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Because of the half-filled #,,-electron configuration, the BOg octahedral distortion in a 3d? perovskite
system is usually very limited. In this Letter, a perovskitelike oxide Hg 75Pby ,sMnO3; (HPMO) with a 3d*
Mn*" state was synthesized by using high pressure and high temperature methods. This compound exhibits
an unusually large octahedral distortion enhanced by approximately 2 orders of magnitude compared with
that observed in other 3d> perovskite systems like RCr3*O; (R = rare earth). Essentially different from
centrosymmetric HEMnO; and PbMnOs, the A-site doped HPMO presents a polar crystal structure with the
space group Ama?2 and a substantial spontaneous electric polarization (26.5 uC/cm? in theory) arising
from the off-center displacements of A- and B-site ions. More interestingly, a prominent net photocurrent
and switchable photovoltaic effect with a sustainable photoresponse were observed in the current
polycrystalline HPMO. This Letter provides an exceptional d°> material system which shows unusually
large octahedral distortion and displacement-type ferroelectricity violating the “d®-ness” rule.
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ABO; perovskite oxides have been receiving much
attention due to their wide variety of interesting physical
properties such as metal-insulator transition, high temper-
ature superconductivity, colossal magnetoresistance, and
multiferroic behavior [1-7]. The perovskite crystal struc-
ture is variable owing to the highly flexible BOg octahedral
distortions (including different rotation and tilting), as
initially described by Glazer and subsequently by
Woodward [8—10]. Usually, a strong Jahn-Teller ion like
Mn** or Cu’* with a high-spin 3d*- or 3d°-electron
configuration tends to induce a larger octahedral distortion
and even cause orbital order as observed in manganese
oxides [11-13]. In contrast, for a 3d>-electron system with
a corner-sharing perovskite structure and half-filled 7,,
orbitals like R**Cr** 05 and A>*Mn** O3, the BOg octa-
hedral distortion is relatively small. One may define a
parameter A, = £>°%_ [(d, — d)/d]* to describe the mag-
nitude of the octahedral distortion [14]. Here, d, and d
denote a single and the average B—O bond length,
respectively, in a BOg octahedron. As shown in Fig. 1,
the values of A, (unit: 107*) for the 3d> perovskite family
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FIG. 1. Comparison of BOg octahedral distortion parameter
(Ad) as a function of A-site ionic radius (r,) for the non-Jahn-
Teller Mn** and Cr3* corner-sharing ABO; perovskites, the
polarized BaTiOs, and the Jahn-Teller active Mn3* perovskites of
RMn*T0; at room temperature. The dashed curve is a guide.
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FIG. 2.

(a) X-ray diffraction pattern and Rietveld refinement results of Hg,75Pbg,5sMnO; with polar space group Ama2 at room

temperature. The observed (black circles), calculated (red line), background (green line), allowed Bragg reflections (blue ticks), and
differences (purple line) are shown. A few weak diffraction peaks from unknown impurities were deleted from the pattern. (b) Schematic
crystal structure of HPMO with heavily distorted MnOg octahedra. (c) The corresponding selected area electron diffraction pattern along
the [100] zone axis. (d) The corresponding annular bright-field (ABF) image. (e) The enlarged ABF image (the white dashed box

represents a unit cell).

RCr3+ 0y are located in the range 0.1-1.2 except for Ho and
Y [15-21]. For the AMn**O; family, the corner-sharing
orthorhombic perovskite CaMnO; [22] and tetragonal
PbMnO; [23] show comparable A, values with those of
RCrOs. Although Hg?* has a similar ionic radius to that of
Ca’*, the recently reported HgMn*tO; with P2,/c
space group displays a higher structure distortion with
A, = 10.1 [24]. This observation suggests that the A-site
electronic configuration may also play an important role for
BOg octahedral distortion. Therefore, based on the highly
distorted HgMnO3, it can prove insightful to tune the
structural distortion as well as the emergent physical
properties by changing the A-site ionic size and electronic
configuration.

In this study, the A-site doped Hgg75Pbg,5MnO5
(HPMO) with a 3d®> Mn** state was prepared using
high-pressure (15 GPa) and high-temperature (1373 K)
methods. Essentially different from the centrosymmetric
HgMnO; (P2;/c) and PbMnO; (P4/mmm) [23,24], the
doped HPMO crystallizes to a polar crystal structure
with off-center displacements contributed by both A- and
B-site cations, regardless of the “d-ness” rule [25].
Unexpectedly, HPMO shows an unusually large octahedral
distortion with the value of A, as large as 44.3, which is
comparable to those of the Jahn-Teller active perovskite

systems like RMn3*O; [26-29] (see Fig. 1). Moreover, a
switchable ferroelectric photovoltaic effect [30-32] is
found to occur, suggesting promising applications for this
polycrystalline material at room temperature.

Detailed experimental methods used in this Letter are
described in the Supplemental Material [33]. The x-ray
diffraction (XRD) pattern and Rietveld refinement results
of HPMO performed at room temperature are shown in
Fig. 2(a). HPMO displays essentially different diffraction
peaks from those of HgMnO; and PbMnOs, indicating the
presence of a new crystal structure. We first searched for
ABO;-type isostructural references to resolve the crystal
structure. However, there are no satisfactory isostructural
models that display XRD features similar to those of
HPMO. Therefore, based on the EXPO2014 program [45],
we applied a direct method to find primary structural
parameters, including possible space groups, lattice con-
stants, and atomic positions; Rietveld refinements were
further performed according to the direct-method informa-
tion. The most reliable structural model was then deter-
mined by comparing the goodness-of-fit parameters such as
R, and R,,,, and judging the rationality of the fitted bond
lengths and angles, etc. Through this process, we found that
the XRD data of HPMO can be best fitted based on a polar
orthorhombic space group Ama2 (no. 40) with satisfactory
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Diagram of the origin of spontaneous polarization (Pg) induced by cation displacements in HPMO. The arrows indicate the

directions of Pg. The net electric polarization generated by A- and B-site displacements are both along the crystal c-axis direction.

factors R, =2.21% and R,, =2.93%. In this polar
structure, there is a single Wyckoff position 45 (0.25, y,
z) for Hg/Pb, and 4a (0, 0, z) for Mn, while there are two
distinct positions for the ligand O atoms, i.e., 8¢ (x, y, z) for
Ol and 4b (0.25, y, z) for O2. Figure 2(b) shows a
schematic of the HPMO crystal structure with a highly
distorted MnOg octahedral network. The primitive cell
comprises four formula units (Z = 4) with corner-sharing
MnOg octahedra, forming a perovskite-type construction.
To further confirm the proposed polar structure, selected
area electron diffraction (SAED) and annular bright-field
(ABF) imaging were carried out. Figures 2(c) and 2(d)
indicate the corresponding SAED pattern and ABF image
along the [100] zone axis, respectively. Based on the
contrast analysis shown in Fig. 2(e), the positions of
atomic columns for elements (Hg/Pb, Mn, and O) are
found to perfectly match the theoretical model obtained
from the XRD refinement results. Moreover, the determi-
nation of such a polar structure agrees well with the
observed second harmonic generation (SHG) and ferro-
electricity shown later.

Supplemental Material Table S1 [33] lists some refined
crystallographic parameters including the atomic positions,
bond lengths, Mn—O—Mn bond angles, etc. There are two
kinds of Mn—O—Mn bond angles, 155.1°, and 149.1°. In
the Pnma (no. 62) orthorhombic perovskite CaMnO; [22],
the average Mn—O—Mn bond angle (147.2°) is somewhat
smaller than that of the current HPMO (153.1°), as
expected from the reduced A-site ionic size (1.18 A in
HPMO as opposed to 1.12 A in CaMnO5). According to the
refined atomic positions, the cation-displacement-induced
spontaneous ferroelectric polarization (Pg) can be ana-
lyzed. As illustrated in Fig. 3, if the Mn and O1 atoms are
projected onto the bc plane, the Mn layer appears to deviate
from the upper oxygen layer by 1.348 A. However, the Mn
layer deviates by 1.288 A from the bottom oxygen layer

along the c¢ axis, suggesting the presence of a net displace-
ment of Mn with respect to O1 in the opposite direction
along the ¢ axis. In the Ama2 symmetry, mirror planes exist
that are perpendicular to the a axis. As shown in Fig. 3, the
Mn layer has a larger ¢ axis off-centering by 0.513 A
relative to the O2 atoms arranged along the a axis. In total,
the electric polarization direction caused by the Mn-
displacement in MnOgy octahedra is toward the ¢ axis.
Owing to its 3d° electronic configuration, the current
HPMO provides a rare example that violates the so-called
“d’-ness” rule for displacement-type ferroelectrics. In
addition, based on the crystal symmetry analysis, it can
be determined that the electric polarization arising from the
A-site Pb/Hg displacements is also along the ¢ axis. The
total polarization calculated using the point charge model is
26.5 pC/cm? along the crystal c-axis direction. Such a
large Pg value is comparable to the values observed in
other displacement-type ferroelectrics, such as BaTiO5 [46]
and BiFeO; [47].

Based on the refined Mn—O bond lengths, the bond
valence sum calculations (+3.75 as seen in Table S1 [33])
suggest the formation of an Mn** valence state in HPMO,
as revealed by x-ray absorption spectroscopy [48,49]
shown in Supplemental Material Fig. S1 [33]. In contrast
to other reported 3d° perovskite systems, the B—O bond
lengths of the current HPMO vary substantially in a single
MnOg octahedron in the range 1.77-2.06 A, which
indicates the presence of an unusually large octahedral
distortion. Based on the octahedral distortion parameter A,
mentioned above, the value of A, for HPMO is calculated
to be as high as 44.3, which is substantially higher than
those observed in other 3d® corner-sharing perovskite
oxides by approximately 2 orders of magnitude, and
comparable with most Jahn-Teller active Mn** systems
in the RMnOj; perovskite family, as summarized in Fig. 1.
As 1s well known, no remarkable octahedral distortion is
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(a) Surface topography of HPMO by atomic force microscopy. (b) Second harmonic generation (SHG) signal (400 nm) and

fundamental wavelength peak (800 nm) of the spectroscopic data at 300 K. (c) Piezoresponse phase hysteresis loop (purple) and
amplitude butterfly (blue) of HPMO. (d) Out-of-plane piezoresponse force microscopy images after probe bias switching by two-step
box-in-box electric poling. The bright and dark contrasts indicate the downward and upward polarization states, respectively.

expected to occur in the non-Jahn-Teller Mn** ion due to
the half-filled 7,, orbitals. The unusually large structure
distortion observed in HPMO is likely related to the
polarized crystal structure. For example, the tetragonally
distorted ferroelectric BaTiO; also displays a considerable
A, up to 29.6, as presented in Fig. 1 [50]. In addition,
some stresses may exist in the quenched HPMO syn-
thesized at an extremely high pressure (15 GPa), which
may also favor the distorted structure. As shown in
Supplemental Material Fig. S2 [33], the nonpolar
HgMnO; [24] exhibits the largest variation for the A—O
distance probably due to the small ionic size of Hg>*, while
the nonpolar PbMnO; [23] shows the lowest variation. In
comparison, the change of A—O distance for the polar
HPMO with the net Hg/Pb displacement along the crystal ¢
axis is located between HgMnO; and PbMnO;, which is
very similar to that of the polar PbTiO; [42]. In our
experiments on the solid solution of Hg;_,Pb,MnQO3, only
the composition with 0.2 < x < 0.3 shows a polar structure
(not shown here). Moreover, the Mn—O distance in the
polar HPMO displays much greater fluctuation than that of
the nonpolar HgMnO; and PbMnO; (Supplemental
Material Fig. S3 [33]). It appears that a moderate A-site
size and lone electronic pairs must be delicately balanced to
induce a polarized structure with sharply enhanced octahe-
dral distortion in the Hg;_,Pb,MnO; family.

Room-temperature SHG and piezoresponse force
microscopy (PFM) were performed on polycrystalline
HPMO to confirm the determined polar structure. After
high pressure treatment, a hard piece was carefully polished
using a diamond sandpaper (1.0 pm particle size) to a
diameter of 1.5 mm and thickness of 0.1 mm for SHG and
PFM measurements. Figure 4(a) shows the topography of
the polished surface. Measurements were made using
atomic force microscopy and indicated the formation of
an approximately level plane. When fundamental incident
light with a wavelength of 800 nm was applied to shine on
the polished surface, a clear peak centered at 400 nm was
observed, confirming the occurrence of the SHG signal, as
shown in Fig. 4(b). Moreover, applying electric fields can
significantly enhance the SHG signal (see Supplemental
Material Fig. S4 [33]), which is consistent with the non-
centrosymmetric polar structure of HPMO. As presented in
Fig. 4(c), a PFM hysteretic phase loop and a typical
butterfly curve of the amplitude loop with a probe bias
voltage in the range from —3.2 to +3.2 V were observed,
suggesting that ferroelectricity is expected to occur in
HPMO. As shown in Fig. 4(d), polarization switching of
the domains was conducted by two-step electric poling.
The domain pattern in the blue dotted box was first
switched by a positive probe bias voltage to create an
out-of-plane downward polarization. Second, a smaller box
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FIG.5. (a)Electric current density (/) and voltage (V) character-
istics measured from —30 to +30 V for Ag/HPMO/Ag device.
The net photocurrent is the photocurrent under illumination
subtracted by dark current. The upper left inset shows a setup
diagram for the photovoltaic device. The bottom right inset shows
J — V curves under poling and illumination in the low bias region.
The arrows indicate poling direction reversion. (b) Reproducible

photocurrent response with periodic dependent on-off switching
under +/—15 V polarized electric fields.

area (the red dotted box) in the center was rewritten using a
negative probe bias voltage to flip the polarization to the
upward direction. Two-step electric poling was achieved to
further confirm the switchable polarization of ferroelectric
domains and written or erased controllability by electric
fields. Note that, due to the leakage effect, one cannot
detect macroscopic ferroelectric hysteresis loops in the bulk
HPMO sample.

Optical absorption measurement shows that HPMO
has a direct band gap of 2.25 eV (refer to Supplemental
Material Fig. S5 [33]), which is in the range of visible
light. Considering the ferroelectricity and moderate band
gap of HPMO, a ferroelectric photovoltaic effect may
occur. A metal-ferroelectric-metal sandwich structure,
Ag/HPMO/Ag, was designed as the device architecture
for the photovoltaic test as shown in the upper inset of
Fig. 5(a). Usually, the ferroelectric photovoltaic effect is
observed to have a diodelike rectification behavior due to
the high insulation characteristics and the Schottky effect

within ferroelectric devices such as BiFeOj;-based devi-
ces [51-53]. However, as shown in Fig. 5(a), HPMO
presents a high dark current from —30 to +30 V, possibly
originating from the electromigration of grain boundaries in
polycrystalline or interfacial oxygen vacancies [54,55].
Under white light illumination, an obvious net photocurrent
was obtained, depending on the electric fields. Although
the zero bias short-circuit photocurrent is small as shown in
the bottom inset of Fig. 5(a), the photovoltage is switchable
by reversing the poling electric field. The excited carriers
can be simultaneously stimulated by light switching and
polarized electric fields to maintain a repeatable photo-
current. The time-dependent photoresponse was thus
acquired under +/—15V polarized electric fields, as
shown in Fig. 5(b). The photoresponse means the net
photocurrent under switching repetition with “on/off”
white light incidence, and the photocurrent direction were
also tuned by electric field direction reversion. The photo-
current was clearly observable in the polycrystalline-based
Ag/HPMO/Ag device under illumination and external
electric fields, although the response without applying a
poling electric field is small due to the leakage effect.

In summary, a new ferroelectric perovskite-type oxide
HPMO was prepared using high-pressure (15 GPa) and
high-temperature (1373 K) methods. Distinct from cen-
trosymmetric HgMnO; and PbMnOs, the A-site doped
HPMO shows a polar crystal structure with space group
Ama?2. An unusually large octahedral distortion is found to
occur in the current HPMO compared to other corner-
sharing 3d°-electron perovskite systems with half-filled 7,,
orbitals by 2 orders of magnitude. A substantial displace-
ment-type ferroelectricity was illustrated based on a
detailed structural analysis regardless of the “d”-ness” rule.
The room-temperature polar structure and ferroelectricity
were further confirmed by SHG and PFM measurements.
The optical absorption and photoluminescence spectra
indicate a moderate direct band gap within the visible light
region. A net photocurrent and switchable photovoltaic
effect were observed based on a simple device comprised of
Ag/HPMO/Ag. The polycrystalline ferroelectric com-
pound HPMO with sharply enhanced octahedral distortion
provides a promising candidate for solar cell functionalities
and optoelectronic devices.
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