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The magnetic properties of PbVO;, a PbTiOs-type perovskite with a large tetragonal distortion (c/a = 1.229), were
investigated. The temperature dependence of the measured magnetization of multidomain single-crystal samples
showed a broad maximum centered around 180 K, indicating a two-dimensional antiferromagnetism. «SR
measurement revealed the presence of a long-range order below 43 K. The two-dimensional magnetism is due to
the ordering of dy, orbitals, which is thought to also be related to the large tetragonal distortion of PbVOs.

1. Introduction

PbTiOs-based ferroelectric and piezoelectric materials are
widely used in memory devices, actuators, and transducers.
Both Pb*" and Ti*" contribute to the large tetragonal
distortion in PbTi0;."? The stereochemical effect of the 6s2
lone-pair electrons in the Pb?* ion and the covalent Pb—O
bonds tend to stabilize distorted acentric structures. The
hybridization between Ti 3d and O 2p states is also thought
to be essential for the ferroelectricity of this compound. The
search for practically useful ferroelectric and piezoelectric
perovskites had been limited to the systems with d° ions such
as Ti**, Nb>*, and Ta>" in the B-sites. The large spontaneous
polarization found in BiFeO; thin films,> however, suggests
that investigations of Bi and Pb perovskites with other
transition elements might lead to new high-performance
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ferroelectric and piezoelectric materials. This is because Bi**
ion has the same electronic configuration and similar
character with Pb>*, BiFeO; and PbTiO; are the only Bi and
Pb 3d transition metal perovskites that can be prepared at
ambient pressure. We have investigated others stabilized at
high pressures*~’ and found that PbVO;*? and BiCo0O;'° are
isostructural with tetragonal PbTiOs3, as illustrated in the inset
of Figure 3a, but have tetragonal distortions (c¢/a = 1.229
for PbVOs3 and 1.267 for BiCoOs3) much larger than that of
PbTiO3 (c/a = 1.062). Other Bi-, Pb-containing perovskites
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did not crystallize with this structure. PbCrOs; is cubic.'" 652
lone pairs are arranged antiparallel in BiCrOs,'? BiMnOs,"?
and BiNiO;.%” BiFeO; is rhombohedral with electric polar-
ization along the [111] direction.> Therefore, the large
tetragonal distortions cannot be attributed only to the
stereochemical effect of Pb?* and Bi** ions. It is necessary
to understand the origin of such large distortions for further
material search.

Other interesting aspects of these compounds are their
magnetic behaviors. BiCoOs is an antiferromagnet with a
Néel temperature (7n) of 420 K and with the C-type spin
structure.'® The magnetic susceptibility of polycrystalline
samples of PbVOj indicates that PbVOs is a two-dimensional
S = 1/2 square lattice antiferromagnet like Li,VOSiO,.'* The
ratio of the next-nearest-neighbor interaction (J,) to the
nearest neighbor one (J;) was estimated to be 0.38 by high
temperature series expansions, indicating this system had a
magnetic frustration. The intrinsic magnetic property, how-
ever, was not clear because the samples contained ferro-
magnetic impurities. Although C-type or G-type ordering was
predicted by first-principle calculations,'*'¢ a neutron powder
diffraction study performed by Shpanchenko et al. at
temperatures down to 1.5 K found no evidence of long-range
magnetic ordering.’

In this paper, we report on the magnetic ground-state of
PbVO;. We show that the magnetization data for a multi-
domain single-crystal sample without magnetic impurities
showed the characteristic features for a two-dimensional
antiferromagnet and a sharp rise indicating a magnetic
transition at 50 K. We also show the results of muon spin
rotation (#SR) measurements confirming the long-range
antiferromagnetic ordering below 43 K. We then discuss the
origin of the large tetragonal distortion of PbVOs and BiCoO3
in terms of its relation to the two-dimensional magnetism
of PbVOs.

2. Experimental Section

PbVO; was prepared under high-pressure (HP) and high-
temperature (HT) conditions in a cubic anvil type HP apparatus. A
polycrystalline sample for #SR measurement was prepared from a
stoichiometric mixture of PbO, V,0s, and V,0s5. The mixture was
sealed in a gold capsule and treated at 6 GPa and 1173 K for 30
min as described before.® Single crystals were grown from the same
mixture with 10 wt % of distilled water sealed in a platinum capsule.
A synchrotron X-ray powder diffraction study was performed under
HP and HT conditions at the BL14B1 beamline of SPring-8 to
determine the crystal growth condition.The white beam X-ray was
incident to the sample in the HP cell, and the diffraction was
detected by a solid-state detector fixed at 20 = 4.5 deg. The details
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Figure 1. (a) Synchrotron X-ray powder diffraction patterns of PbO +
V,03 +V,05 mixed with 10 w % water under various conditions. The four
vertical lines in the figure stand for the characteristic X-rays of Pb (Ka,
Kow) and Pt (Kay, Kon) generated from the sample and the capsule. (b)
The photograph of obtained single-crystalline PbVOs.

of the experiment are described elsewhere.'” The magnetization
was measured with a SQUID magnetometer (Quantum Design,
MPMS XL) in an external field of 1000 Oe on about six pieces of
crystals with the total mass of 2.3 mg. Because of the twinning of
the crystals, the specimens were not aligned to any specific
crystallographic axis. #SR measurements were conducted on the
M-15 beamline of TRIUMF. The samples for those measurements
were crushed into powders, molded into disk shapes, solidified with
glue, and then mounted on a stage.

3. Results

Single-Crystal Growth of PbVQs. Since there are quite
a few reports on single-crystal growth of vanadium oxides
by hydrothermal reaction,'® we tried to grow PbVOs crystals
in the presence of water. The synchrotron X-ray powder
diffraction patterns of 4PbO + V,0; + V,0s mixed with
10 wt % water under HP and HT conditions are shown in
Figure la, where one sees that at 6 GPa and 873 K the
mixture reacted to form a cubic perovskite of PbVO;. At
1073 K the diffraction peak intensities were significantly
reduced, indicating that the solid phase started to dissolve
in the water. Single-crystal growth was conducted in an in-
house HP apparatus. The same mixture was sealed in a
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Figure 2. Temperature dependence of magnetization divided by the field
(M/H) of a single-crystal PbVO;3; sample measured on heating after zero-
field cooling and on cooling in an applied field of 1000 Oe. The dashed
line in panel a shows the result of fitting to the S = 1/2 square lattice model
(S = 1/2 SQL), and the dashed line in panel b is the result calculated by
high-temperature series expansions (HTE) of the Ji-Jo model with the
parameters as given in the text. The insets in panels a and b show the crystal
structure of PbVO3 and the magnetic exchange pathways, respectively.

platinum capsule and then compressed to 6 GPa. The
temperature was raised to 1223 K, kept for 30 min, and then
slowly cooled to 973 K for 12 h before releasing the pressure.
Figure 1b shows the crystals that were obtained. Their phase
purity was verified by X-ray diffraction measurement on
crushed powders. The oscillation photograph (not shown)
revealed that these crystals have multiple domains probably
due to the change from cubic to tetragonal symmetry during
the pressure release.®

Magnetization Measurement. The temperature depen-
dence of the magnetization of single-crystal PbVO; divided
by the field (M/H) is shown in Figure 2. The broad maximum
centered around 180 K is characteristic of a low-dimensional
antiferromagnetic system. The first-principle calculation by
Uratani et al."” indicated that the d,, orbital is the only one
of the three t,, orbitals that is occupied by one electron, so
PbVO; is expected to be two-dimensional in magnetism. The
data between 100 and 400 K were therefore fitted to the
following S = 1/2 square lattice model'® with a temperature-
independent term,

Ng'ug’ IAVRTRAIRTIA:
0= [ () ali) *elar)
1 J ]!
64(kBT) ] T (D
where N is the Avogadro constant, g is the gyromagnetic

ratio (fixed to 2), J is the nearest-neighbor exchange, and kg
is the Boltzmann constant. The fitting gave J = 205(2) K
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Figure 3. (a) ZF-uSR time spectra of polycrystalline PbVO3 measured at
various temperatures. The left and the right columns correspond to the time
ranges of 0—0.5 us and 0.5—8 us, respectively. The open circles and the
solid curves represent the observed and the fitted data, respectively. The
spectra of 42.5 K, 45 K, and 200 K were respectively offset by 0.1, 0.2,
and 0.3. (b) Temperature dependence of the muon spin precession
frequencies fi and f> in PbVOs. The curve is the result of fitting the f; data
to A(Ty — T)?. with the parameters given in the text.

and yo = —7.9(6) x 1073 emu/mol, but the quality of the fit
was rather poor. Because the nearest-neighbor interaction
(J1) is mediated by the t;,—O 2p—ty, bonds that have =
overlaps as illustrated in the inset of Figure 2a, its magnitude
is relatively small. As discussed by Tsirlin et al.,"* in such
a case the contribution of the second nearest-nearest-neighbor
interaction (J) is not negligible. Because there is no
analytical formula for the J,-J> model in the entire temper-
ature range, we estimated the J,/J; ratio that governs the
magnetic ground-state by carrying out high-temperature
series expansions with the J;-J, Heisenberg model by Rosner
et al.?% for the data between 200 and 400 K. As shown in
Figure 2b, the best fit was obtained with J; =190 K, J,/J, =
0.32, and yo = 1.4 x 107* emu/mol. The magnitude of J;
was almost identical to that estimated for the simple square
lattice model, confirming the validity of this analysis. The
Jo/J; ratio, however, was considerably smaller than the 0.38
previously estimated for a polycrystalline sample,'* probably
because the polycrystalline sample contained magnetic
impurities such as VO, and PbV40y;.

With further decreasing temperature, a sharp rise was
observed at 50 K followed by a kink at 40 K. Such anomalies
were also observed in the data for the polycrystalline
sample,'* but they are more pronounced in our single-crystal
data. Below 40 K the zero-field cooled (ZFC) data deviate
from the field-cooled (FC) data, indicating the presence of a
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magnetic transition. The question is whether it is long-range
ordering or a spin-glass-like freezing.

HSR Measurement. The magnetic ground-state of PbVO;
was further investigated by making SR measurements
because this technique is the one most sensitive to the
magnetic ordering. Figure 3a shows the zero-field uSR (ZF-
USR) spectra measured at various temperatures. Clear
oscillation patterns indicating long-range antiferromagnetic
ordering were observed below 42.5 K, consistent with the
magnetization data. The data at 200 K showed a slow
relaxation and were well fitted with the Gaussian Kubo—Toyabe
function Ggr. This slow relaxation is due to 'V and *’Pb
nuclear magnetic moments. For the analysis of the data
measured at lower temperatures, the estimated initial am-
plitude of Axpox = 0.1875(8) was used as the total amplitude.
The data below 50 K were analyzed using the following
formula assuming two oscillating components and one
nonoscillating component

P® =A, exp(—At) cos(2mfit + ¢) +
A, exp(—A,t) cos(2afot + @) + Ay exp[(— A1) (2)

where Aj, A,, and Aj are the asymmetries, 44, 4, and A5 are
the relaxation rates, f; and f, are the muon spin precession
frequencies, ¢ is the phaselag, and [ is the power of the
exponent. The first two terms correspond to the oscillating
components and the third one corresponds to the nonoscil-
lating component. The oscillating components are due to
muons stopping at a site where the local field is parallel to
the initial spin polarization, and the nonoscillating compo-
nents are due to muons stopping at a site where the local
field is perpendicular to the initial spin polarization At 2 K
A, =0.0873(9) and A, = 0.0159(13). The proportion of (A,
+ A2)Atotal (Atora = A1 + Az + A3 = Ao k) is approximately
2/3 that expected for a randomly oriented polycrystalline
sample with a long-range magnetic ordering, confirming the
long-range ordering in the whole sample. The two oscillation
frequencies were determined to be f; = 20(6) MHz and f, =
18.57(17) MHz. It should be noted that these values are close
to the 16 MHz observed for an S = 1/2 two-dimensional
antiferromagnet Cag g6519.14CuO; with “infinite layer” struc-
ture®! supporting the two-dimensional nature of the magne-
tism in this system. The relaxation of the first oscillating
component is quite fast, 1; = 83(9) us~!, while that of
the second oscillating component is slow, 1, = 4.6(7) us™'.
For the nonoscillating component, 4; = 0.044(5) us™! and
B =0.57(4) were obtained. It is known that the positive
muons stop around 0>~ with a distance of ~1 A.??> Consider-
ing the two-dimensionality in magnetism, we tentatively
assign the component with fast relaxation to the muons
stopped at the apical oxygen site under an inhomogeneous
field along the ¢ axis and the component with slow relaxation
to the muons stopped at the in-plane oxygen site.

The 10, 30, 40, 42.5, 45, and 50 K data were also analyzed
to clarify the temperature evolutions of the oscillation
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frequencies. Figure 3b shows f; and f, as functions of
temperature. Both f; and f, showed almost the same
behaviors, vanishing at around 45 K and thus clearly showing
the development of long-range magnetic ordering. The curve
in Figure 3b shows that the temperature dependence of f;
could be fitted using a power-law function A(7x — 7)” with
Tn = 43(2) K and y =0.17(6).

4. Discussion

The results of our magnetic measurements were consistent
with the first-principles calculation which predicted that
PbVOs; is a two-dimensional antiferromagnet owing to the
ordering of the d., orbital."”> Although the system was
frustrated (with J»/J; = 0.32) because the diagonal next-
nearest-neighbor interaction was not negligible, it exhibited
an antiferromagnetic long-range ordering at 50 K (inferred
from the results of magnetization measurements) ~ 43 K
(inferred from the results of #SR measurements). Theoretical
calculations have indicated that in the J;-J, system the
boundary between long-range ordering and the spin glass
state lies at Jo/J; = 0.38, 23 0.34,%* and 0.24.%° QOur estimation
of Jo/J, ratio is 0.32, so the observation of the long-range
ordering suggests that the former two theoretical results are
realistic. We suspect that although the magnetic ground-state
of this compound is an antiferromagnetic long-range order-
ing, the magnetic Bragg peaks are not easily observed by
neutron diffraction because of the small spin of § = 1/2,
shrinkage of the ordered moment owing to two-dimensional-
ity 2627

Next, we would like to discuss the origin of the large
tetragonal distortion of PbVOs;. The pyramidal coordination
of V4T is found in other V4t oxides such as (VO),P,0,2%%°
and CaV40,.%° This might be because of the formation of
V4*—0 double bonds as in coordination compounds.’’
However, we propose another scenario based on our mag-
netic studies. The V#* ion has a d" electronic configuration,
and an LDA calculation has shown that a single d electron
of the V#* ion in a pyramidal coordination generally occupies
the nondegenerate d,, orbital.>> This can be intuitively
understood as follows. If a Jahn—Teller (J-T) distortion takes
place in such a way that the V—0O bonds expand in the
tetragonal ¢ direction, the energy of the d,, orbital should
be higher than the energies of the degenerate d,. and d
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Figure 4. Schematic drawings of the VOg octahdera with various distortions
and the corresponding energy level diagrams for (a) Jahn—Teller distortion,
(b) pyramidal coordination, and (c) no distortion.

orbitals (Figure 4a). In this case, the orbital degeneracy
remains. Another fashion of J-T distortion where the
octahedron shrinks in the ¢ direction as found in the V3*
systems>® is not favored in this system because of the
stereochemical effect of the Pb?* ions. In the local V—0O
configuration in the noncentrosymmetric VOg octahedron of
this system, which can be regarded as rather pyramidal, one
of the V—O,px bonds is significantly shorter than the V—
Oin-plane bonds (Figure 4b). The d electron tends to avoid this
close Ogpex, so the energy of d,, orbital is lowered. In other
words, pyramidal coordination is stabilized in the d! system
to lift the orbital degeneracy. The 6s? lone pairs of Pb>" are
therefore aligned along the ¢ direction and further enhance
the distortion. This is the origin of the large tetragonal
distortion and the two-dimensional magnetism in PbVOs;.
This scenario explains the pressure-induced metallization of
PbVO; we reported previously.® The insulating nature of
PbVOs is due to the ordering of the d,, orbital as discussed
before.>* If cubic PbVO; is obtained, the three ty, orbitals
will be degenerate (Figure 4c), so metallic conductivity is

(33) Suzuki, T.; Katsumura, M.; Taniguchi, K.; Arima, T.; Katsufuji, T.
Phys. Rev. Lett. 2007, 98, 127203.
(34) Pickett, W. E. Phys. Rev. Lett. 1997, 79, 1746.

expected as in the cubic SrVOs;. Indeed, a pressure induced
tetragonal to cubic transition associated with an insulator to
metal transition was observed at 3 GPa.® This supports our
speculation that the d! electronic configuration plays a role
in the large tetragonal distortion.

Accordingly, a similar large PbTiOs-type distortion in
BiCoO; can also be explained. The Co*" ion has a d¢
electronic configuration. If five electrons are distributed to
each of the five d orbitals, tetragonal distortion is induced
so that the last one goes into the nondegenerate d,, orbital
as in the d' system. This scenario is consistent with the
experimentally confirmed high-spin ty,*e,? state of Co*" in
BiC00;.'"° We predict that the d' electronic configuration of
Ti*" will cause BiTiOs; stabilized in a perovskite structure
to have a large tetragonal distortion like that of PbVOs;.

5. Conclusions

The magnetc properties of perovskite PbVO; were inves-
tigated by means of magnetization measurements on pure
single-crystalline samples and by uSR measurements. This
compound was found to be a two-dimensional antiferromag-
net with a long-range ordering temperature of 43—50 K. The
two-dimensional magnetism is due to the ordering of d.,
orbitals, which is also considered to play an important role
for the tetragonal distortion of PbVOs.
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