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ABSTRACT: Due to the possible crossover of Pb and 3d transition metal (Ty) redox levels, a charge transfer between Pb
and Ty leads to a continuous evolution from Pb*Ti#O,to Pb+Ni**O,in the perovskite family of PbTyOj; as verified by
several reports. However, very little information is known about PbMnOj; in the PbT)O; series. The perovskite PbMnO,; is
the most difficult one for synthesizing although its geometric tolerance factor is close to 1. Here we report a careful study
of PbMnO; synthesized under 15 GPa by a structural refinement and high-precision X-ray absorption spectroscopy (XAS)
as well as a variety of measurements of physical properties. We can rationalize the physical properties of PbMnO, based
on a local bonding model and the valence states of Pb and Mn from XAS. Moreover, the complete study of PbMnO; allows
us to construct a more consistent picture of the valence evolution and the charge disproportionation for the entire family

of PbTyO; perovskites.

1. INTRODUCTION

Investigations of lead-transition metal perovskites
PbT1O; (Ty = 3d transition metal) have highlighted the
important role played by the valence state at the A-site Pb
cations in determining the properties of these materials
3. One striking observation is that the charge distribution
between the A-site and B-site cations in PbTyO; varies
with the d" manifolds of the transition metal due to the
fact that the hybrid Pb-6s and 6p bands are close in ener-
gy to the O-2p bands and transition metal d bands “.
Across the 3d transition-metal row from left to right in
the periodic table, PbTiO; with Ti#* (d°) and PbVO, with
V# (d') exhibit the valence states of Pb*T,/**O, 5 ¢, where-
as the oxidation state of Pb+Ni>*O; with Ni** (d®) has been
determined 7. The valence state crossover from Pb** to
Pb# and from 4+ to 2+ for the transition metals between
these two end members is not straightforward. The mem-
ber of the family in which the charge disproportionation
of Pb starts to occur is still unknown. The charge distribu-

tion of PbCrO, remains controversial. The charge dispro-
portionation 3Cr+ — 2Cr3* + Cr® has indicated a Pb** va-
lence state in Pb>*Cr+O; (Cr#: d*) 8. Yu et al., however,
claimed a Pb**,sPb#,;Cr3*O; (Cr3*: d?) valence state based
on structural and X-ray photoelectron spectroscopy (XPS)
measurements 9. However, PbFeO, with Fe3* (d5), has
been found to show a charge disproportionation of Pb3*
ions into Pb** and Pb#" in Pb*,;Pb+,Fe3*O; . The Pb#
concentration appears to increase as the atomic number Z
of the transition metal further increases from Fe. The
trend continues to Ty = Co and Ni. In PbCoOj;; however,
in addition to the charge disproportionation of Pb, Co has
been found to have a mixed valence state
Pb**,.,5Pb#,75C0%*,5C03,50; (Co3*: d° and Co**: d7) 4
Based on the data available to them, Sakai et al. 4+ have
proposed a crossover from Pb** to Pb# in the family of
PbTyO; perovskites. Perovskite PbMnOj; has been synthe-
sized at 15 GPa ". By using an iodometric-titration meth-
od, the authors gave a formula Pb*Mn#0O; (Mn#: d),
which clearly contradicts the formula Pb*",;Pb+*,;Mn3*O,



predicted by Sakai et al. 4 The primary goal for this work
is to determine the charge distribution in PbMnO; by X-
ray absorption spectroscopy (XAS).

For the perovskite structure, the geometric tolerance
factor t defined ast = (Pb — 0)/V2(T), — 0), where (Pb-
0) and (Ty-O) are equilibrium bond lengths, provides a
measurement of the structural stability. A cubic structure
is found for t = 1; For ¢t < 1, the bond length mismatch is
accommodated by cooperative octahedral-site rotations
that result in bending the Ty-O-Ty bond from 180°; for ¢ >
1, the oxide either undergoes a ferroelectric displacement
like in PbTiO; * and PbVO, 5 or adopts a polytype struc-
ture B. An earlier study has shown that an oxygen-
stoichiometric hexagonal-perovskite polytype (6H) of
PbMnO; can be stabilized under 8 GPa at 1073 K owing to
a t > 1. The valence state of 6H-PbMnO; has been con-
firmed to be Pb**Mn+O, by iodometric titration and the
unit-cell composition calculated from its structural model
14 Generally speaking, the Pb-O bond is more compress-
ible than the T\-O bond, which makes the factor t de-
crease under high pressure. The high-pressure phases
with a reduced ¢ factor can normally be quenched to am-
bient condition as has been found in cubic BaRuOj; ®.
Therefore, a cubic PbMnO; is expected if it is made under
a sufficiently high pressure. Surprisingly, a tetragonal
phase of PbMnO, ,, with a small tetragonal distortion (c/a
= 1.017) is stabilized under 15 GPa at 1273 K, which is simi-
lar to that found in BalrO; . The origin of this structural
distortion is still unclear. Furthermore, similar to PbTiO,
and PbVO,;, a ferroelectric perovskite PbMnO; is expected
for a t slightly larger than 1. A recent first-principles den-
sity functional theory (DFT) calculation indeed predicted
that the polar P4mm phase has a ground-state energy
slightly lower than that of the non-polar P4/mmm phase
7. However, a structural analysis based on a synchrotron
X-ray diffraction pattern suggests that the tetragonal
phase of PbMnOj; adopts a non-polar structure with the
space group of P4/mmm . To date, the available data on
PbMnO,; are insufficient to distinguish whether it adopts
the polar structure P4mm seen in PbTiO;and PbVO, or
the non-polar structure P4/mmm. It is useful to compare
PbMnO; with other perovskite oxides with Mn#* like
SrMnO; . Although the size of the Pb** ion (1.49 A) is
comparable to that of the Sr>* ion (1.44 A), the perovskite
PbMnO; has been reported to show an antiferromagnetic
(AFM) order with a Néel temperature Ty = 20 K ", which
is much lower than Ty = 233 K of StMnO, . Oka et al.
have argued that a double-exchange ferromagnetic (FM)
interaction resulting from e, electrons hopping between
Mn3* and Mn# neighbors weakens the AFM superex-
change interactions through the ¢.3-O-t,3 " so as to lower
Tn. Alternatively, a more covalent bonding of the m-
bonding Pb-O bond than that of the Sr-O bond clearly
plays an important role in suppressing the magnetic tran-
sition temperature as seen in Pb,,Sr,RuO; . In order to
understand these unusual structural and physical proper-
ties in the perovskite PbMnO;, we have determined the

valance states of Pb and Mn by using XAS at the Pb-L,
and Mn-L,; edges, respectively, and measured transport
and magnetic properties.

2. EXPERIMENTAL SECTION

A polycrystalline sample of tetragonal PbMnO; was
synthesized under 15 GPa and 1473 K in a Walker-type
multianvil module (Rockland Research Co.). The mixed
powder of PbO,, MnO, and KCIO, (Alfa, 99.9 %+) with a
molar ratio of 1:1:1 as starting materials was pressed into a
small pellet and sealed in a platinum crucible. The cruci-
ble was inserted into a BN sleeve and then placed at the
center of a Mo heater with two LaCrO, plugs at the ends.
A cylindrical LaCrO; sleeve was used to ensure a better
thermal isolation and a Cr-doped MgO octahedron with
12 mm edge length was used as a pressure medium. A sin-
gle-phase sample was obtained only if the crucible was
sealed well and the sintering temperature was above 1473
K.

High-resolution synchrotron X-ray powder diffraction
(SXRPD) data at room temperature were collected at
beamline 1-BM lecated-at the Advanced Photon Source
(APS), Argonne National Laboratory with an—average a
wavelength of 0.45789 A. Rietveld refinement of the
SXRPD pattern was done with the software Fullprof 2°.
Second harmonic generation (SHG) microscopy was
measured with a Ti:Sapphire laser operating at 780 nm
wavelength (76 MHz repetition rate, 150 fs pulse width).
The p-polarized laser was incident on the sample at an
angle of 45° and the signal was detected by a photo-
multiplier tube (PMT). Soft XAS spectra at the Mn-L.;
edges were measured at the 11 A beamline of NSRRC Tai-
wan by using a total electron yield method; the high-
resolution partial fluorescence yield (PFY) Pb-L, XAS
spectra with an overall resolution of ~1.0 eV was meas-
ured at the ID 20 beamline of the ESRF, France *. The
emission energy of the spectrometer was tuned to the
peak of the Pb-Lo, emission line and the incident photon
energy was scanned through the Pb-L; edge. The Pb-L,
spectra of PbMnO; and the Pb# reference in PbNiO; were
normalized at 95 eV above the absorption edge. Thermo-
gravimetric analysis (TGA) was conducted on a Setaram
TG-DTA device at a heating rate of 5 K/min up to 1200 K
in a mixture of hydrogen (10%) and argon (90%) gases.
Resistivity and specific heat were measured with a Physi-
cal Property Measurement System (PPMS) from Quantum
Design. Thermoelectric power was measured with a
homemade apparatus. Magnetization was measured with
a Vibrating Sample Magnetometer (VSM) on PPMS.

DFT calculations were performed with the projector
augmented wave method 2> as implemented in the Vi-
enna Ab Initio simulation package >* 5. Spin-polarized
calculations were conducted based on a supercell contain-
ing 40 atoms. A PBEsol+U functional was applied to the d"
manifold of Mn with U = 6.9 eV and Ji = 1 eV. A 5x5x5 k-
points mesh, a plane-wave cutoff of 600 eV, and a force
convergence tolerance of 2.5 meV/A were employed in



the structural relaxation. The density of states and band
structure were calculated by using the code HSEo06 2.

3. RESULTS
3.1 Structural characterizations

Figure 1 shows the Rietveld analysis result of the SXRPD
pattern at room temperature. We find the major phase of
PbMnO, (Vol. ~96%) has a tetragonal structure with a
space group P4/mmm (No. 123) that is consistent with
previous work ". Refinements with the lattice parameters
of a = 3.8975(1) A and ¢ = 3.8654(1) A give a good profile
fitting of diffraction peaks, as illustrated in the inset of
left panel in Figure 1, which indicates a small tetragonal
distortion (c/a = 0.992). A small amount of impurities
(Vol. ~4%) econtaining-including KCl and an unknown
phase is present in the sample. The high-resolution
SXRPD enables us to determine the atomic displacement
parameters (ADPs) of heavy atoms and structural disor-
der. Table 1 summarizes the refined lattice parameters,

atomic positions, ADPs (Bi,) and occupancy factors (Occ).

The large Bis(Pb) of 1.51(1) Aat Pb site and the Bi,(Mn) of
0.98 (1) Azat Mn site reveal large positional disorders in
PbMnO;,. It should be noted that similar reliability R val-
ues were obtained by fitting the SXRPD profile with either
non-polar P4/mmm or polar P4mm symmetry. Since it is
difficult to determine precisely the oxygen positions by X-
ray if it adopts the polar structure, we are not able to dis-
tinguish the polar versus nonpolar structural models used
to refine the SXRPD pattern. Alternatively, the highly
sensitive optical SHG has a noteworthy advantage in
probing a polar structure.

Figure 1. SXRPD pattern of tetragonal perovskite PbMnO,
at room temperature with the space group P4/mmm (No.
123). The inset of left panel shows the profile at 26 angles
between 15° and 17°. The insert of right panel shows the
crystal structure of PbMnO;.

Table 1. Structural refinement of PbMnO; with the
space group P4/mmm (No. 123)* at room temperature.

Atom X y z Biso/ A2 Occ
O1 (1) 0.5 0.5 o 0.80 1.00
02 (2¢) 0.5 0.0 0.5 0.80 2.00
Pb (1a) o o o 1.51(1) 1.00
Mn (1d) 0.5 0.5 0.5 0.98(1) 1.00

aThe lattice parameters: a = 3.8975(1) A, ¢ = 3.8654(1) A
and V = 58.717 (1) A3; R,=8.64, Rexp=8.43 and »*=1.90.

Figure 2 displays a side-by-side comparison of the SHG
mapping on the polished sample surface between PbM-
nO; and a polar oxide CaMnTi,Og. The CaMnTi,Ogis fer-
roelectric ¥, showing a strong and pronounced tempera-
ture-dependent SHG signal. In contrast, the SHG re-
sponse from PbMnO,is nearly temperature-independent
and much weaker by at least two orders of magnitude
than that from CaMnTi,Os, which can be attributed to a
symmetry-breaking on the sample surface. These observa-
tions provide convincing evidence that PbMnO, adopts
the non-polar P4/mmm symmetry rather than the pre-
dicted polar P4mm structure at least above room temper-
ature. Based on the non-polar structural model, the Pb
atoms are not allowed to displace from the 1a position (o,
0, 0). Therefore, the tetragonal distortion (c/a = 0.992)
does not have the same origin as that in PbTiO; and
PbVO,and needs to be further scrutinized together with
results of other physical properties.
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Figure 2. SHG micrographs on PbMnO; and
CaMnTi,Og: Top panels were measured at room tempera-
ture, and the bottom panels were measured at 200 °C.
The average SHG of PbMnO; was extremely weak and
nearly temperature independent.




3.2 Charge distribution from XAS

We now turn to determination of the valence states of
the Mn and Pb ions in PbMnOj; by XAS spectra. The soft
XAS spectra at the 3d transition metal L, ; edges are highly
sensitive to the valence state: an increase of the valence
state causes a shift of the XAS-L.; spectrum towards
higher energies 2 29. Figure 3a shows the Mn-L,; XAS
spectra of PbMnO; together with those of MnO, LaMnO,
and Sr;Mn.,O, for comparison. It has been shown that the
valence states of Mn ions in the reference compounds of
MnO, LaMnO; and Sr;Mn,O, are +2, +3 and +4, respec-
tively; the peak positions of PbMnO; at the Mn-L.; edges
are located between those of Mn3* and Mn#*, but closer to
Mn#. The average valence state of Mn ions in PbMnO,
can be estimated to be +3.75 according to the relative en-
ergy shift of the absorption edge.

M ; A

Figure 3. (a) Mn-L,;XAS of PbMnO, compared to that of
MnO (Mn?*), LaMnO; (Mn3+), and Sr;Mn,O, (Mn#+), respec-
tively; (b) PFY Pb-L,; XAS of PbMnO; together with those of
PbNiO; (Pb+) and PbTiO; (Pb**). The inset: the spectral in-
tegral area of Ies after subtracting the background.

Figure 3b presents the Pb-L; XAS spectrum of PbMnO; to-
gether with those of PbTiO; and PbNiO; used as the refer-
ence of Pb>* and Pb#, respectively. Unlike the XAS spectra of
the transition metal at L and K edges, where the energy posi-
tions of the strong white line and absorption edge are very

sensitive to the number of localized d valence electrons, at
the Pb-L edge there is no clear white line and the energy
position is strongly affected by the crystal structure, so it is
less sensitive to the Pb valence state. Fortunately, the Pb-L,
XAS spectra taken from the high-resolution PFY mode pro-
vide an opportunity to identify the valence state of Pb. As
shown in Figure 3b, one finds a sharp lower energy shoulder
Iss at 13,030 eV in the PFY spectrum that cannot be observed
in normal transmission spectra 3. This lower energy pre-edge
peak can be assigned to the dipole allowed transition from
the 2p3/> core level to the unoccupied 6s states, while the
main peak at 13,040 eV can be assigned to the transitions
from the 2p3/> core level to the empty Pb-6d states 33°. The
pre-edge peak I can be observed for the Pb+* ion with two
6s holes, but it is absent for Pb>* ion with a fully occupied 6s
state. Thus, the spectral intensity of the pre-edge peak Iss can
be used to determine the valence change of Pb. To calculate
the spectral intensity, the broad background between 13,020
eV and 13,040 eV has been described by an analytic function
related to electron states and edge jump 33, which can be
simulated with a superposition of an arctan-like function and
Gaussian lines, as shown in Figure 3b (pink solid curves).
After subtracting the background, the spectral integral area
of I is presented in the inset of Figure 3b. The intensity ratio
of Iss between PbMnOj; and PbNiO; is about 1/8, which indi-
cates the average valence state of the Pb ions in PbMnO; is
+2.25. Moreover, a total weight loss of 10.44% observed by
TGA in Figure 4 from the as-made sample to Pb metal and
MnO identified by XRD indicates that the as-made sample is
nearly oxygen-stoichiometric (3£0.03); this result is con-
sistent with the previous report of iodometric titration ™.
Since Pb prefers the valence states of Pb** and Pb4t 3, the
charge distribution of the as-made PbMnO; can be assigned
as Pb2*,8,5Pb#0.1sMn3*, ,sMn#, ;s0; based on the valance
state of Pb and Mn ions.

T pomno,., (1,+Ar flow)

CPbiMnOH(I a0, |\ -1044%
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Figure 4. Thermogravimetric data for decomposition of
PbMnO; on heating from room temperature to 1200 K in a
gas flow of hydrogen (10%) and argon (90%).

3.3 Transport properties

The temperature dependence of resistivity p(T) under
different magnetic fields and zero-field thermoelectric
power S(T) of PbMnO,; are shown in Figs. 5(a, b), respec-
tively. Reliable data of p(T) can be only obtained at T >



150 K because the extremely high resistance of the sample
is comparable to that of the input resistance of the volt-
meter used in the measurements at low temperatures;
S(T) also becomes noisy for T < 150 K. The zero-field resis-
tivity increases dramatically with decreasing temperature,
thereby indicating an insulating behavior for the tempera-
ture range we examined; no obvious magnetoresistance
effect has been observed in an applied field up to 9 T. The
inset of Figure 5a presents the plot of zero-field Inp versus
inverse temperature T", which can be well fitted to the
activation transport formula of p « exp(E, /ksT), where
kg is the Boltzmann’s constant and the thermal activation
energy E, is 0.19 eV. This observation is opposite to the
result of recent theoretical calculation 7 and to the calcu-
lated result presented in this work that gives a metallic
PbMnO;. On the other hand, Figure s5b shows that the
magnitude of the thermoelectric power S at room tem-
perature is smaller than that found in most insulators. In
this perovskite with mixed valence Mn3/#, carriers are
progressively trapped as the sample is cooled down from
room temperature as indicated by an enlarged magnitude
of S(T) at low temperatures. The negative S(T) is an indi-
cator of an n-type semiconductor.

ting between the ZFC and FC curves is indicative of an
AFM spin structure. Additionally, the inverse magnetic
susceptibility y(T) is not linear at T > T.. The part of x
(T) at 01 T for T > 150 K can be fit to the Curie-Weiss
(CW) law with a Weiss constant fcw = -266 K and an ef-
fective moment s = 9.4 pp. The linear part of y*(T) at9 T
extends to ~ 70 K and fitting to the CW law gives a s =
4.3 ps with fcw = 5.4 K. The sharply different fitting re-
sults suggest a possible field-induced transition from an
AFM phase to a FM phase. We will return to this point in
the discussion section. The obtained i from the x'(T) at
9 T is close to the spin-only value of 4.2 pg based on the
formula of Pb?*.8;5sPb#*5.1,sMn3* 0 ,sMn#, 5505,
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Figure 5. Temperature dependence of (a) resistivity
p(T) and (b) thermoelectric power S(T) of PbMnO;.

3.4 Magnetic properties and specific heat

Figure 6a shows the magnetization as a function of
temperature measured with fields of 0.1 T and 9 T in the
warming run after zero-field cooling (ZFC) and field cool-
ing (FC). The data with H = 0.1 T are qualitatively similar
to those obtained by Oka et al., i.e. the ZFC and FC curves
diverge around 20 K ". Whereas y(T) shows a FM transi-
tion at T ~ 20 K(more obvious in the inset), a clear split-
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Figure 6. (a) Temperature dependence of magnetiza-
tion under 0.1 T and 9 T from 1.8 K to 300 K; (b) field de-
pendence of magnetization over the range -9 T < H < g
T and (c) Arrott plot of PbMnO; at different tempera-
tures.

Commented [JZ1]: The fitting lines in inset look too thick; they

cover the data points

Figure 6b displays the field dependence of magnetiza-
tion at different temperatures. At T = 1.8 K, the saturation



magnetization M, at 9 T approaches ~0.94 ps/Mn.
Moreover, non-linear M(H) curves can be found for tem-
peratures up to 50 K, revealing a spin ordering emerges
below this temperature. Nearly parallel lines at high fields
in the Arrott plot M* vs H/M in Figure 6c indicate that
PbMnO; is a ferromagnet described by the mean field
theory for itinerant electron ferromagnetism. An isotherm
passing through the origin can be derived from the Arrott
plot at a temperature around 20 K which is the critical
temperature of FM spin ordering.
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Figure 7. Temperature dependence of (a) specific heat
C(T) at zero field from 1.8 K to 300 K; (b) lattice contribu-
tion Ciwice (T) obtained by fitting the Debye-Einstein
model to C(T); and (c) magnetic specific heat Cinag (T) and
magnetic entropy change A4S at low temperatures of
PbMnO,.

lated to free electrons at the Fermi energy. Then, the acti-
vated behavior in the p(T) of Figure 5a can be attributed
to grain-boundary scattering. The Debye temperature 6p
can be derived as 210(5) K. In contrast to the magnetic
ordering from the magnetization measurement, a brief
overview of the C(T) does not show an obvious signature
of a magnetic ordering. After subtracting Ciaice, Which is
obtained by fitting the C(T) in the temperature range 1.8-
300 K to the Debye-Einstein model (See Figure 7b up to
50 K), we are able to extract the magnetic contribution
Cinag= Ciotal = Clattice- As can be seen in Figure 7c¢, Cinag has a
broad hump in the temperature range between 10 K and
30 K instead of a typical A-shape profile. Nevertheless, it
corresponds well to the anomaly of magnetic susceptibil-
ity. The entropy on crossing the transition in Figure 7c is
helpful for estimating the degree of spin ordering on
crossing the transition. The obtained entropy change A4S ~
0.2 J/mol-K is much smaller than the expected value 11.5
J/mol-K for a localized S = 3/2 system of Mn#" (t.3), which
indicates a small number of spins are involved in the
transition in zero field.

Specific heat data reveal useful information about mag-
netic ordering. Figure 7a shows the specific heat C(T) of
PbMnO; measured in the temperature range from 1.8 K to
300 K. At low temperatures, the specific heat C(T) can be
well-described by the formula C/T =y+BT?, as shown in
the inset of Figure 7a, yielding coefficients of electron
contribution y = 27.3(6) mJ/mol-K* and lattice contribu-
tion 8 = 1.04(1) mJ/mol-K#. A relatively high y can be re-
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Figure 8. (a) Band structure and (b, ¢) DOS projected
on the Pb, Mn, and O atomic orbitals in the tetragonal
perovskite phase of PbMnOj; the arrows 1 and | indi-
cate spin-up and spin-down, respectively.




3.5 The calculated electronic structure

The band structure and the electron density of states
(DOS) are shown in Figures. 8(a, b and c), respectively.
Several dispersion curves cross the Fermi energy; most of
the curves form narrow bands. The major contributions of
DOS at Er come from the O-2p band and Pb-6s band. The
prediction of a metallic PbMnO; is consistent with a finite
y from the specific heat measurement. A clear exchange
splitting is consistent with the magnetic transition. The
calculated result of the ground-state energy with different
types of magnetic ordering is given in Table 2. A FM
phase has the lowest energy; this conclusion also is con-
sistent with the analysis of y(T) at high magnetic fields. By
relaxing the crystal structure, the most stable crystal
structure from the calculation is not the tetragonal phase,
but a simple cubic perovskite structure. A much en-
hanced y= 27.3 mJ/mol-K? relative to the calculated y,=
3.5 mJ/mol-K* suggests that electrons in PbMnOj; are
strongly correlated. Despite the great success of structure
and property prediction by a first-principles calculation
for a broad range of materials, the Augmented Plane
Wave (APW) appears to be too far from the real electron
distribution for the Pb lone-pair electrons, especially the
hybridization with the narrow bands of Mn-3d and O-2p,
which may be the origin of the tetragonal distortion
found in PbMnO,. Nevertheless, our calculation success-
fully predicts a non-polar PbMnO,. By using an electron
localization function (ELF) 33, we have analyzed the bond-
ing character of PbMnO, and compared with that of
PbVO, in Figure 9. Our calculated result for PbVO; is
identical to that in the literature; the lone-pair 6s* elec-
trons form a hat-like cloud on one side of the Pb** ions
along the c axis. The more covalent bonding between the
lone-pair electrons and O-2p pulls the apical oxygen from
the middle between VO, planes, which appears to be the
driving force for the formation of the polar structure. In
contrast, the localized 6s electrons are distributed uni-
formly around Pb in PbMnO;.

Figure 9. Valance electrons ELF isosurface around (a)
Pb in PbMnO;; (b) Pb and O in PbVO,.

Table 2. The system energy of PbMnO, with different
types of magnetic ordering by the DFT calculation

Lattice Octahedral Mn-Oyy Energy
constant (A)  volume (A3) distance (A) (eV)
A- 3.8762 9.4737 1.9226 0.0607
type
AFM
C- 3.7983 9.4543 1.9214 0.0632
type
AFM
G- 3.8271 9.3443 1.9137 0.1814
type
AFM

M 3.8518 9.5266 1.9260 0.0000

4. DISCUSSION
41 Crystal structure

The P4/mmm structure resolved from the refinement of
XRD pattern is unusual for a perovskite oxide with ¢
slightly larger than 1, which normally leads to hexagonal
polytypes or a polar structure for oxides made under am-
bient pressure 5. The t factor in ABO; oxides reduces un-
der high pressure, so that a t =1 for the cubic phase can be
reached under high pressure. Therefore, the high-
pressure and high-temperature phase quenched to ambi-
ent condition should have the B-O bond under tension,
which normally gives rise to a cubic phase. The P4/mmm
structure gives no tilting of the octahedra, but it allows an
elongated octahedron along the ¢ axis. The averaged Mn-
O bond length 1.944 A is significantly larger than 1.903 A
extracted from the cubic StMnO; with Mn#* . In compar-
ison, the Jahn-Teller (JT) active Mn3* in LaMnO; has an
averaged Mn-O bond length 2.020 A 34, In the ionic model,
we can use the bond valance sum (BVS) to calculate the
actual valance of cations 3. Based on the bond lengths
from the structural study, we obtained the BVS = 3.6,
which is close to the XAS result.

In order to understand better the structure of PbMnO,
and the evolution of chemical and physical properties in
the PbTyO; perovskites, it will be useful to start the dis-
cussion from the tolerance factor t. Table 3 lists the ¢ val-
ues and other structural parameters of the PbT)O; series.
On the side t > 1, PbTiO;and PbVO; favor the tetragonal
structure of P4mm and are ferroelectric. On the side t <1,
both PbFeO,; and PbCoO; show cooperative octahedral-
site rotations in their structures. Accordingly, the reduc-
tion of t values agrees well with the increasing ratio of the
smaller Pb# ions. It is important to know that the tetrag-
onal PbMnO; with ¢ = 1.01 is located at the boundary be-
tween the polar structure with displacive Pb ions (¢t > 1)
and the distorted structure with a cooperative rotation of
the MOs octahedra (t < 1). The consideration based on t



factor alone fails to predict the tetragonal phase found in
the experiment. The driving forces for the structural dis-



Table 3. The structural parameters and physical properties of PbTyO; perovskites.

Compound PbTiOs” PbVO;® PbCrO5»
Space group Pg4mm Pgmm Pm-3m
t 1.02 1.04 102
GII 0.139 0.249 0.156
Valence dis- [ . 2+ Ot
tribution Pb*Ti*O; Pb>V+0, Pb>*Cr+0;
Applied .
pressure  for Ambient 6 GPa 6 GPa
N pressure
synthesis
Ferroelectric AFM insula- AFM insula-
Physical insulator tor tor
properties
Te=764K Tn=180K Tn=245K

tortion may include the bonding mismatch due to the
interaction between the Pb-sp hybrid and Mn-e, orbitals.
In addition to the t factor, whether a particular crystal
structure for a given chemical formula can be stabilized
easily depends on the global instability index (GII) which
can be calculated for the perovskite structure with the
software of SPuDS 3°. In comparison with GII = 0.005 for a
simple perovskite SrTiO;, a much larger GII = o.560 is
obtained for PbMnO, with the tetragonal structure
P4/mmm. A compound with a large GII is unstable and
can normally be made only through a special synthesis
route, such as a high pressure synthesis. GII values calcu-
lated for all PbTyO; are listed in Table 3, which is general-
ly consistent with the argument that the synthesis of a
perovskite with a high GII must be made under higher
pressure.

4.2 Evolution of the valance state in PbTyO;

Our XAS result shows that PbMnO; has a
Pb**0.8;5Pb#0.1,sMn3*0 ,sMn#t, ;505 valence state, which
clearly deviates from the interpretation in the paper by
Sakai et al. that the valence distribution of PbMnO; is
Pb**,sPb#,sMn3*O; estimated from the two neighboring
perovskite PbCrO; and PbFeO; 4. The updated picture of
valence change in PbTyO; is illustrated in Figure 10a; Tw4*
holds for PbTiO,, PbVO, and PbCrO;, which is followed
by a linear decrease of valence on Ty from +4 in PbCrO,
to +2 in PbNiO; except for a clear deviation observed for
PbMnO;. Corresponding to the decrease of the valence on
Tw, the valance on Pb increases linearly. Such a valence
evolution can be attributed to the fact that the d-orbital
redox potentials move to lower energy relative to the
Pb**3* redox level as the valence electron number N in-
creases in the 3d transition metal (See Figure 10b.).

PbMnO; PbFeO;* PbCoO;* PbNiO57
P4/mmm Unknown Pn-3 Pnma
1.01 0.93 0.91 0.83
0.560 0.279 0.424 0.061
Pb**o.5,5Pb**o
Pb*o5Pb*,5 Pb**.5Pb*o.; .
M m 5 PR
a2sMn3*sMn Fe'0, C0*03C0"a50, Pb+Ni** O,
o. 7503
15 GPa 7 GPa 12 GPa 3 GPa
M AFM AFM insula-
metal Unknown insulator tor
Te~20K Tv=8K Tv=225K

—_—_— T
4 5 6 7T 8 9 10

Number of atomic valence electrons (N)

Figure 10. (a) Diagram of the average valence of Pb and
transition metals Ty versus the number of atomic valence
electrons of the transition metals in the whole PbT,O,
series; (b) Schematic redox energy diagram representing
various types of lead-transition-metal perovskites.

It should be noted that in the cubic structure, adding
an electron to the e, orbital on Mn3* cation would cost an



extra energy 4. due to the crystal field splitting, which
makes Mn3*/4 redox level relatively higher than Fe3+/4*
redox, but still lower than the Pb**/3* redox. As a direct
consequence, the population of electrons hopping from
Pb>*3* redox to Mn3*/+ redox is essentially prohibited,
which leads to the anomalous deviation of the valence
state for PbMnO; Moreover, a calculation with SPuDS
gives a t = 1.01 for PbMnOs;. A perovskite with a t > 1 would
normally adopt a polar structure, especially with Pb>* with
the lone-pair electrons at the A-site, but a small percent-
age of Mn3* corresponds to a partial occupation of the e,
orbital, which reduces the t factor of PbMnO;, close to 1 or
even less than 1. Separation of the two 6s* lone-pair elec-
trons on Pb is not energetically favored; therefore the
Pb>*/3* redox potential does not exist. The charge transfer
between Pb*/3* and Mn3*/+ always ends up with the
charge disproportionation 2Pb3* — Pb** + Pb#. Whereas
our result of XAS still gives a mixture of Pb* and Pb#
cations in PbMnOj;, the XRD pattern does not show any
sign of superlattice peaks, indicating a random distribu-
tion of Pb# in the matrix of Pb**.

4.3 Transport properties

Although PbMnO, shows an activated temperature de-
pendence of resistivity, it is still possible that electrons
are itinerant in the oxide. Grain-boundary scattering may
be responsible for the activated p(T) found in PbMnO;. In
the thermoelectric power measurement, however, the

grain-boundary effect makes no contribution to the result.

The relatively low thermoelectric power at room tempera-
ture indicates a higher charge density than that seen in
typical insulators. A large y extracted from the specific
heat measurement appears to support this argument. The
most important evidence to support an itinerant-electron
behavior is from the Arrott plot of magnetization. In addi-
tion, a large ratio of . versus Mg, and a low T. places
PbMnO; at a location near ZrZn, in the Rhodes-
Wohlfarth plot #.

4.4 Competing magnetic phases

The unusual isotherms at low magnetic fields for T < T.
in the Arrott plot of Figure 6c attract our attention and a
further analysis of these isotherms leads to an in-depth
understanding of the magnetism of PbMnO;,. Let us start
from the M(H) loop at 1.8 K. The magnetization from the
virgin state behaves like an AFM phase in Figure na. A
field-induced magnetic transition to a FM phase onsets at
a critical field Hepn of 2700 Oe and terminates at ~3 T. This
transition resembles a metamagnetism for itinerant elec-
trons postulated by Wohlfarth and Rhodes #. Examples of
metamagnetism have been reported in Lu(Coo.,Alo.06)>
(the inset in Figure na) and ZrZn, at a critical pressure
where the ferromagnetism is suppressed 4. If we leave out
the wing from the virgin state (point A) to 9 T, the rest of
the M(H) loop in Figure ub exhibits a typical butterfly-
shaped magnetization that has been observed in a molec-
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ular ferric wheel (MFW) NaFes 4 (the inset in Figure ub).
In the MFW NaFes, the butterfly-shaped magnetization
occurs at ~ 12 T and 0.32 K. A strong field induces a spin-
state change from S = o to S = 1. The heat associated with
the spin-state change is channeled to the thermal bath via
phonons which are fewer at such a low temperature; The
butterfly-shaped loop is formed owing to a phonon-
bottleneck effect 4; This effect is further confirmed by a
scan-rate dependence of magnetization. The same physics
can be applied to the magnetization of PbMnO;. The only
hypothesis we must make here is that there are two phas-
es in PbMnO;, i.e. an AFM dimmer phase and a FM phase
where the weak itinerant electron ferromagnetism is op-
erative. The M(H) loop found in Figure ub is a combina-
tion of a loop due to the metamagnetic transition and a
loop for a ferromagnet.

[ B

7

"~
o

T=18K

200 400
i)

0.5]

Figure 1. (a) Magnetization of PbMnO; at 1.8 K; the
definition of critical field Hen for the metamagnetism
transition is shown in the figure. The inset: magnetization
of Lu(Coo.94Alo.06). (the data are after 4); (b) the same as
(a) without the wing from the virgin state. The inset:
magnetization of the MFW NaFes (the data are after +4)




Figure 12. (a, b) Magnetization of PbMnO; at 4.6 K and
10.2 K; (c) field-temperature magnetic phase diagram of
PbMnO;; the red line inside is the fitting result to a power
law.

The abrupt drop of M(H) at the point B in Figure na
near the magnetic field reversion distinguishes the butter-
fly-shaped loop of PbMnO, from the typical one in the
literature. On top of the spin-state transition from “large”
spin in the FM phase to “small” spin in the AFM dimmer
phase, the magnetization reversal of the FM phase also
occurs at this point. Because of the hysteresis associated
with the high spin to low spin transition, a small percent-
age of the high spin phase persists at H = o0 on a part of
the demagnetization loop from point B to point C and the
moment in the residual high spin phase reverses. Point C
and point D are symmetric. Whereas the residual high-
spin phase is nearly saturated at D, a further increase of
magnetic field is to magnetize the low spin phase. There-
fore, the M(H) curve is linear with increasing field from
point D with the same slope of M(H) from the virgin state
(point A). An identical M(H) loop can be found at all
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temperatures below 20 K; the M(H) loops at 4.6 K and
10.2 K are displayed in Figs. 12(a, b). These plots show that
Hem lowers progressively as temperature increases. The
phase diagram showing the AFM phase and the FM phase
is displayed in Figure 12c.

Owing to a charge transfer between Pb and Mn, the
perovskite PbMnO; exhibits a complex magnetic property.
As seen from the Arrott plot in Figure 6¢, PbMnO; has the
same exchange interaction at T > 20 K as in other itiner-
ant electron ferromagnets. A competing AFM phase de-
velops right below 20 K and gets strengthened as temper-
ature further decreases. It is highly unusual that a modest
magnetic field can convert an AFM phase into a FM phase.
The AFM phase appears to be responsible for the splitting
between ZFC and FC curves in Figure 5a.

5. CONCLUSION

The perovskite PbMnO; offers a unique example that
does not adopt either a polar structure or hexagonal poly-
type although its tolerance factor is slightly larger than 1.
In addition, we have demonstrated the importance of a
global instability in addition to the t factor in order to
synthesize the entire family of PbTwO; perovskites. The
crossover of two redox potentials of Pb and Ty, as Z of the
3d transition metal Ty increases triggers a charge transfer
between Pb and Ty in PbTyO;. In addition, a further oxi-
dation of the lone-pair electrons on Pb induces a charge
disproportionation 2Pb3* — Pb** + Pb#. The new XAS
results on PbMnO; allow us to fill the gap in the picture
of the charge transfer and the charge disproportionation
for the entire family of PbTwOj; perovskites.

Although an activated resistivity is observed, PbMnO,
could become the only metallic oxide in the series of
PbTyO; as indicated by a large density of states at the
Fermi energy extracted from specific-heat measurement
and a relatively small magnitude of thermoelectric power.
Moreover, itinerant electron ferromagnetism in PbMnO,
is supported by an observation of nearly linear isother-
mals in the Arrott plot of magnetization. Although a DFT
calculation also predicts a FM metallic phase in PbMnO,
there is a competing AFM phase below 20 K. The conver-
sion from the AFM phase to a FM phase occurs at a mod-
est magnetic field.
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