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The structure of a polycrystalline sample of SrMoOs has been investigated using powder neutron
diffraction from 5 to 300K, to reveal two structural phase transitions, the first from the cubic Pm3m
structure with a=3.97629(3)A to a tetragonal structure in I4/mcm near 266K and the second to an
orthorhombic Imma phase below 125K. The average Mo-0 distance is essentially independent of
temperature. The temperature dependence of the octahedral tilting appears typical of a tricritical phase
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1. Introduction

The diverse electrical and magnetic properties displayed by
ABOs3 perovskites containing a 4d transition metal at the
octahedral B-site is increasingly becoming the focus of interest.
Some fifty years after it was first described by Scholder and
Brixner [1] StMoOs3, in which the Mo is present as Mo** with two
4d-electrons in threefold degenerate t,, orbitals, is again of
interest [2-9], as are the structurally related Ruddlesden-Popper
type oxides Sr,MoO,4 and SrsMo,0- [10]. StMoOs is commonly
described as a cubic perovskite with space group Pm3m, which
exhibits metallic conductivity and Pauli paramagnetism [11,12].
Whilst oxides containing Mo** generally need to be synthesized
in a reducing atmosphere to avoid the formation of the
more stable Mo®" (d°) configuration, the fascinating properties
of even simple oxides such as MoO; [13] and Ln,Mo0,07 [14] more
than justify the synthetic effort. Indeed the conductivity of
SrMoOs is amongst the highest of all oxides [15]. Zhao and
co-workers showed that doping SrMoOs with as little as 2.5% Cr to
form SrMogg75Crg 02503 is sufficient to drive a transition from
the Pauli-paramagnetic state to a ferromagnetic state [7].
The thermoelectric properties of SrMoOs are equally sensitive
to partial oxygen substitution by nitrogen to form SrMoOs_,
Ny [4].
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Perovskite-type compounds often possess pseudo-symmetry
which originates from tilting of the BOg octahedra. When the
tilting is small it can be difficult to detect using X-ray diffraction,
due to the low X-ray scattering power of the oxygen anions. This
is especially true for many early studies that relied on laboratory
based diffractometers with moderate resolution. There are now
numerous examples of oxides, including STNbO3 [16] and SrSnO3
[17], initially described as cubic perovskites being found to have
lower symmetry especially when neutron diffraction methods are
employed. Likewise lowering the temperature can induce transi-
tions to lower symmetry as illustrated by SrCrOs [18] and SrTiO3
[19] both of which become tetragonal upon cooling. Detailed
structural studies have now been reported for a number of SrBO3
perovskites where B is a 4d metal including Zr [20], Nb [16], Ru
[21] and Rh [22]. The five oxides SrBOs; (B=Zr, Nb, Ru, Rh and Sn)
are isostructural at room temperature in the orthorhombic space
group Pnma. Heating SrZrOs; induces a series of transitions from
Pnma to Imma and I4/mcm and ultimately Pm3m [20]. The same
sequence of transitions is reported for SrRuOs [21] and SrSnOs
[17] whereas SrRhOs [22] decomposes before becoming cubic.
To date there do not appear to be any reports of the structure of
SrMoOs; at low temperatures, although Brixner reported this
remains cubic to 1000 °C [23].

In response to the recent interest in the low temperature
electric properties of STMoOs and in the expectation that it would
exhibit a change in symmetry upon cooling we have investigated
the structure of SrMoO5; between 5 and 300 K. We report here the
results of high resolution powder neutron diffraction studies that
demonstrate the presence of two low temperature phases, one
orthorhombic in Imma and the second tetragonal in I4/mcm.
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2. Experimental

SrMoOs; powder was synthesized by mixing stoichiometric
quantities of SrCO3 (Aldrich, 99.9+%) and MoOs (Aldrich, 99.5+%)
with an agate mortar and pestle under acetone, placing the dry
mixture in an alumina boat and then heating (850°C—15h,
900°C—15h, 950°C—15h, 950°C—60h, 950°C—15h, 950°C
—50h) under flowing H,(3.5%)/N, (one bubble (~1cm?) per
second) until phase pure. The sample was reground and X-rayed
between heating steps using a PANalytical X'Pert PRO MPD. When
synthesized, SrMoOs has an intense brick red color which turns
into a dull red within a few minutes on exposure to air. The
sample was stored in an evacuated desiccator when not in use.

Neutron powder diffraction data of a polycrystalline sample of
SrMoOs; were measured using the high resolution powder
diffractometer Echidna at ANSTO’s OPAL facility at Lucas Heights
using a wavelength of 1.622 or 2.439 A [24]. For these measure-
ments the sample was contained in a cylindrical vanadium can
which was mounted in a closed cycle helium refrigerator. The
synchrotron X-ray diffraction data were collected at ambient
temperature in the angular range 5 < 260 < 85°, using X-rays of
wavelength 0.82706 A on the powder diffractometer at BL-10 of
the Australian Synchrotron [25]. The sample was housed in a
0.3 mm diameter capillary that was rotated during the measure-
ments. The structures were refined using the program RIETICA
[26]. The neutron peak shape was modeled using a pseudo Voigt
function and the background was estimated by interpolating
between up to 40 selected points.

3. Results and discussion

The synchrotron X-ray diffraction pattern of the deep red sample
of StMoO3 was well fitted in the cubic space group Pm3m. There was
no indication from the refinements against the synchrotron
diffraction data for any cation vacancies and the refined lattice
parameter of a=3.97632(3)A is in excellent agreement with
previously published values for stoichiometric SMoO5 [23]. Exam-
ination of the synchrotron data showed a number of very weak

peaks, the strongest of which had intensity of ~0.1% that of the
strongest 110 reflection of SrMoOs that could be indexed to some
unreacted StMoO,. There was, however, no evidence for lowering of
the symmetry from cubic and as illustrated in Fig. 1 an excellent fit
was obtained in Pm3m. Likewise the neutron diffraction pattern
recorded at 300K was well fitted in the cubic model, and showed
the sample to be oxygen stoichiometric within errors of 1-2% in the
refined oxygen site occupancies.

Cooling the sample to 250K resulted in the appearance of a
number of additional reflections in the neutron diffraction pattern
indicating a lowering of symmetry, Fig. 2. As summarized by
Howard and Stokes [27], it is well established that rigid unit rotation
of the BOg octahedra in perovskites about {100 ) corresponds to the
freezing of phonons in the cubic Brillouin zone; at the R-point with
irreducible representation R} and/or at the M-point with irreducible
representation M; . The mode with wave vector at the M-point
describes the rotation of layers of successive octahedra occurring in
the same sense (in-phase or +tilts) whilst the R-point mode
corresponds to the rotations of layers of successive octahedra in
the opposite sense (anti-phase or — tilts). The additional reflections
seen in the neutron diffraction data at 250K could all be accounted
for by an R-point mode corresponding to out-of-phase (anti) tilts.
The appropriate space group is I4/mcm that has the Glazer [28]
notation a®a°c~ denoting tilting about the [001] direction of the
aristotype. The neutron patterns recorded at 150K < T < 250K were
all well fitted in this model.

Further cooling of the sample below 150K resulted in a
transition to an orthorhombic cell. There was no evidence for any
M-point reflections in the neutron pattern obtained below 150K,
and following Howard and Stokes the appropriate space group is
Imma, corresponding to the tilt system a—a~c®, Fig. 3. Structural
parameters for the three phases are summarized in Table 1, and
the temperature dependence of the lattice parameters obtained
from Rietveld analysis is illustrated in Fig. 4. The Imma space
group has been observed as an intermediate between Pnma and
I4/mcm in a number of SrBO3 perovskites including those with
B=Zr, Ry, Rh and Sn. The phase transition from I4/mcm to Imma
must be first order since the octahedral rotation axis switches 90°
from the pseudocubic [001] in I4/mcm to [110] in Imma.
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Fig. 1. Powder synchrotron X-ray diffraction pattern for SrMoOs at 295 K. The observed data are represented by the circles and the solid lines are the results of the Rietveld
analysis in cubic Pm3m. The tick marks correspond to the allowed Bragg reflections. The insert highlights the quality of the data to high angles.
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Nevertheless, as evident from Fig. 4 there is no apparent reported that cubic SrMoO; displays almost linear thermal
discontinuity in the cell volume at this transition. No magnetic expansion from room temperature to 1000 °C [23].

peaks were observed in the neutron diffraction data. Brixner The refined Mo-0 bond distances are essentially independent of
temperature, being about 1.988 A. This distance is in good agree-
ment with the average Mo-0 distance reported recently for CaMoOs,
2.005 A [29]. The bond valence for the Mo cation, 4.55, is noticeably
300 K Pm3m higher than that expected for a Mo** cation, but we note a similar
anomaly is also reported for CaMoOs (4.60) [29]. Likewise the BVS
for the 12-coordinate Sr** cation 1.84 is slightly lower than
expected. These results suggest that despite the favorable tolerance
factor for StMoQs, t = (r's;+T0)/v/2("mo +T0) = 0.98, assuming the

Table 1
Representative structural parameters for StMoOs. In all cases the Mo is at the
origin (000) of the appropriate unit cell.

Temperature 5 200 300 neutron 295
(K) synchrotron
200 K /4/mom Space group Imma I4/mcm Pm3m Pm3m
a (A) 5.60897(10) 5.61652(9) 3.97629(3) 3.97609(1)
b(A) 7.93101(15) =a =a =a
c(A) 5.62479(10) 7.95239(23) =a =a
ﬁ Volume (A3) 250.217(7)  250.861(9) 2.869(7) 62.860(1)
% & Sr x 0 0 g 1
J sty ] : : :
Srz 0.5010(5) 1 1 1
St Biso 0.39(2) 0.59(2) 0.77(3) 0.86(1)
Mo B, (A2)  0.27(3) 0.50(3) 0.55(4) 0.22(1)
5 Kimma 01 x 0 0.2364(2) 1 1
Oly 1 x+3 0 0
01z 0.0269(5) 0 0 0
01 B, (A2) 0.34(6) 0.31(2) 0.75(10) 0.99(2)
© % F \ 02 x 1 0
([l BT I T 11 Wt I e
02z 1 3

z
W”’W\MWWMWW\MWMW 02 Bigo (A*)  071(2)

A ”“"”“W/\W Mo-01 (A)  1.9828(1)x2 1.98869(10)x 4 1.98814(1)x 6 1.98805(1)x 6
1 ' T M 1 M 1 T 1

Mo-02 (A)  1.9899(1) x4 1.98810(6) x 2

135 140 145 150 155

R, (profile) (%) 7.30 7.78 7.21 6.16
20 (degrees) Rwp (weighted 10.60 10.98 10.15 9.14
profile) (%)
Fig. 2. Portions of the powder neutron diffraction patterns show the presence of % 2.29 2.85 2.64 60.37

diagnostic R-point reflections below 250 K.
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Fig. 3. Powder neutron diffraction pattern for SrMoOs at 5 K. The data were fitted to a model in the orthorhombic space group Imma. The format is the same as in Fig. 1.
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Fig. 4. Thermal evolution of the, appropriately scaled, lattice parameters and cell volume for SrMoOs3 obtained from the neutron diffraction measurements.

jonic radii for 6-coordinate Mo** is 0.650 A, 12-coordinate Sr>* is
1.44A and 6-coordinate 0%~ is 1.40A [30], the Mo is under
compressive stress and it is probable that the observed phase
transitions act to relieve this.

The tilting around the twofold axis ([110]), in Imma leads to
shifts z(O1) of the apical oxygen and y(02) of the equatorial oxygen
atoms. Since the octahedra are not strictly rigid, if they were
z(01)=—2y(02), we estimate the tilt angle ¢ as the average of
tan ¢ = +/8z(01)+tan ¢ = +/32z(01) [31]. The tilting around [001]
in [4/mcm is estimated as tan ¢ = 4(0.25 — x(01)). The temperature
dependence of the tilts is illustrated in Fig. 5 and remarkably there
is no obvious discontinuity in this near 150K corresponding to the
first order Imma-I4/mcm transition. There are now a number of

examples of perovskites undergoing a first order transition
associated with reorientation of the tilting axis in which the
magnitude of the tilt is unaffected [31]. For a classical Landau 2-4-6
free energy potential, continuous tricritical transitions will show a
monotonic smooth decrease of the tilt angle to zero as the transition
temperature (T¢) is approached and the magnitude of the tilt should
vary as (T--T)°?°. Also illustrated in Fig. 5 is the fit to the
temperature dependence of the rotation for a (T.-T)%?° function.
The magnitude of the tilt decreases smoothly with the transition
temperature being estimated as 266K and the temperature
dependence of this appears typical of a tricritical phase transition.

The transition to the tetragonal structure allows the axial and
equatorial Mo-O bond distances in SrMoOs to be unequal,
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Fig. 5. Temperature dependence of the tilt angle in SrMoOs. The solid line is the best fit to an expression of the form (T.-T)%?° typical of a tricritical transition where T, is

the temperature of the transition to cubic estimated to be 266 K.

although as is evident from Table 1 these remain essentially
equal. Likewise the six Mo-O distances remain approximately
equal in the orthorhombic structure. Although the bond distances
suggest there is little distortion of the octahedra, as illustrated in
Fig. 5, the tilt angles are appreciable at low temperatures.

Comparison of the low temperature phase transitions in the
isoelectronic oxides SrCrOs [18] and SrMoOs illustrates the
remarkable difference between the 4d and 3d transition metal
oxides. Both SrCrO; and SrMoOQs are cubic at room temperature, but
the transition to the tetragonal phase in SrCrOs is apparently first
order and is accompanied by partial orbital ordering [18]. There is
no indication, from the refined Mo-0 bond distances, for lifting of
the orbital degeneracy in the lower symmetry structures of STMoOs.
This is presumably a consequence of the more extended 4d orbitals
in SrMoOs [3]. Evidently the cubic-tetragonal-orthorhombic transi-
tions in SrMoOs3 do not result in a resistive discontinuity, whereas a
correlation between the cubic-tetragonal transition and magneti-
zation is evident in SrCrOs [18].

4. Conclusion

In summary high resolution powder neutron diffraction studies
demonstrate the presence of two low temperature phases in SriMioOs,
one orthorhombic in Imma and the second tetragonal in I4/mcm.
Although the transition between these must be first order both the
cell volume and magnitude of the octahedral tilt angle evolve
smoothly through the transition, and the temperature dependence of
the tilt angle appears typical of a tricritical phase transition.
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