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The perovskite-like compound LaVO; undergoes a crystallographic—antiferromagnetic transition
at about 140 K. The structure of LaVO, has been determined at room temperature and just above
(150 K) and below (100 K) the transition. Synchrotron X-ray and neutron powder diffraction techniques
were used. The lattice parameter variation vs temperature and the structural refinements revealed
that above the transition the structure of LaVQ; is of GdFeQ; type; namely, it is orthorhombic with
lattice parameters at room temperature a = 5.55548, b = 7.84868, and ¢ = 5.55349 A and space
group Pnma. The orthorhombic distortion of the struclure is very similar to that of isostructural
LaFeOy. At 100 K, below the transformation temperature, the structure is monoclinic with lattice
parameters: @ = 5.59360, b = 7.75951, ¢ = 5,56490 A, v = 90.125° and space group F2,/a. In the
orthorhombic structure all V sites are equivalent, but two independent sites, VI and V2, are observed
in the monoclinic structure. These two siles form alternate layers along the b axis. Above the transition
all the V octahedra are tilted around the three crystallographic axes and are elongated along the [110]
direction. The elongation increases at the transition and occurs in different directions, 90° apart. in

the V1 and V2 octahedra.

Introduction

The revival of interest in perovskite-like
compounds due to the discovery of high T,
superconductivity in Ba-doped La,Cu(), (1)
brough about systematic reexaminations of
compounds having the perovskite arrange-
ment. Particular attention has been devoted
to vanadium-based materials as potential
substitutes for the superconducting cu-
prates.

In the middle 1950s the discovery of
magnetic properties in the rare-earth ortho-
ferrite series led to systematic studies of
other REMO, compounds, where RE is a
rare-earth element and M a trivalent 34 tran-
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sition metal or any other trivalent metal
whose ionic radius is comparable to that
of Fe**, such as Ga’* or AP*. All these
compounds have a distorted perovskite
structure, with most of them having the or-
thorhombic arrangement first found in
GdFeO;, (2). This structure belongs to space
group Pbnm with a = b = \/Eap and ¢ =
2a, (a, being the simple cubic perovskite
parameter) and 4 formula units per vnit cell.
Here this structure is described in the stan-
dard Pnma space group.

Rare-carth orthovanadites were first re-
ported by Yakel (3), Bertaut and Forrat (4),
and Geller (5). From Pr to Lu the ortho-
vanadites were described as orthorhombic,
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isostructural with GdFeQ,, while the pow-
der pattern of LaVO; could be indexed on
a cubic unit cell with @ = 2a,, From the
variation of the lattice parameters across the
series of the orthovanadites, Geller specu-
lated that LaVQ, was also orthorhombic,
but the distortion from the cubic structure
was so small that it was not detectable by
conventional powder X-ray diffraction tech-
niques. Subsequently, from single-crystal
studies Rogers et al. (6) reported that LavO,
and YVO; were semiconductors in the
120-670 K temperature range and were or-
dered antiferromagnetically at 137 and 110
K, respectively. Furthermore, the same au-
thors reported that around the Néel temper-
ature LaVO, underwent a crystallographic
transition from an “apparently cubic” to an
“apparently tetragonal” structure. During
the next 20 years the efectron transport and
magnetic properties of the rare-earth vana-
dites in general and those of LaVO, in par-
ticular were investigated by several groups
(7-13). As we describe here, all interpreta-
tions published in the literature of the physi-
cal properties of LaVQ; were based on in-
correct crystal structures, both above and
below the transformation temperature.

In the late 1980s, namely, after the dis-
covery by Bednorz and Miiller (1), single-
crystal samples of most of the rare earth
orthovanadites were synthesized electro-
chemically by Pickardt et al. (I14). Powder
X-ray diffraction characterization con-
firmed that the pattern of LaVO, could be
indexed on a 2a,, cubic cell, while the other
orthovanadites were found to be orthorhom-
bic. The same authors (/3) reported the
structural refinements, based on X-ray dif-
fraction single-crystal data, of some of the
orthorhombic compounds {(Gd, Dy, Er).

Recently Shirakawa and Ishikawa (16)
showed that under a magnetic field of a few
hundred Oe¢ the crystallographic transfor-
mation occurring in LaV(Q; is accompanied
by a magnetic transition into a large diamag-
netic state below 135 K. By measuring the
lattice parameters these authors determined
that the crystal symmetry changes at the

BORDET ET AL.

transformation from cubic to orthorhombic;
therefore, below the transition LaVQ,
would be isostructural with GdFeQ,. In
such a structure there exists only one V site;
thus, the discussion presented by Shirakawa
and Ishikawa was strongly influenced by
this assumption. At the Kanazawa meeting
(Japan, July 1991), Mahajan ef al. (17) re-
ported the results of an investigation of the
La,Sr,_, VO, system by magnetic suscepti-
bility and ¥V NMR data. For x = 0 the
susceptibility under zero-field-cooling and
field-cooling (10 kG) has exactly the same
behavior as that described by Shirakawa
and Ishikawa.

We have investigated the magnetic be-
havior of powder and single-crystal samples
of LaVO, as a function of temperature and
magnetic field. The structure of the phases
above and below the crystallographic transi-
tion in the absence of a magnetic field was
determined from the combined data ob-
tained by neutron and synchrotron X-ray
powder diffraction below room tempera-
ture. These powerful techniques reveal the
“real” structure of LaV0; with results at
variance with earlier reports based on more
conventional techniques. Above the transi-
tion LaV(Q, was found to be orthorhombic,
isostructural with GdFeQO;. Although at
room temperature the lattice of LaVQ; is
very close to cubic, the structural distortion
of the octahedral network is comparabie to
those existing in other isostructural perov-
skite compounds. At the transition the sym-
metry lowers to monoclinic and two vana-
dium sites are generated. Equivalent sites
form alternate layers perpendicular to the
long axis of the GdFeQ); unit cell. The local
distortion of the two sites is quite similar,
but the elongation of the basal octahedral
square occurs along the [110] and [110] di-
rections, respectively.

Sample Preparation

Polycrystalline samples of LaVO, were
prepared by standard solid reaction. Stoi-
chiometric mixtures of high-purity, dried
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La,0, and V,0, powders were thoroughly
ground, pelletized, and calcined at 950°C
in air, typically for 2 hr. The pellets were
reground, repelletized, and then sintered for
about 30 hr at 1100°C in air. LaV O, powders
were obtained by hydrogen reduction of
these LaVO, samples, which were heated
at 950°C for 12 hr under an atmosphere of
8.5% H, and 91.5% He. X-ray powder dif-
fraction photographs of the Hj-reduced
LaVO, samples showed rather broad Bragg
peaks at high angles. Since LaVO; is known
to melt congruently at about 2100°C, the H-
reduced samples were melted and recrystal-
lized in an arc furnace in order to obtain
better crystallinity. H,-reduced LaVO,
powders were pressed into pellets weighing
approximately 1 g each. Several of these
pellets and some zirconium metal were
placed on a water-cooled copper hearth in-
side an Ar-filled arc furnace. Each pellet
was melted individually at 36 V and 100 A
for roughly 40 sec. Before each pellet was
meited the zirconium metai was melted in
order to get rid of the residual oxygen pres-
ent in the furnace. Under these conditions,
less than 2% of the original material was
volatized. Synchrotron X-ray and neutron
diffraction experiments reported in this pa-
per were performed on ground powders of
arc-melted LaVO; samples.

Small, rectangular-shaped single crys-
tals of LaVQ; were grown from a KF flux. Pt
crucibles were used to contain well-mixed
powders of La,0;, V,0,, and KF in the ratio
typically of 1:1:20. The Pt crucible was
heated 10--20 hr in a furnace at 1050°C under
an Ar atmosphere and then the furnace was
slowly cooled to about 900°C, typically at
the rate of 5°C/hr. Finally the furnace was
turned off. The crystals, usually embedded
in the KF flux, were removed by washing
away KF with water. On the average, the
crystals weighed between 0.1 and 0.3 mg.

Sample Characterization
(a) X-Ray Diffraction

The powder samples were characterized
by X-ray diffraction using a Guinier camera
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with FeKea radiation and Si as internal stan-
dard. The pattern could be indexed on a
cubic lattice with @ = 7.8522(5)A. We did
not observe any peak splitting or broadening
related to a deviation from cubic symmefry,
nor was such deviation observed on preces-
sion photographs taken with single crystals
and MoKea radiation. One of these single
crystals was mounted on a 4-circle diffracto-
meter equipped with graphite monochro-
matized AgKa radiation. Peak broadening
indicative of twinning could only be de-
tected on scans of very high-Bragg-angle re-
flections. All these results indicate that the
metric symmetry of LaVQ; is very close
to cubic. An intensity data collection was
carried out in order to determine the struc-
ture from single crystal X-ray data. How-
ever, a correct refinement of the structure
was hindered by the complexity of the twin
law, and the results of the refinements were
not conclusive.

(b) Electron Microscopy

Powder and ground single-crystal sam-
ples were studied by electron diffraction and
microscopy in order to determine the crystal
symmetry and eventually the space group.
The experiments were carried out with a
Philips 400T electron microscope. First the
SAD (Selected Area Diffraction) technique
was used. The pattern shown in Fig. la can-
not be indexed on a cubic cell with a = 2a,
(a, being the simple perovskite parameter).
Instead, it can be indexed on an orthorhom-
bic cell with a = \/iap, b = 2a,, and ¢ =
\/Eap. A different zone of the same crystal
gave the pattern shown in Fig. 1b, which
can be indexed on the same orthorhombic
cell. If the selected zone extends over parts
of the two previous ones, the pattern shown
in Fig. 1c is obtained, which results from
the superposition of the patterns shown in
Figs. la and 1b. These three patterns con-
firm that the crystallite is not cubic, but is
composed of orthorhombic domains with
a==¢= \/Eap and b = 2a,. Figure 1d shows
another exampie of a crystallite containing
two types of superposed domains. Fringes
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F1G. 2. CBD pattern of a LaVO; single crystal along the [010] zone axis. {a) Whole pattern. (b) Zero

order Laue zone.

occurring along only one direction and sepa-
rated by =7.6A are visible in the micrograph
shown in Fig. le. It can be seen that the
domain size is about 1000 A. All these re-
sults show that LaVO; at ambient tempera-
ture is indeed orthorhombic as all the other
orthovanadites.

In order to determine the space group
we used the CBD technique (Convergent
Beam Diffraction). We investigated the
zone axes [010], [130], [031], and [102]. The
patterns corresponding to the first two zone
axes are shown in Figs. 2 and 3, respec-
tively. The data were analyzed according to
the procedure described in reference (18)
and summarized in Table I.

The analysis of the [010] zone axis leads
to two possible classes, mmm and m2m,
while that of the [130] zone axis indicates

that only the former class is satisfactory.
This is confirmed by the analysis of the zone
axes [031] and [102].

In order to determine the space group we
searched for the systematic absences among
the Akl reflections. The pattern shown in
Fig. 2b reveals the presence of black streaks
at the centers of the spots, which are of 100
and 001 type. Such streaks are characteristic
of glide mirrors along the a* and ¢* direc-
tions. On the other hand, the pattern shown
in Fig. 1b, corresponding to the [010] zone
axis, indicates that there are no systematic
absences among the Ak0 reflections. At this
point the space group is P*m*. According to
the patterns obtained by the SAD technique,
only the space groups Pamn and Prma seem
to be possible. For both space groups the
0kl reflections are present only if k + [ =

Fi1i. 1. SAD photographs showing the existence of ortherhombic domains with different orientations
in different areas of the same LaVOQ; crystals. (a) Area corresponding to a [101} zone axis. (b} Area
corresponding to a [010] zone axis. (c) Area comprising the two previous ones. (d) Exemple of
juxtaposition of two domains with [101] zone axis, related by twinning about the {121] direction. (e)

Corresponding micrograph.
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FiG. 3. CBD pattern of a LaVO; single crystal along the [130] zone axis. (a) The whole pattern.

{b) The zero order Laue zone.

2n. However, the 2k0 reflections with Aeven
and & odd exist in Pnma, but not in Pnmn.
To answer this question we investigated
several crystals and kept in mind that some

spots can be present only through multiple
diffraction. For example, Fig. 4a shows that
the 210 spot exists and does not disappear
if the crystallite orientation is changed (see
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TABLE I
ANALYSIS OF THE CONVERGENT BEAM DIFFRACTION DATA

Observed symmetries
incl. high order

information
e-beam Observed symmetry Possible diffraction Possible point
direction in zero layer Whole Bright Field groups " groups
{010) 2mm 2mm 2imm 2mm mm?2
2mm g mmm
{130 2mm m m 2ammpg mmm

Fig. 4b). Therefore, the most probable space
group for LaVO, is Prma.

Synchrotron X-Ray Diffraction Data

(@) High Temperature Phase

The X-ray patterns were recorded on the
triple axis powder diffractometer at beam-
line X7A of the National Synchrotron Light
Source, which was described in Ref. (19).
A monochromatic beam of wavelength
1.1505 A was obtained from a Ge(111) chan-
nel-cut crystal scattering in the vertical
plane. The scattering from the sample was
measured by step-scanning in the vertical
plane at 0.002° intervals with flat-plate ge-
ometry and a Ge(220) crystal analyzer. The
low temperatures were attained by the use

of a double-stage displex refrigerator. A full
pattern (26 = 20°-80°) was recorded at room
temperature, 150 K, and 100 K. The lattice
variation was followed by recording be-
tween 20 K and room temperature three
small 26 intervals, (26 = 60.8°-61.3°%), (26 =
61.4°-62.0°), and (20 == 71.2°-71.8°), includ-
ing, respectively, the 222, 331, and 400 re-
flections corresonding to the simple cubic
perovskite cell of about 3.8 A.

The crystal symmetry of LaVO; at room
temperature has been reported to be either
cubic with a = 2a,, or tetragonal with a =
c = \/iap and b = 2a,, or orthorhombic
with g =~ ¢ = \/fap and b = 2a,. These axes
were chosen in order to correspond to the
standard Pnma space group. The peak fit of
the reflections measured at room tempera-
ture showed that the symmetry of the pow-

F1G. 4. () Electron diffraction pattern of a LaVO, crystal along the {120] zone axis. (b) The same
pattern after a small disorientation: the (210) reflection is still present.
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Fi1G. 5. Variation with temperature of the 26 angle for
the orthorhombic {440) and (044) reflections of LaVOs.

der pattern was tetragonal, because the cu-
bic 400 reflection was split into two peaks,
whose indices in the tetragonal cell would
be 404 and the 080. On the other hand, the
cubic 222 and 321 reflections could be fit
as well with one peak as with two. This
indicated that the symmetry could be ortho-
rhombic. By lowering the temperature to
200 K the three scans clearly showed that
both peaks 222 and 321 had broadened to a
point that a much better fit was obtained
with two peaks. This feature cannot be ex-
plained by the tetragonal cell. The ortho-
rhombic indices would be 440 and (44 for
the 222 cubic reflection and 432 and 234 for
the 321 one. The indexing of the 404 and
080 peaks does not change on going from
tetragonal to orthorhombic symmetry.
Therefore, above the transition LaVO; is
orthorhombic and isostructural with
GdFeO,. Figure 5 shows the variation vs T,
above the transition, of the 26 values for the
440 and 044 reflections.

(b) Low Temperature Phase

Between 145 and 140 K a drastic change
of the powder pattern was observed. An
example is given in Fig. 6, where the two
peaks, 432 and 234, split into four. Since the
splitting is observed for all Akl for which
both A and £ are different from zero, it can
be deduced that the crystal symmetry at the
transition changes from orthorhombic to

BORDET ET AL.

monoclinic. The four peaks can then be in-
dexed as 432,432,234, and 234. Figure 7
shows the 26 = 23.5°-24.5° interval at room
temperature, 150 K, and 100 K. In this inter-
val the hypothetical 110 reflection of the
simple cubic perovskite structure would oc-
cur. At room temperature only one peak is
observed, which comprises the orthorhom-
bic reflections 200, 002, and 121. It is inter-
esting to point out that a Lorentzian least-
squares fit of this peak yielded an FWHM
of 0.025°, It is not surprising that those re-
searchers who used conventional X-ray
sources to determine the crystal symmetry
of LaVO; found it to be cubic. At 150 K the
three reflections are well resolved, while at
100 K four peaks are present, as the 121
reflection has split into 121 and 121,

The three full diffractograms, corre-
sponding to room temperature, 150 K, and
100 K, were used to carry out structural
refinements by the use of the total-profile
Rietveld analysis by assuming that the struc-
ture above the transition was orthorhombic,
with space group Pnma, and monoclinic be-
low it, with space group P2,/a and the two-
fold axis along the ¢ axis. The Rietveld
refinements converged, but were not satis-
factory, mainly because of a large preferred
orientation. However, since the reflection
positions were correct, the refinements
yielded reliable lattice parameters, shown
in Table II, and allowed the determination
of the monoclinic space group. Special
attention was given to the absence of the
hiQ reflections with A = 21 + 1. Scans with
very long counting times showed that these
reflections had all zero intensity, indicating
that the space group symmetry of the low-
temperature phase of LaVO; contains an
a-glide perpendicular to the ¢ axis.

These results show that the structure of
the low-temperature phase of LaVO, is cen-
trosymmetric. However, one cannot ex-
clude a priori that the distortion correspond-
ing to the absence of the center of symmetry
is so small to be undetectable by the powder
technique used together with synchrotron
radiation. It should be pointed out that the
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FIG. 6. Proﬁ_le fits for the orthorhombic (432) and (234) reflections at 150 K (top) and for the monoclinic
(332), (432), (234), and (234) reflections at 100 K {bottom).

presence of a screw axis and a glide mirror
plane in the space group symmetry allows
one to determine the absence of the center
of symmeltry by the powder technique, We
have only preliminary results for the transi-
tion occurring on cooling under a magnetic
field in LaVQ,. The diamagnetic state estab-
lished at the transition could be accompa-
nied by the disappearance of the center of
symmetry.

(¢} LaFeO,

The structure of LaFe(, is very similar
to that of LaVQ,; therefore we thought it
would be worthwhile to check if the same
crystallographic transformation from ortho-
rhombic to monoclinic found for the latter
compound exists for the former. Since Ty

for LaFeQ, is 640 K, the monoclinic distor-
tion should already exist at room tempera-
ture. The structure of LaFeQ, at room tem-
perature was refined using single-crystal
X-ray data, but on heavily twinned crystal
(20}. The high-resolution synchrotron X-ray
diffractogram of a powder sample of LaFeQ,
taken at room temperature under the same
conditions as those of LaVQ;, did not ex-
hibit any peak splitting, indicating that the
structure was indeed orthorhombic.

Neutron Diffraction Data

Powder neutron diffraction measure-
ments were made at room temperature, 150
K, 100K, and 10 K, using the high resolution
five-counter diffractometer of the National
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Fi1G. 7. Profile fits for the orthorhombic (2(]0)_, 002), and (121) reflections at 300 K (top) and at 150 K
(middle) and for the monoclinic (200), (002), (121), and (121) reflections at 100 K (bottom).

Institute of Standards and Technology with
the experimental conditions shown in Table
I11. The low temperatures were attained by
the use of a double-stage displex with the
sample placed in an aluminum can.

The data were analyzed by the Rietveld
method (21), adapted to the multicounter
diffractometer and modified to include the
background (22). Because of the container

used for the displex, all diagrams contained
the Al reflections. The affected zones were
excluded from the data. The refinements
based on room temperature and 150 K data
were carried out in the Prma space group.
The initial positional parameters were those
of the isostructural LaFeO,. Different peak
shape functions were tried; the most satisfac-
tory results were obtained with the Pearson
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TABLE II

LATTICE PARAMETERS VOLUME OF LaV(,
DETERMINED BY SYNCHROTRON X-RaY DIFFRACTION

300 K 150 K 100 K
a(A) 5.55548(4) 5.55810(4) 5.59360(4)
b (A) 7.84868(6) 7.83421(6) 7.75951(5)
¢ {A) 5.55349(5) 5.54862(5) 5.56490(3)
v () 90,00 90.00 90.1251¢4)
V(A 24214 241.61 240.30

VII function with M = 4. The coherent neu-
tron scattering length for vanadium ( — 0.038
x 10~ cm) is almost negligible in compari-
son to those of La and O (0.827 and 0.581 x
10~ '2¢cm, respectively). Since the vanadium
cations are in the special (001/2) position,
the only variable parameter for this atom is
the temperature factor. Reasonable values
(0.45 and 0.40 A? at 298 and 150 K, respec-
tively) were assigned to the vanadium tem-
perature factor and kept constant, During
the final cycle of the two refinements, all
profile parameters were varied together with
the positional and isotropic thermal parame-
ters of the lanthanum and oxygen atoms.
The occupancy factors for La, O1, and O2
were also varied from the room temperature
refinement, but since they were close to full
occupancy within less than one standard de-
viation, during the final ¢ycle of refinement
they were fixed at full occupancy. The final
results are given in Table TV while the in-
teratomic distances are given in Table V
and VI.
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The refinements of the 100 and 10 K data
were carried out using the structure de-
scribed in the P2 /a monoclinic space group
with the twofold axis along the c axis. As
already reported by Zubkov et al. (7), at
both temperatures the diagram contained
two reflections which can be indexed on the
monoclinic cell, but are not allowed by the
P2,/a space group. The first can be indexed
as 100 and/or 001 and the second as 120,
120, and/or 021. Since these reflections ap-
pear at Ty and the powder pattern taken
with synchrotron X-ray radiation at 100 K
indicated that the space group of the struc-
ture below Ty is P2,/a, we assumed that
these reflections were magnetic in origin.
Figure 8 shows the intensity variation with
T for the 100/001 reflection.

The peak shape was again described by
the Pearson VII function with M = 4. The
initial positional parameters were those
found at 150 K, transformed to take into
account the moneoclinic symmetry. The La
and Q1 atoms are in general position, while
in the orthorhombic structure the y coordi-
nate is fixed at y = 0.25. The four V atoms
remain in special position but they split into
two independent twofold positions. The
eight O2 sites, which in the orthorhombic
structure are in an eightfold general posi-
tion, split into two fourfold general positions
of the monoclinic space group. In the first
cycles the crystal structure was refined
without taking the magnetic contribution
into account. After the minimum had been
found for the profile parameters, these and
all positional and isotropic thermal parame-

TABLE 1II
NEUTRON DIFFRACTION INTENSITY DATA COLLECTION

Monochromatic beam
Wavelength
Horizontal divergence

220 reflection of a Cu monochromator
1.545(1) A
10°, 20°, 10’ of arc for the in-pite, monochromatic

beam, and diffracted collimators, respectively

Sample container
26 angular range
Scattering lengths

Aluminum can of about 1 cm in diameter
5°-120°, 0.05° step
b(La) = 0.827, b(V) = 0.038, and

B(O) = 0.581 x 1072 cm
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TABLE IV
STRUCTURAL PARAMETERS FOR LaVQ,

Room temp. 150 K 100 K 10 K
La
x 0.0295(4) 0.0318(3) 0.0334(3) 0.0341(5)
y 0.25 0.25 0.25 0.25
z 0.9951(8) 0.9954(7) 0.9924(4) 0.9917(5)
B 0.56(3) 0.41(3) 0.28(4) 0.10(5)
N 1.00 1.00 1.00 1.00
A
x 0.50 0.50 0.50 0.50
y -0.00 0.00 0.00 0.00
z 0.00 0.00 0.00 0.00
B 0.45 0.40 0.30 0.15
N 1.00 1.00 0.50 0.50
V2
x 0.00 0.00
v 0.50 0.50
z 0.50 0.50
B 0.30 0.15
N 0.50 0.50
01
x © 0.4880(8) 0.4876(5) 0.4885(5) 0.4900(7)
y 0.25 0.25 0.25 0.25
z 0.0707(10} 0.0724(9) 0.0716(4) 0.0710(6)
B 0.64(8) 0.51(7) 0.29(5) 0.29(6)
N 1.00 1.00 1.00 1.00
02
x 0.2831(6) 0.2848(6) 0.2789(9) 0.2776(12)
¥y 0.0387(4) 0.0392(3) 0.0377(9) 0.0381(13)
z 0.7168(6) 0.7168(6) 0.7134(17) 0.7144{25)
B 0.62(5) 0.49(5) 0.35(4) 0.21(6)
N 2.00 2.00 1.00 1.00
03
x —0.2881(10) —0.2896(13)
¥ 0.5391(10) 0.5389(13)
z ~0.7208(17) —0.7167(24)
B 0.35 0.21
N . 1.00 1.00
a 5.5529(2) 5.5562(2) 5.5897(2) 5.5917(3)
b 7.8447(3) 7.8316(3) 7.7559(3) 7.7516(4)
c 5.5529(3) 5.5468(2) 5.5619(2) 5.5623(3)
v 90.00 90.00 90.125(5) 90.129(6)
Ry 4,03 3,93 4.57 5.45
R, 6.02 7.36 7.24 10.62
R, 1.73 9.88 9.57 14.02
Ry 6.83 B.55 8,49 13.41
¥ 1.28 1.34 1.27 1.09

Nete. N = number of atoms in asymmetric unit; Ry, Rp, R, . R = Bragg, profile,
2

weighted profile and expected reliability factors; x* = (pr.’ B
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TABLE V
INTERATOMIC DISTANCES IN THE La CUBOCTAHEDRON

Room Temp. 150 K 100 K 10 K

La-0l1 2.422(7) 2.410(6) 2.438(3) 2.445(4)
La-01 3.036(3) 3.054(3) 3.077(%) 3.074(4)
La-0l 3.150(7) 3.159(6) 3.147(3) 3.139(5)
La-0l 2.580(4) 2.568(3} 2.582(%) 2.587(4)
La-02 3.271{3) x 2 3.282(3) x 2 3.26H7) 3.268(10)
La-03 3.289%7) 3.308(10)
La-02 2.780{(3) x 2 2.771(3) x 2 2.759) 2.764(11)
La-03 2.762(8) 2747011
La-02 2.668(3) X 2 2.662(3) x 2 2.648(9) 2.634(12)
La-03 2.641(8) 2.635(12)
La-02 2.450(4) % 2 2.448(4) x 2 2.443(8) 2.429(11)
La-03 2.456(7} 2.461(10)
Average over

12 distances 2.794 2.793 2.793 2.793

the first 8 distances 2.600 2.593 2.591 2.590

the last 4 distances 3182 3.194 3,196 3.197
01-02 2.811(7) 2.808(6) 2.836(8) 2.834(12)
01-03 27839 27974
01-02 2.852(4) 2.845(4) 2.848(8) 2.849(10)
01-03 2.812(8) 2.814(11)
01-02 2.825(5) 2.833(5) 2.806(8) 2.801(10)
01-03 2.84%(8) 2.834(12)
01-02 2.838(4) 2.839(4) 2.797(7) 2.796(11)
01-03 2.850(7) 2.852(10
02-02 2.801(1) 2.802(1) 2.824(3) 2.824(4)
03-03 2.814(2) 2.820(4)
02— 2.8664(1) 2.867(1) 2.860(3) 28614}
03-03 2.878(4) 2.880(4)
Average 2.832 2.832 2.830 2.830
T 0.0247 0.0242 0.0283 0.0266

ters, except that of vanadium, were varied
simultaneously and convergence was at-
tained. However, the y parameters of La
and O1 had anomalously large standard de-
viations and their shifts from 0.25 were in
both cases very small. It was concluded that
at the transition these atoms do not move
appreciably away from their respective spe-
cial positions. For the subsequent refine-
ments the y parameters of these two atoms
were fixed at (.25.

The magnetic scattering length for vana-
dium was then inciuded and the crystal
structure was refined while the magnetic
contribution was taken into account. Be-
cause only two extra reflections of magnetic

origin were present, we could only intro-
duce a model for the magnetic structure and
observe the behavior of the nuclear and
magnetic R factors. There are two indepen-
dent V sites, multiplied by two positions
for each, so there are a limited number of
potential spin patterns. These possibilities
were tested by trial and ervor. In practice
we only tried arbitrary starting spin direc-
tions and magnitudes on each of the two
atoms., However, the refinement did not
yield any unequivocal model for the spin
orientation. More data are needed for the
determination of the magnetic structure.
The positional and thermal parameters for
the nuclear structure at 100 K and 10 K
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TABLE VI
INTERATOMIC DISTANCES IN THE V-OCTAHEDRA

Room T. 150 K 100 K 10 K
V1 {(0.500)
V1-01 x 2 2.00t(1) 2.000(1) 1.981(1) 1.979(1)
V1-02 x 2 2.003(4) 2.011(4) 1.981(7) 1.978(10)
V1-02 x 2 2.004(4) 1.998(4) 2.038(8) 2.039(11)
Average 2.003 2.003 2.000 1.999
01-02 2.838(4) 2.839(4) 2.797(N 2.801(10)
01-02 2.852(4) 2.845(4) 2.848(8) 2.849(10)
01-02 2.825(6) 2.833(5) 2.806(8) 2.796(11)
01-02 2.811(T) 2.808(6) 2.836(8) 2.834(12)
02-02 2.801(1) 2.802(1) 2.824(3) 2.824(4)
02-02 2.866(2) 2.867(1) 2.860(3) 2.860(4)
Average 2.832 2.832 2.829 2.827
o 0.0247 0.0242 0.0243 0.0256
V2{00.50.5

V2-01 x 2 1.980(1) 1.978(1)
V2-03 x 2 2.049(7) 2.042(10)
V2-03 x 2 1.976(8) 1.989(11)
Average 2.002 2.003
01-03 2.850(7) 2.852(10)
01-03 2.812(8) 2.814(11)
01-03 2.849(8) 2.834(12)
01-03 2.783(9) 2.797(12)
03-03 2.814(2) 2.820(4)
03-03 2.878(4) 2.880(4)
Average 2.831 2.833
o 0.0342 0.0299

are reported in Table IV. The interatomic
distances which are reported in Tables V
and VI were calculated by using the lattice
and positional parameters yielded by the re-
finements based on neutron data.

300¢
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Fi1G. 8. Intensity variation with temperature of the
(100)/(001) magnetic reflection of LaVO,,.

Discussion

As can be seen from Table IV, where
the positional parameters are reported, the
orthorhombicity of LaVQ; is as large as that
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F1G. 9. Orthorhombic and monoclinic lattice parame-
ters, determined by neutron powder diffraction, at
room temperature, 150 K, 100 K, and 10 K.
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FiG. 10. Projection on the basal plane of one distorted
La cuboctahedron.

of LaFeO, at the same temperature. For
example, the large La cation is displaced
from the 010 position by 0.163 A in LaVO,
and by 0.162 Ain LaFeQ;. The apparently
higher symmetry of the LaV O, lattice is only
due to the way the lattice itself varies with
temperature. At room temperature, ac-
cording to the synchrotron X-ray data the
three lattice parameters of LaVO, are equal
within 1/1000 and two of them differ only
by 1/3000, leading to pseudocubic and pseu-
dotetragonal metric symmetries, respec-
tively,

Figure 9 shows the variation of the lattice
parameters vs temperature as determined
from neutron diffraction. Since the data
were taken at only four temperatures there
are two points above the transition and two
below. It can be seen that at room tempera-
ture the unit cell parameters can lead to an
incorrect determination of the crystal sym-
metry. Below the phase transformation the
three axes (a, #/V'2, ¢) differ by 1% or more,
and the y angle deviates from 90° as the
symmetry becomes monoclinic. We point
out that if the synchrotron data had not
shown that the structure below the transi-
tion was monoclinic, it would have been
very difficuit to detect it only from the neu-
tron data. For example, the refinement
based on the 100 K neutron datain the Pnma
space group yielded reasonable R factors
and y value. Only when the 150 K data could
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not be refined in the monoclinic space group
did we convince ourselves that the refine-
ment in the P2,/a was meaningful.

The La cations are surrounded by 12 ox-
ygen atoms arranged as a distorted cuboc-
tahedron (see Fig. 10}. At room temperature
the La—O distances vary between 2.422 and
3.271 A. The distortion is so large that not
all oxygen neighbors should be considered
first-nearest to the La cation. Figure 11
shows the variation as a function of temper-
ature of the average La-O distances. Three
curves are shown, they refer to the average
over the total number of neighbors, the
shortest eight distances, and the remaining
four, respectively. The way the four largest
distances vary with temperature indicates
that the corresponding oxygen atoms are
second-nearest neighbors. These distances
increase with decreasing temperature
whereas the shortest eight distances de-
crease with decreasing temperature. As the
temperature decreases, the LLa—0 distances
decrease and the oxygen atoms get closer
to the cation. This is only true for the first-
nearest neighbors, which screen the other
four oxygen atoms, which move farther
away. As a consequence the corresponding
La—O distances increase. This behavior was
already observed across the rare earth or-
thoferrites series (23). On going from La
to Lu, the shortest eight RE—Q distances
decrease while the remaining four increase.

3.50 BAARE RS mm T T
<
= 3.3 [ average of 4 longest La-O ]
§ :a & & —
g 310 E
;]
-
T 2.90 N average of 12 La-O 7]
] [¢————® *r- @
[] I <4
S 270 average of § shortest La-O N
————————————— %
P31+ L NI IV IFUPENPE I S AFE I B
0 50 100 150 200 250 300

T (K)

FiG. 11. The La—0 distances in LaVO; at room tem-
perature, 150 K, 100 K, and 10 K.
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2.004A 2.a386A

2.852A

2.811A 2.001A

Fi1G. 12, The oxygen octahedron around the vana-
dium cation at room temperature.

At room temperature the V-octahedra
exhibit a very small distortion (see Fig. 12).
The 6 distances differ by less than one stan-
dard deviation and the 12 O-V-0 angles are
90.8(2)°, 89.2(2)°, 89.8(2)°, 90.2(2)°, 88.7(4)°,
and 91.3(4)° (each x2). The perovskite ar-
rangement of an ABO, structure comprises
a three-dimensional network of corner-shar-
ing BQg octahedra. Except for the cubic
structure with @ = 3.8 A, the octahedra are
tilted in such a way as 10 create the proper
coordination for the large cation. When the
B cation is one of the 34 elements, the 12-
coordinated cuboctahedron is too large even
for large atoms such as Ba at room tempera-
ture, and in order to make the fit between
B—0O and A-O/V2, the octahedra undergo
atilting. Ascan be seenfrom Figs. 13 and 14,
in LaVQ, the octahedra are rotated mostly

Fi:. 13. The projection on the basal plane of half of
the unit cell, showing the octahedral tilting.

BORDET ET AL.
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FiG. 14. The octahedral tilting of La¥O, at 300 K
viewed along the [110] direction.

around the ¢ and b axes and very slightly
around the ¢ axis. Usually the tilting does
not induce any distortion of the octahedra
which, on the contrary, behave like very
rigid entities. The distortion due to the tilting
is absorbed almost completely by the cuboc-
tahedra which are severely distorted. In-
deed, the 12 La-0O distances vary over a
very large range.

Both the distortion and the tilting of the
V-octahedra increase slightly for decreasing
temperature. For example, the three inde-
pendent V-0 distances, 2.001, 2.003, and
2.004 A, at room temperature become 2.000,
2.011, and 1.998, respectively, at 150 K. The
square lying close to the ac plane, which
is almost perfect at room temperature, has
become a rhombus at 150 K, Since two dis-
tances remain equal between room tempera-
ture and 150 K, the octahedron has become
elongated along one of the [110] directions
at 150 K.
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TABLE VI1
CALCULATED VALENCE SUMS

00K 150 K 100 K 10K
La 2.97 3.00 2.99 2.99
Vi 2.97 2.97 3.00 3.0
Y2 2.99 2.98
Ol 2.00 2.03 2.03 2.02
o2 1.97 1.97 1.99 2.02
a3 1.97 1.97

At the transition the largest change oc-
curs in the V-octahedron network. Because
the symmetry changes from orthorhombic
to monoclinic, the V sites, which are all
equivalent in the orthorhombic structure,
split into two inequivalent sets. In the mono-
clinic structure these inequivalent sets form
alternate layers, aty = 0 and y = 0.5, per-
pendicular to the b axis. The elongation
of the octahedra increases from ~0.01 A at
150 K to =0.06 A for V1 and to =0.07 A
for ¥2 at 100 K. But much more important,
at the transition the elongation of the V2
octahedra remains along the same direction,
namely [110], while that of the V1 octahedra
rofates of 90°.

Table VII shows the effective valences
calculated by using the interatomic dis-
tances of Tables V and VI and the empirical
formula and constants of Brown and Al-
termatt (24). At all temperatures these cal-
culations give values very close to 3 for the
La** and V3* cations and to 2 for the O?~
anions. This demonstrates the confidence
we may have in the structural refinements.
It also demonstrates that the structure of
LaVO; is not under any strain due to the
mismatch of the LaO and VO, layers.

Borukhov et al. {8) found two distinct
lambda-type peaks at the transition sepa-
rated by about 2 K, which may suggest that
the antiferromagnetic transition occurs at
a temperature different from the structural
phase transition. This is interesting from the
point of view of the interpretation of the
diamagnetic state developed at the transi-
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tion by cooling under a magnetic field. With
the displex refrigerator we used to carry out
the neutron diffraction experiment it was
not possible to check whether or not the
magnetic peaks appear at the same tempera-
ture as the monoclinic distortion if the two
transitions are separated by a few K.

Summary

LaVO, is an interesting perovskite-like
compound because, besides undergoing a
paramagnetic to antiferromagnetic transi-
tion at about 140 K when cooled under zero
field (6}, it undergoes a novel magnetic tran-
sition when cooled under a magnetic field
of a few hundred Oe (/6). In both cases
the magnetic transition is accompanied by
a crystallographic distortion. The structural
characterization carried out by high resolu-
tion synchrotron X-ray and neutron powder
diffraction allowed us to determine that at
room temperature the structure of LaVO,
is orthorhombic and isostructural with
GdFeO; (space group Prma), while it is
monoclinic (space group P2,/a) below the
phase transformation when cooled in zero
field. Even though this may seem to be a
stratghtforward result, the detailed solution
of the structure of LaV O, had eluded several
attempts carried out by previous authors
who had used more conventional tech-
niques. The difficulty was due to the almost
perfect pseudocubic "metric symmetry
shown by the lattice of LaVO, at room tem-
peratur¢., Above the phase transformation
all V sites are crystallographically equiva-
lent. The oxygen octahedra are tilted around
the three crystallographic axes and are elon-
gated along the {110] direction. Below the
transformation there exist two sets of in-
equivalent V sites forming alternate layers
along the b axis. The elongation increases
at the transition and has different orienta-
tions in the VI and V2 octahedra.
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