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We present a new effective method for synthesizing Sr,MWO;s double perovskite oxides: the co-
precipitation route at 1220 K in nitrogen environment. Using conventional X-ray diffraction methods,
we have confirmed the room-temperature space group of Sr,Mn**WOg to be P2;/n: Z=2; a=
5.6764(1)A; b = 5.6752(1)A; ¢ = 8.0144(1)A; p=90.12(1)° and V = 258.18(1)A>. We show that the
compound presents the following temperature induced phase-transition sequence: P2,/n — [4/m —
Fm3m. After a thermal treatment, 24 h at 870 K in air, the Sr;Mn**WOgs compound transforms irrevers-
ibly to Sr,Mn**WOsg,. This transformation has been confirmed by EPR and XANES measurements. Using
conventional X-ray diffraction methods, we have shown the room-temperature space group of
Sr;Mn**WOg, ; to be [4/m: Z=2; a = 5.6353(1) A; ¢ = 8.0149(1) A and V = 254.53(1) A>. We show that
the compound presents the following temperature induced phase-transition sequence: [4/m(—
14/mmm) — Fm3m. The tetragonal-to-tetragonal phase transition is suggested to be present, it is not
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observed as it is very weak; it is attributed to the presence of the Jahn-Teller active Mn>* cation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the recent years compounds with general formula A;BB'Og
and double perovskite structure have been extensively studied.
This attention is due to the fact that many compounds of this fam-
ily present interesting electrical and magnetic properties that
could be used in technological applications [1,2]. However, the
structural properties of these materials have been relatively less
studied. The double perovskite structure can be represented as a
three-dimensional network of alternating BOs and B'Os octahedra,
with A-atoms occupying the interstitial spaces. This structure is
rather simple; but, the real crystal structure is sometimes difficult
to determine, due to the pseudo-cubic symmetry, and due to the
relative B-cation disorder that is present in many double perov-
skite compounds. Another difficulty has to do with the fact that
single crystals of these materials have rarely been grown [3,4].
And, thus, most of the structural information has been obtained
from powder diffraction data: conventional X-ray and neutrons.
The study of the structural phase transitions, for understanding
the properties of double perovskite oxides, is very important;
and can be exemplified by the fact that, recently, a coincidence be-
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tween the tetragonal to cubic phase transition temperature, the
Curie temperature and the metal-insulator transition temperature
has been found in Sr,FeMoOg [5,6]. Although the role of the struc-
tural change is not very clear, the coincidence of the mentioned
transition temperatures strongly suggests that such a relation
exists.

In recent publications [7-10], we presented experimental re-
sults for the crystal structures and phase transitions of the double
perovskite oxides Sr,MWOg (M = Ni, Co, Mg, Zn, Cd, Ca) studied
with X-ray powder diffraction method. The Co, Zn, Cd and Ca
containing compounds were found to present the P2;/n (mono-
clinic,c No. 14, non-standard setting) — [4/m (tetragonal, No.
87) - Fm3m (cubic, No. 225) [11] phase transition sequence; for
Sr;NiWQg, the I4/m — Fm3m phase transition was observed;
and, for Sr,CuWOs, experimental evidences were found that sug-
gested the [4/m — I4/mmm — Fm3m phase transition sequence
(later confirmed in [9] by means of neutron and synchrotron radi-
ation diffraction measurements). In order to extend the studies of
the phase transitions of the Sr,MWO;s compounds, we have syn-
thesized and studied with X-ray diffraction methods the crystal
structures of the title compounds. Diffraction measurements at
high temperatures have been used to explore of the occurrence
of structural phase transitions in these compounds.
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The Sr,MnWOg was originally reported as cubic, with a = 8.01A
[12]. More recently, the structure of the double perovskite
Sr,MnWOg, at room temperature, was determined, by neutron
powder diffraction methods, by two groups. The first study, by
Azad et al. [13], described this compound as tetragonal, with the
P4, /n space group (No. 86), which has never been reported for
double perovskite tungstate oxides (and which is not a common
tetragonal space group for double perovskite oxides), with
a=b=801194)A and c=8.0141(8)A. The second work, by
Mufioz et al. [14], reported the Sr,MnWOgs compound as
monoclinic, with the P2,/n space group: a=5.6803(2)A,
b =5.6723(2)A,c = 8.0990(2)A and § = 89.936(3)". As it is stated
in [14], in the P4, /n space group tetragonal description, it is neces-
sary to consider three different positions for the Sr** cations and
the volume of the tetragonal cell is nearly twice the monoclinic
volume. Mufioz et al. [14] carried out a fitting of the crystallo-
graphic structure with the P4, /n space group: the discrepancy fac-
tors were slightly worse than those obtained for P2;/n. Their
conclusion was that as the structure can be described in P2,/n,
with a smaller unit cell and with considerably fewer atoms per unit
cell and variable parameters, they preferred the monoclinic
description for Sr,MnWOgs. Moreover, they found that in the
Sr,MnWOg unit cell the monoclinic distortion is very small, an ef-
fect that has been widely observed in many 1:1 ordered perovsk-
ites with a strong pseudo-cubic character. Azad et al. have
carried out a neutron diffraction study of Sr,MnWOg at high tem-
peratures [15], collecting data at four different temperatures, 295,
573, 773 and 973 K. In that work, they report that at 573 K, the
structure remains in the same symmetry and space group, pointing
out that only small changes in the refinement parameters were ob-
served. However, at 773 K, the crystal structure changes from the
primitive tetragonal symmetry (space group P4, /n) to a body cen-
tered tetragonal symmetry (space group I4/m). And, finally, at
973 K, the crystal structure changes from body centered tetragonal
symmetry to face centered cubic symmetry (space group Fm3m).

The aim of the present study is twofold. First, we want to pres-
ent a new route for synthesizing double perovskite oxides, which
has been proven to be very efficient: low amounts of impurity
are obtained, it needs lower reaction temperatures (although the
grade of crystallization is good) and the samples are obtained in
only two days. The second aim is to report the structural re-deter-
mination of Sr,Mn?>*WOg, and the structural determination of a
new compound: Sr,Mn**WOg, s, by X-ray powder diffraction
methods. We also present the phase transitions observed in
SrMn**WOg and in Sr,Mn>*"WOg, ; with a survey of the evolution
of the crystalline parameters according to the temperature.

2. Experimental
2.1. Sample preparation

The literature describes a large number of methods for synthe-
sizing double perovskite oxide materials. Without any pretention
of exhausting we can mention few different methods used in the
last five years: ceramic method [16], sol-gel method [17], freeze-
drying method [18] and exchange ionic reaction [19]. Each one
has its own advantages and disadvantages. In our group, we have
been using, quite successfully, the ceramic method which is well
known for the easy implementation, although it can take very long
synthesis time. This fact, due to the (in principle) unknown ad hoc
thermal treatments for each compound, is usually stated as the
counterpart of the easiness of the method. It has another obvious
counterpart: usually, they are needed (very) high temperatures
in the thermal treatment. With the aim of stablishing a good route
for obtaining powder samples of double perovskite oxides, we ini-

tiated, a serial preparation of powder samples for pure and solid
solution double perovskite oxides following four different meth-
ods. In this work, we report the two most efficient methods (effi-
ciency in the sense of time and effort, in the one hand; and, in
the other, in the sense of obtaining high quality samples) used
for obtaining the samples of Sr,Mn*"W®"0g we have analyzed.

The first one is the DTPA method, which we have used to pre-
pare the sample 1 (Sr,Mn*>*WOg). As far as we know, this is the
first time that the double perovskite tungstate oxide powder was
prepared by the Diethylene Triamine Pentaacetic Acid (DTPA)
method (sample 1). We prepared it as follows: stoichiometric
amounts of SrCO3;, MnCO3; and WO; were dissolved in dilute nitric
solution. Then, suitable amounts of ammoniac and C;;H,N30g
(DTPA) (the number of moles of DTPA equals the sum of the num-
bers of the moles of the reagents) as coordinate agent, were added
in the reactor, and a completely homogeneous light yellow trans-
parent solution was achieved, after heating at 100 °C for 30 min,
with a control of the pH between 8 and 10. This solution was sub-
jected to evaporation, until a highly viscous residual was formed
and a gel was developed during heating at 170 °C. The gel was ther-
mally treated at 300 °C, for 5 h, and at 450 °C, for 10 h, to decom-
pose the organic precursor. The resulting powder was heated,
under nitrogen environment, progressively at different tempera-
tures 900 °C for 10 h, 950 °C for 10 h and 1000 °C for 10 h, with
intermediate regrinding. We have obtained a small amount of
SrWO0, as impurity (3.35%). The sample was obtained after four
days, and the maximal temperature in the heat treatment was
1000 °C.

As second method of synthesis we used the co-precipitation for
the preparation of sample 2 (Sr,Mn**WOgs). Stoichiometric quanti-
ties of Sr(NO3)2 (I), (OOCH3)2MH . 4H20 (H) and (NH4)10W12041 (IH)
were dissolved separately in distilled water. A slow addition,
under magnetic agitation, of (III) in (I) and (II) mixture at room
temperature induces the formation of a precipitation. After slow
evaporation at about 60 °C, the resulting powder was heated pro-
gressively, at different temperatures, with intermediate regrind-
ing: at 300 °C, 400 °C, 500 °C (for 8 h every temperature) and
900 °C for 24 h. The whole heat treatment was conducted under
a nitrogen environment. The obtained final powder of
Sr,Mn?*WOgs is brown in color. In this case, we have obtained, an
even lower quantity of impurity (< 1%) of MnO in this sample, that
was included as secondary phase in the final refinement. The sam-
ple was obtained after two days, and the maximal temperature in
the heat treatment was 900 °C. Consequently, the method of co-
precipitation presents the shortest time and the lowest tempera-
ture of preparation.

2.2. X-ray powder diffraction

The powder diffraction data were obtained using a Philips
X'Pert MPD System with Cu K, (Ni-filter) radiation, equipped with
a proportional detector. The specimen for diffraction at room tem-
perature was prepared by depositing sample powder on a Si plate.
The intensity data were collected by continuous scanning with 20
steps of 0.01° and counting times of 10 s at each step. The 20 range
covered was 15°-100°. X-ray diffractograms at high temperatures,
Sr,Mn**WOs and Sr.Mn>*WOg. ; both in air, were obtained using
an Anton Paar HTK16 temperature chamber, with a temperature
stability of 0.5 K, mounted on the same diffractometer. In the case
of Sr,Mn?*WOjg, another experiment was conducted under a vac-
uum environment, high temperature X-ray powder diffraction data
were recorded on a Bruker D8 Advance 0/0 diffractometer,
equipped with a Vantec high speed one-dimensional detector
using CuK, radiation. An Anton Paar HTK2000 high-temperature
chamber with direct sample heating (Pt filament) and a tempera-
ture stability of 0.5 K was used. The data were collected using con-
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tinuous scan with steps of 0.0083° (26) and a counting time of 1s
per step.

In both diffractometers, the specimens for the high temperature
measurements were prepared by mixing the material under study
with high temperature resin (Zapon lacquer). Then the mixture
was ‘painted’ over the Pt-strip heater of the chamber. Special
attention was paid to the additional peaks belonging to the Pt sam-
ple heater that are present in the high temperature diffractograms,
and that overlap with the peaks originating from the samples stud-
ied. These peaks were excluded from the refinement.

The Rietveld refinement of the data was performed with Win-
Plotr/FullProf package [20]. The peak shape was described by a
pseudo-Voigt function, and the background level was modeled
using a polynomial function. The refined parameters were: scale

factor, zero shift, lattice constants, peak profile, asymmetry param-
eters, atomic positions and independent isotropic atomic displace-
ment parameters.The impurities were treated as known additional
phases in a multiphase refinement.

2.3. Electron paramagnetic resonance

A Bruker ESP300 spectrometer operating at X band was used to
record the EPR (Electron Paramagnetic Resonance) spectra of the
compounds at room temperature. The magnetic field was cali-
brated by a NMR probe and the frequency inside the cavity was
determined with a Hewlett-Packard 5352B microwave frequency
counter.
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Fig. 1. Observed (.), calculated (-) and difference profiles for the Rietveld refinement of Sr,Mn?*WOjg at room temperature using a structural model with the P2, /n space
group. In (a), the impurity STWO4 (<3.35%) is included in the refinement as a known additional phase. In (b), the impurity MnO (< 1%) is included in the refinement as a
known additional phase. The top barred pattern corresponds to Sr,Mn?>*WOg and the bottom barred pattern to the impurity.
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2.4. X-ray absorption spectroscopy

The X-ray absorption spectroscopy (XAS) experiments in the
Mn K- and the W L3-edges were carried out at the Spanish
CRG beamline (SpLine-BM25). The electron beam energy of the
ring was 6 GeV, and the average current was 200 mA. The energy
was chosen using a Si(111) double-crystal monochromator, de-
tuned up to a 70% of the maximum intensity to reject the com-
ponents from higher harmonics. The experiments were
developed in the fluorescence yield mode. Mn K and W L fluores-
cence lines were collected under a 90° geometry using a Si(Li)
detector from e2v Scientific Instruments. The incident X-ray
intensity was monitored by a gas-filled ionization chamber. Sev-
eral measurements were performed on each edge to assure a
good signal-to-noise ratio. The samples were mounted in a fur-
nace and X-ray spectra were taken at several temperatures, going
from room temperature to 875K, and then again at room tem-
perature in order to observe any variation between both room
temperature spectra. The data treatment of the XANES (X-ray
Absorption Near-Edge Spectroscopy) spectra were performed
with the ATHENA software [21].

2.5. Neutron powder diffraction

The neutron diffraction measurements were performed in the
D20 high-intensity, medium-resolution instrument at Institut
Laue-Langevin (ILL, Grenoble, France). The diffraction profiles
were collected in the range 26 = 0 — 160° with a neutron wave-
length of 1.3 A. The monochromator was Cu(200). This instru-
ment is equipped with a detector that covers 153.4° in 26
space and is made of 1534 3He cells [22]. The samples were
placed in a vanadium capillary of 5 mm in diameter. Continuous
heating with a rate of 1 K/min from room temperature to 1200 K
were performed using a vanadium furnace in order to monitor
the temperature-induced structural transitions. The coherent
scattering lengths for Sr, Mn, W and O were 8.24, —3.75, 4.77
and 5.805 fm, respectively.

3. Results and discussion
3.1. Room-temperature structures

In Fig. 1 we show the X-ray diffraction results, at room temper-
ature, for samples 1 and 2. As mentioned, P4,/n [13] and P2,/n
[14] space groups have been proposed, using neutron powder dif-
fraction data, for the room-temperature structure of Sr,MnWOsg.
We tried both structures as the starting models for our refine-
ments; the R-factor values obtained (sample 2) for both space
groups are: R, = 10.6%;Rup = 16.0%; Rexp = 10.11%; ¥* = 2.50 for
P4,/n with 8 atoms per unit cell; and R, =7.96%;Rw
= 12.5%; Rexp = 8.77%; y* = 2.02 for P2;/n with 6 atoms per unit
cell; as we can see, the best R-factor values were obtained for the
monoclinic model with fewer atoms per unit cell and smaller prim-
itive unit cell volume (V1 ~ 2Vy,). Thus, we suggest that the room-
temperature space group of Sr,Mn**WOs is P2, /n. There are three
facts that support this affirmation. First, it is very easy to confirm
that the P4,/n space group is not common; indeed it is very
strange, as a space group preferred by double perovskites
(although it is a possible one). Secondly, there is a “crystallographic
reason” also used by Mufioz [14]: there is a little improvement in
the R factors when the structure is described using the P4, /n space
group, which needs a bigger unit cell (primitive) and which gives
rise to more degrees of freedom, as, for instance, instead of having
only one Sr cation position, there are three. Thirdly, in a previous

Table 1

Crystal structure data and refinement results for Sr,Mn?"WOsg at room temperature.
The atomic positions (in fractional coordinates) and temperature factors were refined
in the space group P2,/n. (Note: a=5.6764(1)A;b=>5.6752(1)A;c
=8.0144(1)A;$=90.12(1° and V= 258,18(1),7\3;Rp = 7.96%; Rwp = 12.5%; Rexp
=8.77%; > =2.02).

Atom Site X y z B(A?)

w 2a 0 0 0 0.27(3)
Mn 2b 12 12 0 0.10(1)
sr 4e 0.0054(7) 0.5166(3) 0.2464(7) 0.67(4)
o1 e 0.057(2) 0.020(2) -0.236(1) 0.92(8)
02 4e 0.252(1) -0.221(5) 0.042(4) 0.92(8)
03 4e 0.210(5) 0.264(5) 0.038(2) 0.92(8)

paper [10], we presented a phase diagram (transition temperature
vs. tolerance factor) in the Sr,MWOjg family. The data in that figure
demonstrate that the Sr,MWOg family (including a continuous so-
lid solution Sr,Cd;_,Ca,O¢ [23]) shows the same phase-transition
sequence P2;/n —I14/m — Fm3m, and the feature of increasing the
stable temperature range of the more distorted monoclinic phase
and the diminishing of the tetragonal I4/m phase as the tolerance
factor diminishes at room temperature. We see no “physical” rea-
son to take out the present work compound from that general
behaviour (trend) proven to exist in the mentioned family. With
all these arguments, we conclude that the correct space group
assignation for the room-temperature structure of Sr,MnWOs is
undoubtedly the monoclinic P2, /n. The results obtained for the
crystal structure of Sr,Mn?"WOg at room temperature and the reli-
ability parameters of the refinement are given in Table 1. Similar
results were obtained using samples 1 and 2 data.

In Fig. 2 we show the X-ray diffraction measurement results ob-
tained using sample 2 at different temperatures between 470 and
1090 K, in three selected 20 ranges: (44.0°-46.0°), (55.0°-57.0°)
and (73.5°-76.0°). The main goal of this experiment was to deter-
mine precisely the temperature of the known to exist two phase
transitions [15]: in that work, the authors reported three different
structures: P4, /n, at room-temperature; I4/m, at 573 K and Fm3m,
at 773 K. At a first glance to Fig. 2, it seemed that our results could
be compatible with the known two phase-transition sequence in
Sr,MnWOg. We thought that the phase-transitions temperatures
were approximately 630 and 820K, as indicated by the white
dot-lines in Fig. 2. Nevertheless, the behavior between 820 and
1020 K temperatures puzzled us: in that temperature interval,
the cell parameters of the compound diminished. We interpreted
it as a possible irreversible transformation, taking place continu-
ously in temperature, to another compound; in fact, the color of
the recovered sample had changed from brownish to black; and,
besides, a great increase in the amount of impurity present in
the sample was noticed.

In Fig. 3 we show the results obtained in the 20 angular range
(15°-100°) for sample 2: (a) before increasing the temperature
from room temperature to 875K and (b) after recovering the
room-temperature conditions. The amount of impurity has notice-
ably increased; and, what is more important, the starting phase is
not recovered; hence, the compound has, undoubtedly, trans-
formed irreversibly (see below, next sub-section Sr,Mn**WOg, ).
Having this fact in mind, we re-interpreted the results shown in
Fig. 2: up to approximately 820 K, the compound keeps the struc-
ture of Sr,Mn**WO0g, and at that temperature, it starts to transform
irreversibly. Thus, the temperature interval of interest to observe
the previously reported phase transitions is 473-773 K; although
in our results, in that temperature interval only one clear anomaly
was seen.

The behavior of the three sets of reflections, shown in Fig. 2, is
qualitatively the same. At ~ 810 K, the evolution with temperature
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of all them changes and instead of evolving to lower 20 values, they
move to higher values. This is a sign of a decreasing of the cell
parameters. As a possible explanation to this observation, we
thought that the Sr,Mn?>*W®"0g compound transformed to
S, Mn>*W°* Qg thus, we thought of an oxidation-reduction trans-
formation. There are some facts supporting that conclusion. First,
the conventional X-ray measurements have been done in air, and
it is known how easily Mn** oxides in air. Second, we can compare
the ionic radii of Mn** (0.645 A) and W°* (0.620 A) to those of
Mn?* (0.830 A) and W®*(0.600 A). Although the ionic radius reduc-
tion in the tungstate is very small (Arw = 0.02 A), in the manga-
nese after the proposed transformation the reduction is one
order of magnitude bigger (Ary, = 0.195A), and, relatively, it is a
30% decrease. So, it is quite reasonable to think of a general unit
cell reduction, as the inter-atomic distances are governed by the
ionic radii. This reduction, in turn, will appear as an evolution with

4]

57

temperature of the position of the reflections to bigger values of 20,
at least, while the oxidation-reduction transformation takes place.
Once it has finished, it is supposed that the cell parameters will be
evolve with temperature as usual.

We made a thermal treatment in Sr,Mn>*"W®Qg: we heated it
in air at 875 K, during 24 h. The sample was heated up and cooled
down slowly 3 K/min. After the treatment, we obtained the same
two features in the recovered sample (sample 3): color had chan-
ged to black, and a big amount of impurity was present.

To confirm our assumption about the mechanism of the ob-
served transformation, we recorded an EPR spectrum, at room
temperature, for both samples: Sr,Mn**W®"0g (sample 2) and
sample 3. Fig. 4 shows the EPR spectra obtained. The EPR signal
shows a broad isotropic signal centred at a resonance field of
3367.4(2) Oe, corresponding to g value of 1.998(1), indicating that
manganese ions are in the 2+ oxidation state in sample 2; besides,
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Fig. 2. Temperature evolution of the three diffraction line-set at 20 ~ 45°; 56°; 75°, obtained by X-ray diffraction measurement in air of Sr,Mn**WOg (sample 2). At 640 K, the
compound transforms to the tetragonal [4/m space group. Before the expected high-temperature cubic (Fm3m space group) phase appears, the Sr,Mn**WQs compound starts

to transform irreversibly to Sr,Mn>**WOg.;, at about 820 K.
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and MnO, respectively.
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there is no signal at all in the case of sample 3, indicating that there
is no manganese cations in it in the 2+ oxidation state, and, thus,
that all the manganese present is in 3+ oxidation state.

As we performed the thermal treatment on Sr,Mn**W® Qg in
air, it could had happened that while Mn?** oxided to Mn>*, the
sample had gained some oxygen, maintaining the W®" oxidation
state; thus, transforming to SrzMn3+W5*OG+(,-; or, otherwise, to
maintain charge neutrality, the W®* cation could had transformed
to W°*, therefore, the compound in sample 3 should be
SrMn**W5* 0. In order to see if the sample gains oxygen or
WS* transforms to W>*, while the temperature is increased in
air, we focused on the oxidation states of manganese and tungsten
at room temperature, after and before the thermal treatment at
875 K.

The XANES experiments at the Mn K-edge and W L3-edge were
carried out for the starting material Sr,Mn?*W®*0g and the treated
sample, and normalized spectra are shown in Fig. 5. The Mn K-edge
XANES spectra recorded at room temperature on sample 2, as pre-
pared and after the thermal treatment at 875 K are depicted in
Fig. 5(a). As it is clear form the figure, changes in the absorption
edge occurred after the thermal treatment: the edge position shifts
from 6543 to 6550 eV, revealing the transition from Mn?** to Mn>*.
Furthermore, the spectrum profile of the starting Mn?* double
perovskite resembles to analogue perovskites with Fe’*, whereas
the shape of the Mn>* treated sample is very similar to Fe** per-
ovskites [24,25]. The W L3-edge XANES spectra recorded at room
temperature, before and after thermal treatment are extremely
similar to each other, as shown in Fig. 5(b). The position of the

6x10° —— Sample 2
| —— Sample 3
4x10™
—  2x10™
=
é 4
= 0
=
= )
-2x10°4
-4x10°
-6x10
I I I I ] 1
0 1000 2000 3000 4000 5000 6000 7000
H[Oe]

Fig. 4. Room-temperature EPR spectrum of samples 2 and 3. The EPR signal shows a broad isotropic signal, centred at a resonance field of 3367.4(2) Oe, corresponding to g
value of 1.998(1), indicating that manganese ions are in the 2+ oxidation state in sample 2; besides, there is not signal at all in the case of sample 3, indicating that there is no
manganese cations in it in the 2+ oxidation states, and, thus all the manganese present is in 3+ oxidation state.
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Fig. 5. XANES spectra, at room temperature, of sample 2 (as prepared) and sample 3 (after the thermal treatment at 875 K): (a) Mn K-edge, (b) W L3-edge.
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W edge absorption at the half jump in the as-prepared sample is
found at 10205 eV, a typical value for tungsten in the 6+ oxidation
state [25,26]. The treated sample has the same edge energy, the W
L3 edge usually does not present an important shift in the edge en-
ergy, in this case the edge position is the same, suggesting the
maintenance of a W®* oxidation state [25]. The L3 absorption edge
comes from a direct dipolar 2p — 5d transition, so the slight differ-
ences in the double structure in the white line may suggest a
weakening of the crystal field effect in the WOg octahedra, due
to increase in the W-0 distances in the transition to the tetragonal
symmetry. Thus, from the combined EPR and XANES measure-
ments results, we conclude that Sro,Mn?>*W°® Qg transforms, at
875 K in air, to Sr,Mn**W®*0g, 5. Of course, the non-stoichiometric
excess in oxygen compensates the change in the oxidation state in
Mn and the maintenance of the oxidation state in W. This transfor-
mation is irreversible, and, thus, in turn, gives rise to a new
material.

We focused in this new material and we made a room-temper-
ature X-ray diffraction measurement in Sr,Mn**WO0g, 5 (sample 3).
In addition to the already mentioned color change and impurity in-
crease, the diffractogram has two more features: (i) it is relatively
shifted to higher angles (Fig. 3, in comparison to the results ob-
tained before the thermal treatment, sample 2), what is consistent
with a decrease in the cell parameters; and (ii) there are some
reflections pertaining to the monoclinic phase that have disap-
peared (marked with dashed lines); a fact that can be interpreted
as a symmetry increase. The reflections that disappear are of the
type (hkl) with h+k+1=2n+ 1, which are characteristic of a
primitive cell. Bearing in mind that the are characteristic of a prim-
itive cell, we performed a refinement with a tetragonal space
group, I14/m, and using the structural results obtained for sample
2 with the tetragonal phase as the starting structural model. The
results of the refinement are shown in Fig. 6, and the final struc-
tural results and refinement parameters obtained are summarized
in Table 2. The results of refinements shown the presence of 2.90%
of STWO, and 1.37% of Sr,Mn,0s, which mean a partial decompo-
sition of the compound to 2:1 mole proportional portion of STWO,
and Sr,Mn,0s, respectively, according to the following chemical

Table 2

Crystal structure data and refinement results for Sr,Mn>*WOg, ; at room temperature.
The atomic positions (in fractional coordinates) and temperature factors were refined
in the space  group 14/m. (Note: a=5.6353(1)A; c=8.0149(1)A and
V= 254.53(1)A iRy = 10.6%; Rwp = 15.1%; Rexp = 5.42%; y* = 7.73).

Atom Site b% y z B(A?)

w 2a 0 0 0 0.33(7)
Mn 2b 0 0 12 037(2)
sr 4d 0 12 1/4 0.74(3)
o1 e 0 0 0.241(2) 1.05(4)
02 8h 0.219(2) 0.276(1) 0 1.05(4)

reaction: Sr,MnWOg + 1/20, — 2SrWO, + Sr,Mn;0s. We con-
clude that the sample 3 allows for 2:1:1 proportional portion of
Sr, Mn and W, respectively.

Unfortunately, the refinement of oxygen site occupancy was not
very conclusive, due to the insensitivity of powder X-ray diffrac-
tion to small variations in oxygen content in the presence of higher
atomic number elements. Nevertheless, the refinement results are
consistent with fixed occupancy of these sites. The oxygen occu-
pancy at the 4e and 8h sites (I14/m space group) was fixed during
the refinement at 1 and 1.125, respectively, as the initial stoichi-
ometry seemed most likely to be Sr,Mn>*WOg 5. The mean inter-
atomic distances of Mn and W in Sr,Mn?’*WOs and
SroMn**WOg,; are listed in Table 3. In the case of Sr,Mn?"WOg,
the bond lengths of Mn — O1,Mn — 02 and Mn — 03 are 2.139(3),
2.145(8) and 2.144(8) A, respectively, which are very close and
similar to the value predicted by bond valence calculations
2.196 A. The same results are observed for the bond lengths of
WOs octahedra. In the other compound SrzMng*WOGM-. the bond
lengths in the axial position of Mn are elongated due to a Jahn-Tal-
ler distortion. In consequence, we have obtained two large dis-
tances 2.076(1) A and four short distances 2.024(7) A, the average
value of the Mn bond distances within the octahedra 2.041(2) A
are in good agreement with the value predicted by bond valence
calculations 2.0461 A. As sequences we have obtained deformed
WOs octahedra, with two short axial distances 1.930(1) A and four
large distances 1.986(7) A.
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Fig. 6. Observed (-), calculated (-) and difference profiles for the Rietveld refinement of Sr,Mn**WOg.; (sample 3) at room temperature using a structural model with the
14/m space group. The top barred pattern corresponds to Sr,Mn>"WOs, ;, and the middle and bottom barred patterns to the impurities SF'WO, (2.90) and Sr,Mn,0s (1.37),

respectively, which have been included in the refinement as known additional phases.
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Table 3
Main bond distances (A) for Sr,Mn?>*WOs and Sr,Mn**WOs,, from XRPD at room
temperature.

Sr,Mn*"WO0g Sr,Mn**WO0g, 5
Mn-O1 2.139(3) (x2) 2.076(1) (x2)
Mn-02 2.145(8) (x2) 2.024(7) (x4)
Mn-03 2.144(8) (x2) =
Average distance 2.143(9) 2.041(2)
Predicted distance 2.196 2.046
W-01 1.926(3) (x2) 1.930(1) (x2)
W-02 1.931(8) (x2) 1.986(7) (x4)
W-03 1.938(8) (x2) =
Average distance 1.932(9) 1.967(2)
Predicted distance 1.917 1.946

3.2. High-temperature phase transitions in Sr,Mn>*WOs

To determine precisely the temperatures of the expected phase
transitions in Sr,Mn**WOg (sample 2), we performed neutron and

a

750

Temperature, K

40.0 405 41.0

49.0 49.5 50.0 50.5

X-ray powder diffraction (XRPD) measurements at different tem-
peratures, under vacuum (to avoid the sample transformation to
SroMn**WOgs, ). In Fig. 7(a) and (b) we show the results obtained
from neutron measurements, in the 430-750 K temperature inter-
val, with a 1K step, in the (44.0°-41.5°) and (49.0°-50.75°) se-
lected 20 intervals, corresponding to the primitive Bragg peaks
(131/131/311/311) and (124/124/214/230/214/320), respec-
tively. It can be seen clearly that these peaks, of the type hkl which
not satisfy the h + k + [ = 2n reflection condition, gradually disap-
pear at about 640 K. This observation indicates that at about 640 K,
the structure transforms from primitive unit cell to a centered unit
cell. Unfortunately the neutron diffraction measurement could not
show significant changes for the rest of the peaks in the tempera-
ture range 430-1200 K. This is because D20 is a resolution limited
instrument. The disappearance of the primitive Bragg peaks is also
observed in the X-ray diffraction measurement results. For exam-
ple, in Fig. 7(c), the peaks (124/124/214/230/214/320), observed
in (58.0°-59.5°) 260 interval, disappear at the same temperature
640 K. Fig. 8 shows the results obtained by X-ray diffraction mea-

. 14/m

P2,/n

| ol
58.0 58.5 59.0

Angle 26, deg

Fig. 7. Thermal evolution of the primitive Bragg peaks of Sr;Mn?"WOs obtained under vacuum from neutron powder diffraction (a and b) and from XRPD experiments (c).
The sgattered intenﬁity is represented with gray scale, black being high intensity and white lowest intensity. Thermal evolution of (131/131/311/311) in (a) and
(124/124/214/230/214/320) in (b and c), showing the disappearance of these peaks at about 640 K.
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Fig. 8. Thermal evolution of (620) cubic reflections as obtained from XRPD experiments under vacuum of Sr,Mn?*WOs. The scattered intensity is represented with gray scale,
black being high intensity and white lowest intensity. The monoclinic triplet converts to a tetragonal doublet reflection at the same temperature of disappearance of the
primitive Bragg peaks, and, eventually, the tetragonal splitting disappearance and the double reflection evolves to a single cubic one at about 960 K.
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surements in the (73°-76°) 20 selected interval, corresponding to
(620) cubic reflection. At all temperatures covered, the 20 region
chosen for the phase transition search contains a group of diffrac-
tion peaks that has been identified as especially sensitive to the
structural changes occurring in double perovskite materials [8].
The monoclinic triplet converts to a tetragonal doublet reflection
at the same temperature at which the primitive Bragg peaks disap-
pear, and, eventually, the tetragonal splitting disappears and the
double reflection evolves to a single cubic one at about 960 K. This
behavior is very similar to that observed, for instance, in Sr,CaWOg
[8], where these changes were interpreted as evidence of the mate-
rial undergoing two phase transitions: first, from a monoclinic
structure to a tetragonal one, and (at higher temperature) then
from tetragonal to cubic.

Next, we measured sample 2 in the (17°-80°) 26 range and in
the temperature interval from 500 to 1040 K, with a temperature
step of 20 K, to have good enough data to determine the variation
of the cell parameters with temperature. In Fig. 9 we show the re-
sults obtained for the variation with temperature of the cell param-
eters (a) and unit cell volume (b), in sample 2. Up to 640K the
compound is monoclinic (P2, /n); from 640 to 940 K it is tetragonal
(I4/m); and it remains cubic (Fm3m), from 960 up to 1040 K. It can
be observed that, in the monoclinic phase, the metric parameters
(bv/2, ¢) change continuously, and, at 640 K, become almost equal.
The observed phase-transition sequence, P2:/n — I4/m —
Fm3m, is the “usual” two phase-transition sequence encountered
in some of the members of the double perovskite tungstate oxide
family, and connects the three space groups most frequently found
for the ordered perovskites.

3.3. High-temperature phase transitions in SLMn**WO0gq, 5

As in the previous case, the search for phase transitions was car-
ried out by performing diffraction measurements of sample 3, in

the (17°-80°) 20 range and in the temperature interval from 320
to 870 K, with a temperature step of 20 K, to have good enough
data to determine the variation of the cell parameters with tem-
perature. The temperature dependence of the cell parameters (a)
and unit cell volume (b), is shown in Fig. 9. At about 710 K a strong
discontinuous phase transition is observed. The high temperature
phase is indexed as cubic Fm3m and the low temperature one as
tetragonal, body centered. No changes in the set of observed reflec-
tions were found below this temperature, suggesting that the unit
cell does not change in the temperature range from 700 K to room
temperature. However, at about 490 K a very small change in the
slope of the curve of variation of the c tetragonal cell parameter
is observed (in Fig. 9 we have shown the prolongation of the tem-
perature evolution of the [4/mc cell parameter with a dashed line
as guide for the eyes). This behavior is compatible with a continu-
ous phase transition.

In a double perovskite structure with the [4/mmm space group
the octahedra are not rotated, therefore, there is no change in the
intensity of some reflections with temperature. In a double perov-
skite structure with the I4/m space group, however, the octahedra
are rotated. In this case, there is a change in the intensity of some
reflections with the rotation angle: the bigger the value of the rota-
tion angle, the smaller the height of the peaks. Thus, the assump-
tion that there is a continuous phase transition at 490K, for
which the order parameter is proportional to the rotation angle,
could explain the change of the cell parameters observed in
Fig. 9. The XRPD are not suitable for these observations, and the
NPD data that we have are not good enough for seeing these inten-
sity changes. But, if we assume that at 490 K there is a phase tran-
sition under way, this (very small) anomaly could be explained as
produced by the homogeneous strain coupled to the order param-
eter. It is not easy to observe a transition of the type
14/m — I4/mmm, because the two space groups have the same
extinction conditions (no peak splitting or appearance of new
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peaks is expected). It should also be pointed out that the refine-
ment of the room temperature structure in the [4/m space group
gives better reliability parameters than the refinement in the
I14/mmm group, although the difference is small. This is due to
the fact that X-ray diffraction is not very sensitive to the positions
of the oxygen atoms. The fact that the transition is continuous
makes most of the thermal analysis methods unsuitable for its
detection. The evidence presented here is not enough to affirm
the existence of such a transition. However, in the analysis that
we made in Sr,Cu**WOg double perovskite [9], we showed that
due to the Jahn-Teller character of the Cu** cation there was an
intermediate phase between the low-temperature [4/m and the
High-temperature Fm3m phase, [4/mmm: we suggested that the
lowering of the symmetry from Fm3m to I4/m in Sr,Cu®"WOg
was performed in two steps, Fm3m — I4/mmm — I4/m. Now,
we suggest that, being Mn>* Jahn-Teller active, the same behavior
could be expected for Sr,Mn**WOg, 5.

The variations of the lattice parameters av/2, c and V with tem-
perature in Sr,Mn**WOg, s are presented in Fig. 9, all of them in-
crease monotonously with increasing temperature. They are
smaller than those observed for Sr,Mn?*WOg, due to the difference
between the ionic radii of Mn** (0.645 A) and Mn?* (0.830 A).

4. Conclusions

We present, the new effective route for synthesizing Sr,MWOg
double perovskite oxides as the co-precipitation method because it
needs a lower maximum temperature of thermal treatment and
only two days of preparation. Moreover, the samples obtained in
this way contain a very low quantity of impurity. Using conven-
tional X-ray diffraction methods, we have confirmed the room-
temperature space group of Sr,Mn**WOg to be P2, /n, and we have
shown that the compound presents the following temperature in-
duced phase-transition sequence: P2;/n — I4/m — Fm3m. After
a thermal treatment, 24 h at 870K in air, the S, Mn?>*WOg com-
pound transforms irreversibly to Sr,Mn>*WOgs, ;. This transforma-
tion has been confirmed by EPR and XANES measurements. Also,
we have confirmed the room-temperature space group of
Sr,Mn3*WO0g. s to be 14/m, and we have shown that the compound
presents the following temperature induced phase-transition se-
quence: [4/m(— I4/mmm) — Fm3m. The tetragonal-to-tetrago-
nal phase transition is suggested to be present (taking into
account the behavior of Sr,CuWOg), not seen as it is very weak;
and it is attributed to the presence of the Jahn-Teller active Mn>*
cation.
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