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1. INTRODUCTION

Perovskites are very frequently encountered inmaterials science
and geology. For many applications it is possible to think of a
material with the perovskite structure of stoichiometry ABX3 or a
closely related superstructure of this chemical chameleon: from
ferroelectrics and piezoelectrics to giant magnetorresitant phases,1

superconducting compounds,2 or materials for fuel cells3 and
catalytic exhausts.4 At the same time, this structure type and its
temperature- and pressure-driven transitions have important im-
plications for the behavior and understanding of the earthmantle.5

The versatility of the perovskite structure, with general formula
ABX3, is based on the ability of the AX3 packing to accommodate
a large variety of A and B cations with different A�X and B�X
distances. For simple oxide perovskites ABO3, the symmetry of
the resultant compound can somehow be anticipated through
the geometrical relationship between both cation�anion
distances.6 In this way, if the Goldschmidt tolerance factor t,
t = (rA þ ro)/(

√
2(rB þ ro)), is 1 (where rA, rB, and ro are the

ionic radii of A, B, and the oxygen, respectively), a highly
symmetric cubic perovskite is formed in which B is in the
center of a regular octahedron and A in the center of a perfect
cuboctahedron. For t > 1 equilibrium is reached through face
sharing of BO6 octahedra (and sometimes small concentrations
of anion vacancies), yielding hexagonal perovskites. Above a critical

value tc, for a certain range of t, tc < t < 1 cooperative rotations of
the octahedra along the one, two, or three axis of the cubic parent
yield lower symmetry perovskites.7,8 Below tc however other
structural types are observed. Transitions based on the appear-
ance, disappearance, and change of the cooperative octahedral
tilting have been observed in many perovskite systems upon
heating or cooling,9 substitution of the different cations,10 and
application of high pressure.11

High pressure itself has been used in many instances to induce
phase transitions and can also provide access tometastable ambient
pressure phases including perovskite-related structures. For exam-
ple, it has been shown that high pressure induces reversible charge
transfer with melting of charge ordering in BiNiO3,

12 and irrever-
sible phase transformations from ilmenite-type phases into meta-
stable perovskites have been observed.13

Related examples of the use of high pressures in stabilizing
many perovskite polytypes are the charge density wave system
BaIrO3

14 and several members of the family of ferromagnetic
superconductors Ru-1212.15 Of special relevance to the present
work is the possibility of inducing “cationic ordering” in binary oxides
A2O3, as, for example, in the transformation from corundum-type
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ABSTRACT: A novel ScVO3 perovskite phase has been
synthesized at 8 GPa and 1073 K from the cation-disordered
bixbyite-type ScVO3. The new perovskite has orthorhombic
symmetry at room temperature, space group Pnma, and lattice
parameters a = 5.4006(2) Å, b = 7.5011(2) Å, and c = 5.0706(1)
Å with Sc3þ and V3þ ions fully ordered on the A and B sites of
the perovskite cell. The vanadium oxygen octahedra [V�O6]
display cooperative Jahn�Teller (JT) type distortions, with
predominance of the tetragonal Q3 over the orthorhombic Q2 JT modes. The orthorhombic perovskite shows Arrhenius-type
electrical conductivity and undergoes a transition to triclinic symmetry space group P-1 close to 90 K. Below 60 K, the magnetic
moments of the 4 nonequivalent vanadium ions undergomagnetic long-range ordering, resulting in amagnetic superstructure of the
perovskite cell with propagation vector (0.5, 0, 0.5). The magnetic moments are confined to the xz plane and establish a close to
zigzag antiferromagnetic mode.



8553 dx.doi.org/10.1021/ja109376s |J. Am. Chem. Soc. 2011, 133, 8552–8563

Journal of the American Chemical Society ARTICLE

structure of Al2O3 to Rh2O3-(II),
16 and, further, to the

postperovskite (the so-called CaIrO3 type at higher pres-
sures17 or from the bixbyite-type Fe2O3 that, successively,
transforms into the Rh2O3(II),

18 the orthorhombic perovskite
(GdFeO3-type),

19 and finally to the postperovskite (CaIrO3-
type)20 at 55, 65, and 96 GPa, respectively. These and other
examples account for the trend of structural transitions with
pressure shown in Figure 1 with A and A0 randomly occupying
the same crystallographic sites in the bixbyite, corundum, and
Rh2O3(II) types but distinct crystallographic sites in the
perovskite and postperovskite types and suggests that any
transition along the direction of the arrow could, eventually, be
realized if the appropriate thermodynamic conditions of pressure,
temperature, and time are used.

ScVO3, the object of the present work, crystallizes at
ambient pressure in the cubic bixbyite structure (space group
Ia3h) with Sc3þ and V3þ statistically disordered on the 8b and
24d sites.21 In contrast, AVO3 systems with A cations larger
than In3þ such as Lu3þ, other rare earths,22,23 Y3þ,24 and even
the solid solution Sc(1�x)LuxVO3 with xg 0.5825 crystallize in
the fully ordered perovskite structure with R3þ (R = rare earth,
Y and Sc) located in the A site and V3þ occupying the B site.
Scandium along with yttrium is frequently regarded as rare
earths, and therefore, YVO3 is usually included in systematic
studies of RVO3. ScVO3, not having been obtained as a
perovskite until now, is so far the smallest ionic radius R
member of the RVO3 and extends the range of existence
and possible phenomena observed in that perovskite family.
Notably, other orthorhombic perovskites with such small
A cations such as ScCrO3 and InCrO3 have been formed
at 45 kbar, 1200 �C and 65 kbar, 1250 �C, respectively.26,27

One of the most relevant aspects of the orthovanadates,
RVO3, is the stabilization of a JT distortion at low temperatures
and the coupling of this structural distortion with the magnetic

ordering of the spins of the vanadium sublattice which at low
temperature can result in magnetization reversals due to
competing magnetic interactions.28 The octahedrally coordi-
nated d2 ion, V3þ, is a weak Jahn�Teller ion that may undergo
cooperative Jahn�Teller distortions that split the degeneracy
of the t2g states.

29 For V3þ perovskites orbital ordering has
only been observed at low temperatures,30 whereas strong JT
cations, such as the d4 ion Mn3þ in LaMnO3, show coopera-
tive distortions well above room temperature.31 The coopera-
tive JT distortion is manifested as orbital ordering with
preferential filling of the t2g orbitals, the most common JT
mode being orthorhombic Q2, with a pattern of medium
M�O distances along the 2ap∼b axis (in Pnma setting) or c
axis (in Pbnm setting) of an orthorhombic perovskite and
short and long M�O distances alternating in the

√
2ap �√

2ap plane where ap is the basic cubic perovskite subcell
parameter. Another type of JT distortion is the tetragonal Q3

mode that leads to elongated octahedra, but it has rarely been
reported for simple oxide perovskites.32

The more commonly observed JT distortion, Q2, coupled to
the octahedral tilting is responsible for various crystallographic
and magnetic transitions occurring at low temperatures which
have been extensively studied.30,33 Depending on the interplay
between octahedral tilting and Jahn�Teller distortion different
symmetries and associated with them different magnetic struc-
tures have been observed.34,35 For RVO3 with large R cations, a
transition fromorthorhombic tomonoclinic symmetry concomitant
with C-type orbital ordering occurs at low temperatures.36

However, for smaller R ions with larger octahedral tilting G-type
orbital ordering without a change in symmetry stabilizes at
temperatures between 160 and 200 K, and this induces a C-type
antiferromagnetic spin ordering at lower temperatures (the
temperature decreases for the smaller R). A second crystal-
lographic and magnetic transition to C-type orbital ordering

Figure 1. Phase transformations in AA0O3 structure types under high pressure.
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and G-type spin ordering takes place at even lower temperatures,
with the temperature for the second orbital ordering (Too2)
increases for smaller R ions.37

It is the aim of this work to present the results concerning
the synthesis of a novel ScVO3 perovskite by means of high-
temperature and high-pressure phase transformations from
the cation disorderd bixbyite. This perovskite can be trans-
formed back into the original bixbyite by annealing at ambient
pressure. We also discuss its crystal structure, including the
octahedral tilting, and emphasize the Jahn�Teller-type dis-
tortion and the resulting orbital ordering. In addition low-
temperature crystallographic and magnetic transitions are
described. Finally, we correlate the structural, magnetic, and
transport properties of the ScVO3 perovskite with those
observed in other members of the RVO3 family highlighting
the new findings.

2. EXPERIMENTAL SECTION

ScVO3 bixbyite was synthesized in a two-step method. In the first step
ScVO4 was prepared from Sc2O3 (Alfa Aesar 99.99%) and NH4VO3

(Cerac 99.9%) at 1100 �C in air. In the second step pure bixbyite ScVO3

is obtained by reduction of zircon-type ScVO4 with H2 at 1100 �C.38
The high-pressure transformation from the bixbyite to the perovskite-
type ScVO3 was performed in a Belt-type apparatus.39 The bixbyite
powder was pressed into 3 mm diameter gold capsules. Samples were
first pressurized to its target pressure at a constant rate, and after 5min of
pressure stabilization they were heated to the target temperature and
annealed for 30 min. The temperature was quenched before slowly
releasing the pressure.
As-synthesized powder samples were studied by conventional powder

X-ray diffraction on an X’Pert PRO ALPHA 1 (Panalytical) instrument
with a germanium monochromator (Cu KR1 = 1.540598 Å). XRD data
for structure refinement were collected for 12 h in the 2θ X-ray range
from 2� to 90� with a step size of 0.0167�.

In-situ powder X-ray diffraction experiments were carried out on a
PANalytical X’Pert Pro diffractometer, with an Anton Paar HTK2000
high-temperature chamber equipped with a platinum strip heater.
Diffractograms were obtained in the 2θ range from 2� to 90� with a
step size of 0.0167�. The powdered ScVO3 perovskite sample was
mounted as a thin layer and heated in a 1:3 CO:He gas flow.
Diffraction patterns were measured for 20 min (300 min for Rietveld
refinement) from 25 to 1000 �C at 25 �C increments. The tempera-
ture of the furnace is accurate within at least 5 �C between room
temperature and 1200 �C.
Neutron powder diffraction (NPD) data were first collected on the

medium-resolution 800 wire powder neutron diffractometer C2 oper-
ated by the National Research Council Canada at Chalk River at room
temperature. Low-temperature neutron diffractograms were collected
using a Janis closed cycle refrigerator. Diffractograms were measured
between 3.1 K and room temperature with neutron wavelengths λ =
2.3698(4) Å (5� e 2θ e 85�) and λ = 1.3300(2) Å (35� e θ e 115�)
and default detector wire spacing of 0.1002� steps. Note that a 100 mg
sample with 6% starting material impurity was used for these neutron
diffraction experiments.

Low-temperature powder neutron diffraction experiments were car-
ried out on a 58 mg phase pure sample in a cylindrical (4 mm diameter)
vanadium sample can on the high-flux diffractometer D20 at the ILL in
Grenoble, France. For the high-flux (HF) diffraction experiments a
wavelength of λ= 2.41 Åwithmaximized neutron flux and a takeoff angle
of 2θT = 42� and using a pyrolytic graphite monochromator was selected
in order to follow magnetic scattering between 2 and 60 K. High-
resolution (HR) neutron diffraction data were collected between 2 and
296Kwith a neutronwavelength ofλ= 1.87 Å (take-off angle 2θT = 118�)

using a Ge(115) monochromator. In order to reduce the incoherent
scattering from the vanadium shielding of the cryostat, cadmium was
used to wrap part of the empty can and diffraction peaks corresponding
to cadmium also appear in the patterns.

Crystal and magnetic structures were Rietveld refined using the
JANA40 and Fullprof programs.41 Room-temperature lattice para-
meters from the refinement of XRD data were used to refine the high-
resolution neutron wavelength (λ = 1.87 Å), and the 2 K data set
refined from this wavelength was used to refine the λ = 2.41 Å. The
background was modeled as a cubic spline function. The peak shapes
were modeled with pseudo-Voigt functions. Scale factors, zero point,
unit cell constants, Sc and O atomic positions, and temperature factors as
well as Sc site occupancies were refined simultaneously. Temperature
factors were constrained to be equal for all oxygen atoms and equal for
all scandium atoms.

For transmission electron microscopy (TEM) studies powdered
samples were ground with n-butyl alcohol, and a drop of the suspension
was collected on a holey carbon-coated copper grid. Selected area
electron diffraction (SAED) was performed with a JEOL JEM FX2000
microscope equipped with a double tilt(45� sample holder, working at
200 keV. HRTEM was carried out on a JEOL JEM 3000FEG micro-
scope, with CS = 0.6 nm, operating at 300 keV. The composition of the
perovskite crystals was analyzed in the TEM by X-ray energy-dispersive
spectroscopy with a Link Pentafet 5947 model using bixbyite ScVO3 as
standard for k factor calibration.

Magnetic susceptibility measurements were performed over the
temperature range 2�300 K using a SQUID Quantum Design XL-
MPMS magnetometer under zero-field-cooling (ZFC) and field-
cooling (FC) conditions employing a constant external magnetic
field of 1000 and 10000 Oe (1 T). Magnetization vs applied magnetic
field was recorded at constant temperatures in the ZFC mode. When
the desired temperature is reached, the magnetic field is raised up to
5 T in the SQUID (or 9 T in the PPMS), decreased down to �5 T
(�9 T), and finally increased again to 5 T(9 T) in order to close
the cycle.

Resistance and specific heat measurements were carried out in the
temperature range 2�300 K using a Quantum Design PPMS at zero field
and at an applied magnetic field of 9 T. Resistance measurements
were performed on as-synthesized sintered disks with the four-probe
method. Silver paste was used to get good electrical contact between
the copper wires and the bulk sample. For the heat capacity
measurements an addendum of the puck with low-temperature
grease (for good thermal contact) was measured and subtracted
from the total data of the sample.

3. RESULTS

The ScVO3 bixbyite starting material is a brownish-black
powder. The evolution of the transformation from bixbyite
to perovskite in ScVO3 was followed by ex-situ XRD of the
quenched powders at ambient pressure and room temperature
after opening the gold capsule used for high-pressure and
high-temperature treatment. Figure 2A shows that the con-
version is not complete at pressures up to 6 GPa and tem-
peratures of 1000 �C. A single phase is obtained at 8 GPa and
800 �C; the resulting black powder shows a shinier luster than
the starting material.
3.1. Crystal Structure Determination of the Novel Perov-

skite ScVO3. 3.1.1. Room-Temperature X-ray and Neutron Dif-
fraction Data. The PXRD pattern collected at room temperature
corresponds to that of an orthorhombic perovskite. Rietveld
refinement of the PXRD data was performed in order to confirm
the symmetry and to determine the lattice parameters and start-
ing atomic positions. A good fit was obtained for space group no.
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62 Pnma (reliability factors Rp = 5.56, Rwp = 7.71, and RB =
6.82, χ2 = 2.05). Figure 2B shows the Rietveld fit of the PXRD
pattern from 2θ = 10� to 90�; the insert emphasizes the low-
angle region of the Rietveld plot. Figure 2D shows the Rietveld
plot for high-resolution neutron data collected at room
temperature.
The Rietveld refinement of the powder neutron diffraction data

collected at room temperature confirms that the A position is only
occupied by Sc and that the B site is only occupied by V. When
exchanging the Sc andVpositions a very poor fit is obtained. There is
however a slight deficiency of less than 5% on the scandium position.
The negative isotropic thermal displacement parameters ob-

tained with the refinement of the XRD data become positive in
the refinement of the neutron data. It is expected that neutron
diffraction data with its excellent sensitivity for oxygen positions
and occupancies gives a more reliable structure than X-ray
diffraction. Atomic positions and interatomic distances are listed
in Tables 1 and 2, respectively. The tilting angle about the [111]
direction, j(111), the angle with respect to the basal plane,ω, the
degree of orthorhombic distortion, s, and the octahedral distor-
tion parameter, Δ, have also been calculated and are listed in
Table 2.
3.1.2. Microstructure: Electron Microscopy. The cationic

composition, determined on several crystallites by EDX analysis
in the transmission electron microscope, is the expected one:
50(1) % Sc, 50(1) % V. Selected area electron diffraction (SAED)

observations confirm the existence of an orthorhombic cell with
metric ∼(2ap)

1/2 � 2ap � (2ap)
1/2. Figure 3A shows the [010]

zone axis pattern indexed on the basis of this orthorhombic cell
(space group 62, Pnma setting). Theweaker (h00) reflections with
h odd (which are not allowed in space group Pnma) appear as a
result of a double-diffraction phenomena, and accordingly, they
do not appear in the [001] zone axis (Figure 3B).
The double-perovskite parameter, 2ap is demonstrated by the

extra spot at one-half of bp* in both the [001] and the [�101] zone
axes patterns (Figure 3B and 3C). The high-resolution transmission
electron microscope (HRTEM) image along [�101] (Figure 3D)
shows rows of bright contrast separated by 7.6 Å, as pointed out by
arrows, which correspond to the bo∼2ap axis.
Structural microdomains, frequently found in orthorhombic pe-

rovskites, are observed by neither electron diffraction nor imaging.
At room temperature the V�O�V angles in ScVO3 are 137.9(3)�
and 133.7(4)� (Table 2) yielding an octahedral tilting angle of
j111 = 26�, which is larger than the threshold angle for multi-
twinning to appear j111 = 17.2�;42 this also explains the lack
of domains in the electron diffraction patterns. However, some
planar defects along bo are seen, as the one appearing in the
HRTEM image indicated by the long black arrow; these are
responsible for the streaking along b* in the electron diffraction
pattern, indicated by a black arrow in Figure 3C.
3.1.3. Thermal Stability of the ScVO3 Perovskite Phase: High-

Temperature X-ray Diffraction. The thermal evolution of the

Figure 2. (A) PXRD patterns of the reaction products after treating the precursor bixbyite at different high-pressure high-temperature conditions.
(B) Rietveld refinement of the PXRD data of ScVO3; the inset shows details of the region of the (002) and (110) reflections. (C) Powder X-ray
diffraction contour plots of in-situ high-temperature annealing of ScVO3 (perovskite) in 1:3 CO:He flow showing the conversion to its native bixbyite
phase. (D) Rietveld refinement of the neutron diffraction profile collected at 296 K on the powder diffractometer D20 using a wavelength λ = 1.87 Å. Red
is the observed intensity, black is the calculated intensity, and blue is the difference. Top markers are ScVO3, and bottom markers are due to the Cd
shielding.
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perovskite-type ScVO3 at ambient pressure has been followed
using in-situ powder X-ray diffraction. A flow of 1:3 CO:He is
used to prevent oxidation of the sample. Figure 2C shows
contour plots of the XRD data from room temperature to
1000 �C for the 2θ range 31�38�. It can be observed that upon
heating the diffraction maxima corresponding to the perovskite
cell continuously shift to lower angles due to thermal expansion.

The peak intensities start to decrease at about 800 �C and
disappear completely at about 900 �C. As the perovskite peaks
disappear diffraction peaks corresponding to the bixbyite phase
emerge at 800 �C, and consequently, both phases coexist in the
temperature range 800�900 �C. This is indicative that the phase
transition is first order. Therefore, we conclude that at ambient
pressure and temperatures above 800 �C the high-pressure

Table 1. Refined Lattice and Structural Parameters for Perovskite ScVO3 at All Temperaturesa

Pnma P-1

ScVO3 296 K 150 K 120 K 90 K 60 K 30 K 2 K

a (Å) 5.4014(2) 5.4009(2) 5.4009(2) a (Å) 5.40020 (12) 5.39824 (14) 5.3975 (2) 5.3976 (2)

b (Å) 7.4939(2) 7.4899(2) 7.4892(2) b (Å) 7.4917 (2) 7.4955 (2) 7.4956 (3) 7.4968 (3)

c (Å) 5.0745(2) 5.0646(2) 5.0629(2) c (Å) 5.06186 (15) 5.06151 (17) 5.0610 (2) 5.0609 (2)

R 90.269 (3) 90.420 (3) 90.442 (3) 90.446 (3)

β 90.0 90.229 (4) 90.180 (5) 90.150 (6)

γ 90.0 89.975 (4) 89.975 (5) 89.982 (6)

vol. (Å3) 205.4 (5) 204.88 (1) 204.78 (1) vol. (Å3) 204.78 (1) 204.79 (1) 204.75 (2) 204.78 (1)

Sc x 0.0688 (3) 0. 0698 (3) 0.0699 (4) Sc1 x 0.071 (2) 0.0690 (8) 0.0694 (11) 0.0690 (12)

Sc1 y 0.2502 (13) 0.2529 (9) 0.2538 (11) 0.2546 (12)

Sc z 0.978 (3) 0.9763 (4) 0.9756 (4) Sc1 z 0.9823 (17) 0.9786 (9) 0.9750 (11) 0.9747 (13)

Occ 0.481 (10) 0.486 (6) 0.48 (8) 0.496 (8)

Sc2 x 0.570 (3) 0.5723 (9) 0.5729 (12) 0.5737 (13)

Sc2 y 0.2443 (13) 0.2439 (10) 0.2441 (12) 0.2452 (14)

Sc2 z �0.4698 (18) �0.4727 (10) �0.4767 (13) �0.4759 (15)

Occ 0.456 (5) 0.463 (5) 0.461 (6) Occ 0.443 (9) 0.439 (6) 0.443 (8) 0.438 (8)

Biso 0.68 (4) 0.47 (5) 0.45 (5) Biso 0.45 (4) 0.50 (5) 0.62 (5) 0.54 (5)

V Biso 4,35 (13) 0.4 (9) �0.4 (9) V 1,2,3,4 Biso 0.646 0.646 0.646 0.646

O1 x 0.4348 (6) 0.4349 (7) 0.4347 (7) O1 x 0.443 (7) 0.4333 (13) 0.4332 (16) 0.4326 (18)

O1 y 0.243 (2) 0.2462 (18) 0.247 (2) 0.245 (2)

O1 z 0.1419 (5) 0.1417 (6) 0.1415 (6) O1 z 0.138 (4) 0.1367 (18) 0.141 (2) 0.142 (3)

Biso 0.80 (9) 0.48 (10) 0.49 (11)

O2 x 0.928 (6) 0.9340 (12) 0.9363 (16) 0.9376 (18)

O2 y 0.249 (3) 0.2519 (18) 0.251 (2) 0.252 (2)

O2 z 0.357 (4) 0.3512 (18) 0.351 (2) 0.354 (3)

O2 x 0.3128 (5) 0.3133 (5) 0.3134 (6) O3 x 0.312 (3) 0.309 (2) 0.307 (3) 0.311 (3)

O2 y 0.0711 (3) 0.0719 (3) 0.0720 (3) O3 y 0.0548 (19) 0.0618 (18) 0.061 (2) 0.063 (2)

O2 z 0.6845 (4) 0.6856 (4) 0,6856 (5) O3 z 0.698 (4) 0.676 (2) 0.675 (2) 0.681 (3)

Biso 0.89 (7) 0.86 (7) 0.77 (8)

O4 x 0.186 (5) 0.188 (2) 0.185 (3) 0.184 (3)

O4 y �0.073 (3) �0.0684 (18) �0.0644 (17) �0.0659 (18)

O4 z 0.176 (5) 0.180 (2) 0.177 (2) 0.175 (2)

O5 x �0.310 (5) �0.313 (2) �0.315 (2) �0.313 (3)

O5 y 0.578 (3) 0.5839 (18) 0.5882 (17) 0.5879 (17)

O5 z �0.695 (5) �0.6943 (18) �0.695 (2) �0.696 (2)

O6 x 0.819 (3) 0.816 (3) 0.809 (3) 0.808 (3)

O6 y 0.4201 (19) 0.4257 (17) 0.4284 (18) 0.432 (2)

O6 z �0.175 (3) �0.1932 (18) �0.197 (2) �0.190 (3)

Biso 0.56 (5) 0.58 (7) 0.71 (7) 0.63 (6)

Rp 1.62 1.79 2.11 Rp 1.70 1.68 1.90 1.88

Rwp 2.22 2.41 2.78 Rwp 2.31 2.16 2.44 2.46

RB 2.98 3.21 2.95 RB 3.01 2.83 3.97 3.88

χ2 3.09 4.75 4.59 χ2 3.35 3.01 3.77 3.81
a In the space group Pnma, Z = 4, with atoms in the following positions: Sc, 4c (x, 1/4, z); V, 4b (1/2,0,0); O1, 4c (x,1/4, z); O2, 8d (x, y, z). In the space
group P-1, Z = 1, with atoms in the following positions: Sc1, 2i (x, y, z); Sc2, 2i (x, y, z); V1, 1d (1/2,0,0); V2, 1b (0,0,1/2); V3, 1e (1/2,1/2,0); V4, 1g
(0,1/2,1/2); O1, 2i (x, y, z); O2, 2i (x, y, z); O3, 2i (x, y, z); O4, 2i (x, y, z); O5, 2i (x, y, z); O6 2i (x, y, z).
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perovskite phase reverts back to the ambient pressure stable
bixbyite-type structure.
3.1.4. Low-Temperature Crystallographic Transition and Mag-

netic Structure: Neutron Diffraction Study.Neutron data collected
from room temperature down to 90 K could be fitted to the same
space group Pnma, consistent with the powder X-ray and electron
diffraction data. The evolution of lattice parameters as a function of
temperature is plotted in Figure 4. It can be seen that there is little
temperature dependence for the unit cell parameters, and very small
variations for the V�O distances or V�O�V angles are observed.
A schematic representation of one-half a unit cell of the much
distorted perovskite structure of ScVO3 at room temperature ap-
pears in Figure 4.
Below 90 K, the (022) reflection, among others, splits into

(022) and (0�22) (Figure 5A) and a triclinic space group, P-1 is
needed to account for the corresponding pattern. This results in
four vanadium sites at low temperature (Figure 5B), which can
have implications on the final magnetic structure. Below 60 K
additional reflections appear in the neutron diffractograms
(collected at longer wavelengths) due to magnetic long-range

ordering of the V3þ moments. As expected for magnetic order-
ing, the intensities of the magnetic reflections increase as the
sample is cooled further. At 2 K the magnetic reflections can be
indexed on the crystallographic cell with a magnetic propaga-
tion vector k = (0.5, 0, 0.5). At 2 K, a reasonable fit, χ2 = 19.7,
RM = 24.1, is obtained for two noncollinear interpenetrating rock
salt sublattices. All spins of both sublattices are confined to the
xz plane, and the two sublattices form an angle of approximately
75�. Antiferromagnetic order within each sublattice is observed
on the basal plane of the orthorhombic perovskite, whereas
ferromagnetic ordering occurs along the unique axis, b. Despite
the 4 vanadium atoms not being related by symmetry it was
not possible to refine independently the magnetic moment of
each ion due to the low intensity of the few magnetic reflections.
Therefore, the present fit uses for all vanadium atoms the same
magnitude of the magnetic moment, 1.8 μB at 2 K, and is
considered a good first approximation to the real magnetic
structure.
3.2. Transport and Magnetic Properties. 3.2.1. Magnetic

Susceptibility. The magnetic susceptibility vs temperature was

Table 2. Selected Bond Distances and Calculated Angles As Obtained from the Refinement

Pnma P-1

ScVO3 296 K 150 K 120 K 90 K 60 K 30 K 2 K

d (Å)

2 � V�O1 2.038(3) 2.0359(13) 2.0355(13) 2 � V1�O1 1.971 2.0373 2.012 2.001

2 � V2�O2 2.04 2.068 2.067 2.061

2 � V3�O1 2.074 2.061 2.064 2.080

2 � V4�O2 2.05 2.032 2.030 2.023

2 � V�O2 1.967(2) 1.960(2) 1.960(3) 2 � V1�O3 1.882 1.987 1.997 1.968

2 � V1�O4 1.99 1.987 1.986 1.988

2 � V2�O3 2.002 1.945 1.934 1.966

2 � V2�O4 2.00 1.979 1.975 1.983

2 � V�O2 2.004(3) 2.009(3) 2.010(3) 2 � V3�O5 1.95 1.945 1.947 1.948

2 � V3�O6 2.026 2.049 2.016 1.992

2 � V4�O5 2.03 2.052 2.074 2.067

2 � V4�O6 2.007 1.929 1.930 1.951

ÆV�Oæ 2.003 2.0016333 2.0018333 ÆV�Oæ 1.947 2.0037 1.998 1.986

ÆV2�Oæ 2.014 1.997 1.992 2.003

ÆV3�Oæ 2.017 2.018 2.009 2.007

ÆV4�Oæ 2.029 2.004 2.011 2.0137

angles (deg)

V�O1�V 133.7 (4) 133.78(5) 133.80(5) V1�O1�V3 135.6 134.7 133.7 133.4

V2�O2�V4 132.6 132.1 132.3 133.2

V�O2�V 137.9 (3) 137.7(1) 137.66(12) V1�O3�V2 144.6 139.8 140.0 139.8

V1�O4�V2 136.1 138.4 138.6 137.8

V3�O5�V4 137.3 135.0 133.4 133.9

V3�O6�V4 133.1 137.4 139.7 140.0

R = ÆV�O�Væ 136.5 136.4 136.4 R = ÆV�O�Væ 136.6 136.2 136.3 136.4

ω = (180 � R)/2 21.75 21.8 21.8 ω = (180 � R)/2 21.7 21.9 21.8 21.8

s = 2(a � c)/(a þ c) 0.062 0.064 0.065

Δa 0.000419 0.000493 0.000491 Δ V1 0.00117 0.00028 5.7� 10�5 9.3� 10�5

Δ V2 0.00017 0.001357 0.00156 0.00085

Δ V3 0.00128 0.00133 0.00114 0.00149

Δ V4 0.00015 0.00145 0.00179 0.00112
aOctahedral distortion parameter Δ = 1/6Σ[(d � Ædæ)/Ædæ]2 (ref 47).
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measured in appliedmagnetic fields of 0.1 and 1 T. The inverse of
the magnetic molar susceptibility data above 90 K can be fitted to
the Curie�Weiss law (Figure 6A). The broad anomaly centered
at about 70 K suggests the onset of magnetic short-range
ordering. The derivative d(χT)/dT shows a maximum at 57 K,
which coincides with the appearance of magnetic peaks in the
neutron data; thus, this maximum is the Neel temperature. The
magnetic susceptibility data showZFC-FCdivergence below 30K.
Magnetization vs applied magnetic field was measured from 0

to 9 T at 5, 32, 52, and 300 K (Figure 6B). At 32, 52, and 300 K
there is no hysteresis, whereas at 5 K a small hysteresis in the low-
field region is observed. The hysteresis indicates a small ferro-
magnetic component due to a canted antiferromagnetic ground

state. At 32 K (black circles) the magnetization is lower than at
52 K (green circles), which is consistent with the susceptibility
data; this trend continues up to the highest applied magnetic
fields. Consequently, antiferromagnetic (AFM) ordering is kept
for fields up to 9 T.
The M vs H curve for 300 K deviates from linearity for low

magnetic fields; therefore, we used the susceptibility measure-
ment at 1 T to extract the paramagnetic moment. The Curie�
Weiss fit from the 1 T measurement in the temperature range
100�300 K yields χ�1 = 82.7(3) þ 0.795(1)/T, giving a Curie
constant C = 1.26 mol/emu K. This corresponds to an effective
magnetic moment μ = 3.17 μB, slightly larger than the 2.82 μB
expected for a spin-only contribution of the d2 V3þ ion. The
Weiss constant θ = �104 K indicates strong antiferromagnetic
exchange interactions.
The magnetization curve at 5 K however tends to bend for

high applied magnetic fields; this indicates an increase of the
ferromagnetic component due to the realignment of the vana-
dium spins on increasing the applied magnetic field.
3.2.2. Heat Capacity. Heat capacity measurements were per-

formed on a sintered piece of the “as-synthesized” sample. An
anomaly is clearly observed around 60 K, which is more clearly
seen as a maximum in Cp/T vs T at 57 K (Figure 6C). This
temperature corresponds to the magnetic ordering temperature
as obtained from the maximum in d(χT)/dT and is indepen-
dently confirmed with the appearance of magnetic peaks in the
neutron data. In the sameCp/T vsT plot another anomaly is seen
at 89 K and is related to the structural transition identified by
neutron diffraction at temperatures close to 90 K.
3.2.3. Electronic Resistance. Resistance measurements were

performed on an “as-synthesized pellet” at applied magnetic
fields of 0 and 9 T; the temperature dependence of the resistance
is shown in Figure 6D. Below 140 K, the resistance exceeds
measurable resistance of approximately 20 MΩ for the PPMS,
and therefore, the signal is lost. The plot of ln(R(Ω)) vs 1/T(K)
in that temperature range 140�300 K follows the Arrhenius law

Figure 4. Crystallographic data for the ScVO3 perovskite obtained from
Rietveld refinements for high-resolution powder neutron diffraction
patterns. (Top left) Lattice parameters defined as the square root of two
of a cubic perovskite cell, a, b/

√
2, and c; and volume (due to angles

being very close to 90� in the triclinic cell, comparison of lattice
parameters is still representative). (Center left) Interatomic distances
in the [VO6] octahedra. (Bottom left) V�O�V tilting angles. (Right)
Schematic representation of one-half of the ScVO3 unit cell at room
temperature (Sc in green, V in blue, and O in red). The small V�O�V
angles that largely deviate from 180� are labeled.

Figure 5. (A) Detail of the Rietveld refinement of the neutron diffrac-
tion profile collected at 296 (space group Pnma), 9K (space group P-1),
and 2 K (space group P-1) with wavelength λ = 1.87 Å in the 2θ range
45�62� (B and C) Schematic representation of a unit cell of ScVO3 at
296 K (B) showing the large distortion (Sc in yellow, V in blue, and O in
red) and at 2 K (C) with four distinct vanadium sites (blue, light green,
purple, and dark green).

Figure 3. Electron micrographs of ScVO3 pervoskite phase. Selected
area electron diffraction patterns along the (A) [010], (B) [001], and
(C) [�101] zone axes. (D) HRTEM image corresponding to a view
along [�101].



8559 dx.doi.org/10.1021/ja109376s |J. Am. Chem. Soc. 2011, 133, 8552–8563

Journal of the American Chemical Society ARTICLE

with a fitted activation energy of 160 meV. These findings are
indicative of semiconducting behavior. No magnetic field de-
pendence of the resistance (i.e., magnetoresistance) was ob-
served, which is consistent with the lack of magnetic ordering at
temperatures above 140 K.

4. DISCUSSION

The first point of this discussion focuses on the order�
disorder phase transition and the stability of the resulting perov-
skite. The above results demonstrate the complete transforma-
tion from the cation-disordered bixbyite ScVO3 into a fully
ordered orthorhombic perovskite at high pressure. As previously
shown,18�20 high pressure can cause transitions for (AA0)2O3

oxides through the path: bixbyitef corundumf Rh2O3 (II)f
GdFeO3 (o-perovskite) f CaIrO3 (postperovskite). The bix-
byite-type ScVO3 shows no quenchable transformation at pressures
up to 4GPa and temperatures up to 1000 �C(Figure 2A). Increasing
the pressure to 6 GPa and the temperature to 1000 �C results in a
partial conversion to the cation-ordered perovskite phase, and only at
8 GPa and 800 �C complete phase conversion is observed. No
structure types besides the bixbyite and perovskite are present in the
quenched samples. This confirms the path of transitions of Figure 1a
as a route toward the synthesis of metastable perovskites and should
be generally applicable for zircon phases AA0O4 that can be reduced
to a bixbyite or other intermediate structure types.

On the basis of the Rietveld refinement of the room-tempera-
ture X-ray diffraction data the ScVO3 perovskite crystallizes in
space group Pnma (no. 62) with lattice parameters a = 5.4006
(2) Å, b = 7.5011(2) Å, and c = 5.0706(1) Å, indicating a density
increase vs the original bixbyite by 7.8%. The room-temperature
lattice parameters for the ScVO3 perovskite phase are in excellent
agreement with the extrapolated value for the x = 1 value from
the Lu1�xScxVO3 perovskite solid solution up to x = 0.525 and is
consistent with the decreasing size of the R cation (VIIIrSc3þ = 0.87

Å, VIIIrLu3þ = 0.977 Å).43 A perovskite with such a small R cation
Sc3þ has a largely reduced tolerance factor, tScVO3 = 0.8353 vs
tLuVO3 = 0.8784, as calculated with SPUDs,44 and shows a
substantial increase in octahedral tilting. ScVO3 thus represents
a case where the tolerance factor is too small to obtain a perovskite
through synthesis at ambient pressure, but it is within the limit of
quencheability of the high-pressure obtained perovskites.13

In the new perovskite ScVO3 all Sc
3þ occupy the cuboctahe-

dral positions, and all V3þ occupy the octahedral positions. Due
to the slight difference in atomic number between V3þ and Sc3þ,
the X-ray scattering factors are very similar; thus, the cationic
ordering cannot be determined by powder X-ray diffraction. In
contrast, the powder neutron diffraction data (with very different
neutron scattering lengths for V and Sc) permits one to
determine the cation ordering. Exchanging Sc and V positions
leads to a very poor Rietveld fit. Once quenched from high
pressure, the ScVO3 perovskite phase is metastable at ambient
conditions and does not show any sign of decomposition at room
temperature after a year. The ambient-pressure in-situ powder
X-ray diffraction data shown in Figure 2C only show thermal
expansion below 800 �C, as can be seen by the concerted peak
shift toward lower diffraction angles. At 800 �C ion mobility
becomes sufficient in order to relax the perovskite back into the
bixbyite phase. Between 800 and 900 �C both phases coexist
without the presence of any additional reflections, thus indicating
that the cation order�disorder phase transition is first order. The
experiments performed during the synthesis at different condi-
tions also showed the coexistence of both phases in the pressure
range between 4 and 6GPa and temperatures of 800�1000 �C in
agreement with a first-order phase transition.

In this fully ordered perovskite, how does the room-tempera-
ture crystal structure of the quenched ScVO3 perovskite compare
with that of other RVO3 perovskites? Refinement of the neutron
diffraction data on the perovskite ScVO3 has shown that the
crystallographic structure in the studied paramagnetic region

Figure 6. (A) Inverse magnetic susceptibility for the perovskite-type ScVO3 versus temperature, and linear fit to the Curie�Weiss law. (B) Low-field
region of the magnetization vs applied magnetic field at different temperatures. (C)Cp/T vs temperature. (D) Temperature dependence of the electrical
resistance. The inset shows the logarithmic plot with the fit to an Arrhenius law at zero field and 9 T.
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(90�296 K) is orthorhombic, space group Pnma, as every other
RVO3 (in many instances the nonstandard setting Pbnm is used
for simplicity). The room-temperature lattice parameters of the
new synthesized ScVO3perovskite follow the sequence c< b/

√
2< a,

which corresponds to the O-type distortion, as found in RVO3

with small R ions, e.g., LuVO3
37and YbVO3.

45 However, looking
at the V�Odistances a most interesting and striking result shows
up since orbital ordering is already stable at room temperature.

The characteristic V�O distances in the [VO6] octahedra are
listed in Table 2 and are consistent with a Jahn�Teller distortion.
The V�O1 distance, defined along the b = 2ap direction, is
2.0378(11) Å, and the short and medium V�O2 distances,
defined in the ac plane, are 1.967(2) and 2.004(3) Å. According
to Figure 5A, the O-type structure and orbital ordering are
observed down to 90 K. In the present ScVO3 perovskite and
contrary to what has been observed in all other RVO3,

46 a
cooperative Jahn�Teller-type distortion is already present at
room temperature and therefore a crystallographic transition to
the orbitally disordered perovskite might occur at higher tem-
peratures as in the case of the strong JT ions Mn3þ (d4) in
LaMnO3.

31 Analysis of V�O distances at high temperature
(Figure S2, Supporting Information) as obtained from refine-
ment of powder X-ray diffraction data has not evidenced this, but
nonetheless, neutron diffraction data would be needed to un-
ambiguously detect this.

Jahn�Teller distortions in octahedral environments are ex-
pected to occur whenever the eg or t2g orbitals are not fully
occupied. However, uneven filling of doubly degenerate eg
orbitals are expected to be stabilized much more by JT distortion
than uneven filling of triply degenerate t2g orbitals. The JT effect
for a d2 cation in an octahedral environment is expected to be
very weak and should only be observed at low temperatures.
Surprisingly, in ScVO3 this distortion is large even at room
temperature, with an octahedral distortion parameter,47 Δneutron

≈ 0.0004. This distortion is more than 6-fold larger than the next
most distorted RVO3 perovskite, TbVO3 or any other orthova-
nadate (Table 3 of ref 46). Comparison with other orbitally
ordered and disordered perovskites is detailed in Table S1,
Supporting Information. The strong octahedral distortion in the
ScVO3 perovskite phase is intriguing as it does not follow the
trend observed for RVO3.

We wonder next what the mode of the octahedral distortion is
at room temperature in a perovskite with such a low tolerance
factor. Looking at the V�Odistances, Table 2, it can be seen that
the V�O1 distance is larger than both V�O2 distances from
room temperature to 90 K, and therefore, tetragonally elongated
octahedra are stabilized, but the fact that the octahedra are not
perfectly tetragonal but are also distorted in the ac plane suggest
mixing of two types of octahedral distortions, the tetragonal Q3

and orthorhombic Q2.
In order to compare with orbital ordering in other RVO3

perovskites the nonstandard setting (i.e., z is chosen as the
unique axis for the description of the t2g orbitals) is being used in
Figure 7. As we already mentioned the long V�O1 distance
indicates the predominance of an elongated tetragonal JT dis-
tortion (Q3) where both dxz and dyz orbitals lower their energy vs
the dxy orbital (Figure 7A) but superimposed is the Q2 type,
which alternatively lowers the energy of dxz and dyz with respect
to each other. Therefore, the electron configuration will be the
same in all vanadium atoms d1xzd

1
yz, with alternating energies for

the electrons in those orbitals. It is exceptional that the ScVO3

perovskite shows orbital ordering at room temperature and that

the rarely found tetragonal distortion Q3 (Γ3
þ representation)35

is predominant. Nevertheless, the two V�O2 distances are also
very different over the whole temperature range 296�90 K, and
there are still 2 possible arrangements of the Q2 distortion mode
along the c axis that will determine the orbital ordering between
the 2 medium and 2 short V�O distances in the VO6 octahedra.

As it has been long discussed in RVO3 vanadates and was
initially explained by Mizokawa et al. for YVO3,

34 in perovskites
with large octahedral tilting, the ubiquitous Q2 orbital ordering
arranges “in phase” along the unique axis, also named d-type
Jahn�Teller distortion (that results in a C-type orbital order), vs
an “out of phase” or a-type Jahn�Teller (that yields a G-type
orbital order) due to an enhancement of the R�O covalent
interaction produced by a shift of the R atom from its equilibrium
position. Considering the room-temperature V�O�V angles,
133.7� and 137.3� as well as its evolution down to 90 K (Figure 5
and Table 2) it is noticed that this oxide perovskite shows one of
the largest octahedral tiltings known to date, j111 = 26�. There-
fore, in ScVO3 a C-type orbital order is expected to be stabilized
which is in fact compatible with the observed Pnma symmetry,
while the G-type orbital order would require a change of symme-
try. Therefore, the two operational distortion modes, Q3 and
C-Q2, are compatible with the orthorhombic symmetry Pnma for
the most common setting of octahedral tilting (Table 2 in ref 35);
still it seems unusual that it is stable at room temperature.

While recent literature indicates that all RVO3 have initially an
orbital-ordered G-type pattern (monoclinic), ScVO3 shows a
C-type orbital ordering. The value of Q2 = lx � ly and Q3 =
(2lz� lx� ly)/

√
6 terms that describe the site distortion and the

combined distortion parameter F0 =
√

(Q2
2þQ3

2) for ScVO3 at
room temperature are Q2 = 37� 10�3 Å, Q3 = 61� 10�3 Å, and
F0 = 71 � 10�3 Å, much larger than the maximum Q2 = 31 �
10�3 Å found in LuVO3 or the maximum Q3 = 37� 10�3 Å and
F0 = 40 � 10�3 Å found in TbVO3 for other RVO3. There is a
correlation between the temperature of orbital ordering and the
value of the site distortion F0 at room temperature, as shown in
Figure 8 of ref 48.While extrapolation ofTOO vs ionic radii would
yield a TOO below room tempearature, extrapolation of TOO for
the value of F0 = 71 � 10�3 Å yields temperatures for orbital
ordering above room temperature.

In the spin�orbit phase diagram of Miyasaka et al.30 an in-
crease in the temperature of C-type orbital ordering, Too2, is

Figure 7. (A) Schematic representation of the tetragonal JT distortion
for a d2 cation in an octahedral environment. The orbital nomenclature
is given for the nonstandard Pbnm setting frequently used in the liter-
ature for comparison (and the standard Pnma used here). (B) Schematic
drawing of the magnetic structure of ScVO3 at 2 K only showing the
magnetic moments of the vanadium atoms with the two noncollinear
sublattices in different colors.
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observed for decreasing ionic radii of the R cations and increases
indeed from 80 K in LuVO3 to T > 296 K in ScVO3. It seems
however too large of a change to be solely due to the decrease of
ionic radii of R and corresponding octahedral tilting. Related with
this small ionic radius and small t is the use of high pressure,
which may play a role in stabilizing the orbitally ordered phase,
since during the synthesis a high-pressure phase is quenched and
there is evidence that upon applying pressure the temperature of
orbital ordering in RVO3 phases increases.

48 It could be argued
that the high pressure alone is not responsible for the room-
temperature distortions, since CaCrO3, the only other example
of high-pressure synthesized orthorhombic perovskite oxide with
a d2 cation, does not show this type of orbital ordering,49,50 but
the tolerance factor of CaCrO3 is not as low as for ScVO3. It
seems that the combination of all of these interrelated factors,
high-pressure synthesis, small ionic radii, and large octahedral
tilting, are responsible for the stability of the orbitally ordered
phase. Since ScVO3 is the most tilted RVO3 perovskite phase we
expect new physical properties that can be traced back to the
extreme distortions imposed by the quenched high-pressure
structure. The octahedral distortions are therefore caused by
synthesis of the oxide phase, and the electronic structure is a
consequence of the imposed octahedral distortions in ScVO3.
High-temperature powder X-ray in-situ diffraction data and DSC
data do not show any evidence of a melting of the orbital ordered
state. The only relaxation observed is the crystallographic transi-
tion from the cation-ordered perovskite phase to the cation-
disordered bixbyite phase at approximately 900 �C.

In accordance with this predominantly Q3þQ2 JT distortion
and accompanying “C”-type orbital ordering, crystallographic
and magnetic phase transitions different from those found in
other RVO3 occur at low temperatures. An anomaly is observed
in heat capacity measurements at about 90 K, which corresponds
to a structural transition confirmed by high-resolution neutron
diffraction data collected at this temperature. Refinements for
orthorhombic or monoclinic space groups yield poor agreement
factors (χ2 = 11). The triclinic space group P-1 is needed to fit the
split reflections, which at 90 K can be fit to a pseudomonoclinic
cell with beta and gamma angles equal to 90� (Figure 4A) but at
60 K and below all three angles become distinct from 90�.

As for the origin of the structural transition from orthorhom-
bic to triclinic, it does not seem to be driven by a slight increase in
the orthorhombic strain, s in Table 2, which is 0.062 at 296 K and
0.064 at 90 K. Simultaneously, on cooling there is a very small
change in the octahedral tilting and the octahedral distortion
parameters remain very high. Any possible charge ordering is also
ruled out since bond valence sum calculations performed with
the software Bond Strasse41 demonstrate that the vanadium
valence is 3.0(1) for every vanadium atom in the whole tem-
perature range, and this is consistent with the 2 unpaired
electrons and the refined magnetic moment at 2 K being 1.8 μB;
however, it is observed that the small scandium deficiency has
preference for one site. On the other hand, the transition to a
triclinic cell coincides with the beginning of magnetic interac-
tions since at those temperatures the magnetic susceptibility
starts deviating from the Curie�Weiss law and these could
induce the structural transition; nevertheless, no long-range
magnetic ordering is observed above 60 K.

Finally, below 60 K the magnetic susceptibility and neutron
diffraction data show the onset of magnetic ordering of the V3þ

sublattice magnetic moments, which is the only paramagnetic
ion. In the neutron data, magnetic reflections appear at 55 K.

Furthermore, a maximum in the magnetic susceptibility and
specific heat data is observed at 57 K; this can be considered TN.
The new magnetic reflections cannot be refined with the k =
(0, 0, 0) magnetic propagation vector reported for other RVO3;
however, they can be indexed on a magnetic superstructure,
propagation vector k = (0.5, 0, 0.5), which means that the
magnetic cell is 2ap � 2ap � 2ap. Good Rietveld fits were
obtained for an antiferromagnetic alignment of the spins in two
noncollinear sublattices, with the spins lying in the xz plane in a
zigzag mode as illustrated in Figure 7. The agreement factors of
the refinement have similar values for the larger component of
the magnetic moment being along either the x or the z axis. This
noncollinear magnetic arrangement is different from the G-type
or C-type spin ordering found in other RVO3 perovskites as
expected for the different symmetry and orbital ordering observed.

The magnetic structure is determined by the path of stronger
magnetic interactions, which ultimately relies on the orbital
occupancies and the V�O�V distances and angles. In ScVO3,
V�O�V angles are significantly smaller than for any other
RVO3. Increasing both the octahedral tilting and the octahedral
distortion the two vanadium 3d electrons become more loca-
lized, and therefore, the V�O�V superexchange interactions
responsible for the ordering of the V3þmagnetic moments in the
RVO3 family become weaker, thus decreasing the Neel ordering
temperatures as the R cation size decreases. Moreover, due to the
very large octahedral tilting and octahedral distortion, some
O�O distances become very short and next nearest neighbor
(NNN) magnetic interactions through the path V�O�O�V
become stronger than nearest neighbor (NN) V�O�V super-
exchange interactions (Figure 7B). Furthermore, because of the
large distortion, anisotropic interactions with a different sign for
the NNN interactions in both directions in the xz plane can cause
the noncollinear, close to spiral antiferromagnetic arrangement.

Since the magnetic exchange path in ScVO3 is different than in
the other RVO3 perovskites, a different magnetic structure is
stabilized, and therefore, TN does not continually decrease with
the decreasing ionic radii in the series of rare earth cations due to
the lanthanide contraction.

This type of noncollinear spin ordering resembles that ob-
served in the multiferroelectric manganites, Tb1�xDyxMnO3,
with x = 0.59 for which a six spin spiral magnetic structure
stabilizes.51 The fact that a similar magnetic structure is observed
in a d2 cation containing perovskite suggests the possibility of
other phenomena such as ferroelectricity could occur in this
compound below the crystallographic transition.

5. CONCLUSIONS

We observed the transformation of the ambient pressure
ScVO3, bixbyite, with statistical Sc3þ and V3þ disorder, into
the fully Sc/V ordered orthorhombic perovskite (space group
Pnma) at 80 kbar and 800 �C. The quenchable perovskite phase
reverts into the disordered bixbyite structure upon heating to
900 �C in 1 bar of CO:He.

Compared to other rare earth orthovanadates, RIIIVIIIO3, the
perovskite phase ScVO3 shows the smallest lattice parameters as
expected for the smaller cation occupying the A position and
correspondingly the largest octahedral tilting. However, this
reduction in ionic radius implies also some structural aspects
that have not been observed in other RVO3 perovksites, such as
the stabilization of a cooperative octahedral Jahn�Teller distor-
tion at room temperature for this d2 cation, as indicated by the
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existence of orbital ordering at room temperature and very large
octahedral distortions. This orbital ordering corresponds pre-
dominantly to elongated octahedra along the unique axis, re-
sulting in the mixing of tetragonal Q3 and orthorhombic Q2

distortion modes. Moreover, the perovskite distorts into a
triclinic cell below 90 K with four inequivalent vanadium posi-
tions, which below 60 K order with a 1.8 μBmagnetic moment in
two noncollinear rock salt-type interpenetrating antiferromag-
netic sublattices according to a 2ap � 2ap � 2ap magnetic cell.
We therefore not only extended the RVO3 perovskite family by
one member but identified a fundamental change of physical
properties as a consequence of large strain, which in turn activates a
new magnetic exchange path due to the large octahedral tilting.
The small A-site cation therefore permits one to tune the physical
properties of orthovandates and broadens the range of observed
phenomena otherwise only observed in rare earth manganites,
thus enhancing the concept of universality of perovskites.
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