths and bond
angles are presented in Table 2. The values of the standardcollected on a weighed amount of sample contained in a

cylindrical vanadium can (diameter=10 mm) and mounted in deviations on the coordinates are approximately half those
obtained in the analysis based on the neutron data alone. Thea variable-temperature cryostat. All the neutron powder

diffraction profiles collected in this program of experiments final agreement factors for the neutron profile used in the
simultaneous refinement were Rwp=8.10; Rp=5.91; Rl=5.62;were analysed by the Rietveld profile analysis technique10

using the GSAS suite of programs.11 The data were not DW−d 0.217; the value of xred2 based on both data sets
was 4.55.corrected for absorption. The following neutron scattering

lengths were used: bSr=0.702, bFe=0.954, bTa=0.691, bSb= A survey of Sr2FeTaO6 at 1.5 K on D1b suggested that there
were no magnetic Bragg peaks in the low-angle region of the0.564 and bO=0.5805×10−14 m. The background was fitted

using a shifted Chebyshev polynomial, and the shape of the diffraction pattern, and this was confirmed by a high-resolution
data set collected on D2b at 1.5 K. All the observed BraggBragg peaks was described by a pseudo-Voigt function.
peaks could again be accounted for by an orthorhombic
GdFeO3 structure. The results of a profile analysis involvingResults a total of 27 variables, including 11 atomic parameters, 5
background parameters and 4 peak-shape parameters are givenSr

2
FeTaO

6 in Table 3. Fig. 1 shows the final observed and calculatedInspection of a high-resolution neutron powder diffraction diffraction patterns. The resulting agreement parameters werepattern collected from Sr2FeTaO6 at 280 K on D2b showed as follows: Rwp=8.78; Rp=6.59; Rl=3.21; DW−d 0.210 ( lowerthat, contrary to previous reports,9 this compound is not a limit of 90% confidence level=1.901 13 ), xred2=9.06.simple cubic perovskite at room temperature. The presence of
additional Bragg peaks throughout the measured angular

Sr2FeSbO6range suggested a larger unit cell, and the diffraction pattern
was indexed in the orthorhombic space group Pbnm with unit- The neutron powder diffraction profile of Sr2FeSbO6 collected

on D2b at 290 K was consistent with the monoclinic spacecell parameters ca.√2 ap×ca.√2 ap×ca.2 ap. This setting,
often referred to as the GdFeO3 structure type,12 is consistent
with our X-ray data in that it requires a disordered arrange-

Table 3 Structural parameters of Sr2FeTaO6 at 1.5 K (space groupment of Fe3+ and Ta5+ cations over a single crystallographic Pbnm)
six-coordinate site. The refined values of the transformed unit-

atom site x y z Uiso/Å2cell parameters confirmed that the magnitude of the ortho-
rhombic strain was very small, and, because of this, there was

Sr 4c 0.0008(9) 0.0097(8) 1/4 0.0067(3)a high correlation between certain structural parameters in
Fe/Ta 4a 1/2 0 0 0.0028(2)our refinements. The agreement parameters resulting from the O(1) 8d 0.2417(9) 0.244(1) 0.0201(3) 0.0077(4)analysis of our neutron diffraction data [Rwp=9.07; Rp=6.59; O(2) 4c 0.9526(6) 0.505(1) 1/4 0.0045(6)

Rl=5.55; DW−d 0.179 (lower limit of 90% confidence level=
1.89913 ) xrec2=11.66] were all higher than might have been a=5.6153(2) Å; b=5.6039 (2 ) Å; c=7.9124 (3) Å; V=248.98 (2 ) Å3 .
expected and the standard deviations on many of the atomic
parameters were large. Furthermore, it was necessary to work
with an overall temperature factor in order to stabilize the
refinement, an unusual and undesirable occurrence in
analysing neutron powder diffraction data collected at 280 K.
An improved description of the crystal structure was achieved

Table 1 Structural parameters of Sr2FeTaO6 at 280 K (space group
Pbnm)

atom site x y z Uiso/Å2

Sr 4c 0.0004(1) 0.0026(5) 1/4 0.0122(2)
Fe/Ta 4a 1/2 0 0 0.0048(2)
O(1) 8d 0.2530(9) 0.2522(9) 0.0168(3) 0.0109(3)

Fig. 1 Observed (dots), calculated (full line) and difference neutronO(2) 4c 0.9569(3) 0.5160(3) 1/4 0.0079(5)
powder diffraction patterns of Sr2FeTaO6 at 1.5 K (D2b data).
Reflection positions are marked.a=5.6204 (3 ) Å; b=5.6161(3) Å; c=7.9266(3) Å; V=250.20 (2) Å3 .

Table 2 Selected bond distances (Å) and angles (degrees) in Sr2FeTaO6 at 280 K

SrMO(1 ) 2.705(5) (2×) SrMO(1) 2.881(5) (2×)
SrMO(1 ) 2.720(5) (2×) SrMO(1) 2.924(5) (2×)
SrMO(2 ) 2.571(6) (1×) SrMO(2) 2.744(6) (1×)
SrMO(2 ) 2.894(6) (1×) SrMO(2) 3.051(6) (1×)
Fe/TaMO(1) 1.988(5) (2×) Fe/TaMO(2 ) 1.9984(4) (2×)
Fe/TaMO(1) 1.994(5) (2×) shortest OMO 2.749(4)
O(1)MFe/TaMO(1 ) 90.30(1) Fe/TaMO(1 )MFe/Ta 172.26(13)
O(1)MFe/TaMO(2 ) 92.97(13) Fe/TaMO(2 )MFe/Ta 165.13(18)
O(1)MFe/TaMO(2 ) 90.77(13)
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group P21/n which permits (partial ) ordering of Fe3+ and magnetic ordering (Fig. 3 ). A magnetic structure of this kind
can be considered to consist of an antiferromagnetic stackingSb5+ over the octahedrally coordinated cation sites. During

the course of the structure refinement, the Fe3+5Sb5+ distri- of ferromagnetic cation sheets along the z axis of the unit cell.
In order to elucidate the details of the magnetic structure, webution over these sites was refined within the constraints

that the sites remained fully occupied and that the overall performed a Rietveld analysis using the free-ion form factor14
of Fe3+ to describe the angular dependence of the magneticFe3+5Sb5+ ratio remained at 151. The isotropic temperature

factors of these two sites were constrained to be equal, as were scattering amplitude. There was no evidence of any major
change in the crystal structure between 290 and 1.5 K, and, inthose associated with the three crystallographically distinct

oxygen atoms. This is another pseudo-symmetric structure, view of the limited number of Bragg peaks in the D1b data
set, the atomic parameters were held constant at the valuesand we again chose to take advantage of the complementarity

of neutron and X-ray diffraction by performing a simultaneous determined at 290 K. Refinement of the appropriate profile
parameters and the cation magnetic moment resulted in aver-refinement of two data sets. In the last cycles of refinement, 48

variables (including 16 atomic parameters, 4 lattice parameters age values for the latter of 3.06 (9) mB per Fe3+ on the B(1 ) site
(79.5% Fe3+ ) and 0.0(3) mB per Fe3+ on the B(2) site (20.5%and 2 sets of profile parameters) were refined. The final

agreement factors for the neutron data were as follows: Rwp= Fe3+ ). The ordered moment was constrained to lie along the
x axis, but alignment along y is equally likely given the5.28; Rp=4.10; Rl=6.27; DW−d 0.587 ( lower limit of 90%

confidence level=1.90513); the value of xred2 based on both resolution of our data. The magnitudes of the magnetic
moments are correlated with the chosen form factor, and maydata sets was 1.56. The values of the refined parameters are

given in Table 4, with the corresponding bond lengths and thus be in error by more than the statistical error quoted.
Fig. 4 shows the final observed and calculated diffractionangles in Table 5. Despite the use of the simultaneous refine-

ment technique, the pseudo-symmetry present in the structure patterns at 1.5 K. The broad feature in the range 70<
2h/degrees<75 which the model does not account for isresulted in relatively large standard deviations on the bond

lengths. The observed and calculated neutron diffraction pat-
terns are shown in Fig. 2. The diffraction data collected on the
diffractometer D1b at 1.5 K contained additional Bragg reflec-
tions indicative of the presence of long-range, type I antiferro-

Table 4 Structural parameters of Sr2FeSbO6 at 290 K (space group
P21/n)

atom site x y z Uiso/Å2

Sr 4e −0.0007(8) 0.0019(8) 0.252(1) 0.0092(2)
B(1 ) 2d 1/2 0 0 0.0039(2)
B(2 ) 2c 0 1/2 0 0.0039(2)
O(1) 4e 0.249(2) 0.251(2) 0.019(4) 0.0096(2)
O(2) 4e 0.259(2) 0.254(2) 0.480(4) 0.0096(2)
O(3) 4e 0.9578(6) 0.515(1) 0.250(2) 0.0096(2)

Fig. 3 The type I magnetic structure proposed for Sr2FeSbO6 . Only
Fractional occupancies on B(1 ): 0.795(6) Fe, 0.205(6) Sb; on the octahedrally coordinated cations are drawn: open circles B(1 ),
B(2): 0.205(6 ) Fe, 0.795(6) Sb. a=5.6132(5) Å; b=5.5973 (5) Å; shaded circles B(2).
c=7.9036 (7 ) Å; b=90.01(1); V=248.32 (6 ) Å3 .

Fig. 4 Observed (dots), calculated (full line) and difference neutronFig. 2 Observed (dots) , calculated (full line) and difference neutron
powder diffraction patterns of Sr2FeSbO6 at 290 K (D2b data). powder diffraction patterns of Sr2FeSbO6 at 1.5 K (D1b data).

Reflection positions are marked.Reflection positions are marked.

Table 5 Selected bond distances (Å) and angles (degrees) of Sr2FeSbO6 at 290 K

SrMO(1) 2.697(27 ) SrMO(2 ) 2.669(25)
SrMO(1) 2.699(25 ) SrMO(2 ) 2.714(27)
SrMO(1) 2.891(27 ) SrMO(2 ) 2.881(28)
SrMO(1) 2.916(27 ) SrMO(2 ) 2.940(28)
SrMO(3) 2.566(5 ) SrMO(3 ) 2.880(9)
SrMO(3) 2.737(9 ) SrMO(3 ) 3.049(5)
B(1)MO(1) 1.995(10 ) (2×) B(2)MO(1) 1.979(9) (2×)
B(1)MO(2) 2.006(9 ) (2×) B(2)MO(2) 1.972(9) (2×)
B(1)MO(3) 1.994(14 ) (2×) B(2)MO(3) 1.989(14) (2×)
B(1)MO(1)MB(2) 171 (2) B(1)MO(3)MB(2) 165.5(2)
B(1)MO(2)MB(2) 170 (2)
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one crystallographic site demonstrates that their cations do
not differ sufficiently in size or charge for an ordered arrange-
ment to be significantly more stable. The situation is different
in Sr2FeSbO6 , where ordering is present to a considerable
extent, presumably because of the smaller size of Sb5+ . This
reduction is apparent in the bond lengths listed in Table 5.
The actual degree of ordering calculated in the simultaneous
refinement of neutron and X-ray diffraction data [0.795(2 )] is
in excellent agreement with that deduced previously8 from
Mössbauer data [0.78(2)]. The ordering of the cations over
the six-coordinate B sites, and the consequent displacements
of the oxide ions, lowers the symmetry of the structure to
monoclinic, but Sr2FeSbO6 can still be thought of as a
pseudo-cubic perovskite.

We previously described Sr2FeTaO6 as a spin glass on the
basis of susceptibility and Mössbauer data. The absence of
magnetic Bragg peaks in the low-temperature neutron diffrac-

Fig. 5 Average magnetic moment of Fe3+ on the B(1 ) site in tion pattern proves that there is no long-range magnetic orderSr2FeSbO6 as a function of the temperature
in this compound below the susceptibility maximum at 23 K,
despite the presence of a hyperfine field in the Mössbauer data.
This confirms that the magnetic moments of the Fe3+ cations
are disordered, despite being static (on the experimental time-
scale), and justifies the classification of this compound as a
spin glass. The origin of this behaviour is still not clear. The
transition-metal sublattice in the perovskite structure is not
frustrated if only nearest-neighbour (NN) interactions are
considered. One possibility is that frustration is introduced by
competition between NN and next-nearest-neighbour (NNN)
interactions. The latter will be weaker than the former, but
they are more numerous (1256). However, estimates of the
ratio of the exchange constants, JNNN/JNN , in perovskite fluor-
ides are only of the order 1/200,16 and even allowing for the
substantial increase in covalent overlap in a corresponding
oxide, this argument is not entirely convincing. It is also
possible that the answer lies in the presence of antiferromag-

Fig. 6 Neutron diffraction patterns (D1b) of Sr2FeSbO6 as a function netic domains which are small when measured on the length-of temperature. Magnetic reflections are labelled ‘M’.
scale of a diffraction experiment. We are presently carrying
out experiments and calculations to explore this possibility
further.thought to be instrumental in origin; it was present in all the

profiles collected on D1b, but absent from the data collected The sensitivity of the magnetic properties to the degree of
(chemical) cation ordering on the six-coordinate sites is demon-on the same sample on D2b. Diffraction patterns collected

during computer-controlled warming of the sample in the strated by the markedly different magnetic behaviour of
Sr2FeSbO6 . The susceptibility and Mössbauer data8 enabledtemperature range 1.5∏T /K∏100 indicated that the magnetic

structure remained type I until long-range magnetic order was us to determine that magnetic frustration was present in this
compound, but the presence of partial cation ordering led uslost altogether. These data were therefore analysed in a similar

manner to that described above, although the ordered magnetic to draw parallels with SrLaNiSbO6 ,17 and we suggested that
a backbone of magnetically ordered spins might establish itselfmoment of the cations on the B(2 ) site was fixed at zero. In

all cases the agreement factor Rwp fell to less than 4%. The in Sr2FeSbO6 , with clusters of frustrated spins, not connected
to the backbone, also being present. The results of our neutrontemperature dependence of the resulting average moments on

the B(1 ) site is plotted in Fig. 5. The value of the ordered diffraction experiments support this explanation. The refined
value of the average ordered magnetic moment per Fe3+ cationmoment decreases smoothly in the temperature range

1.5∏T /K∏37(2 ), above which it takes an approximately [3.06(9 ) mB] on the B(1 ) site is considerably lower than
that observed in an ideal antiferromagnetic oxide of Fe3+constant value which is within 3s of zero. Visual inspection of

the diffraction patterns presented in Fig. 6 suggests that the (ca. 4.4 mB18 ), even after allowance has been made for possible
errors in the form factor, thus suggesting that only ca. 70% ofnon-zero value refined at T�39 K results from an attempt to

fit background noise, thus defining the sensitivity limit of our the Fe3+ cations on these sites belong to the magnetic back-
bone. Alternatively, a higher percentage could be coupled, butmeasurements at ca. 1 mB .
with an imperfect alignment of the spin vectors. A third
explanation is that the antiferromagnetic domain size is becom-Discussion ing small enough to reduce the observed moment. In the first
two cases an unaligned spin component might contribute toNeutron diffraction has shown that our previous description9

of Sr2FeTaO6 as a simple cubic perovskite was wrong. The the hysteresis observed in the magnetic susceptibility, while
domain growth in a field would produce the same effect. Thesymmetry was previously overestimated because the deviation

from high symmetry is caused almost entirely by a relatively adoption of a type I magnetic structure implies that the most
significant antiferromagnetic superexchange coupling takessmall displacement of oxide ions from their ideal positions,

and X-rays are therefore insensitive to the change. The revised place between cations separated by √2a0 ; that is, between
NNN transition-metal sites. The magnetic structure is thuscrystal structure described above is common among perov-

skites, including those which contain more than one transition- consistent with the crystal structure in that √2a0 is the distance
between pairs of B(1 ) sites, which are both likely (63%) to bemetal species,15 and the bond lengths in Table 2 are unexcep-

tional. The disordered distribution of Fe and Ta atoms over occupied by Fe; the B(1 )MB(2 ) distance is shorter (a0), but
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the probability of adjacent B(1) and B(2) sites both being Sr2FeTaO6 and Sr2FeSbO6 to the differing degrees of structural
order on their transition-metal sublattices, an observation thatoccupied by Fe is only 16%. In other words, each Fe3+ cation
demonstrates once again how structural chemistry can controlon a B(1 ) site is likely to be surrounded by (12×0.795) Fe3+
solid-state physics.cations on NNN sites, but only (6×0.205) Fe3+ cations on

NN sites. Our neutron diffraction results show that the concen-
We are grateful to J. P. Hodges, P. G. Radaelli and B. Ouladdiaftration (20%) of Fe atoms present on the B(2 ) sites is too low
for experimental assistance, and to EPSRC for financialfor them to take part in any long-range magnetic ordering.
support.However, the Mössbauer data do not show any evidence for

a paramagnetic component at 4.2 K. It is not uncommon for
frustrated spin systems to show spin freezing at low tempera- References
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