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Discovery of new complex oxides that exhibit both magnetic and ferroelectric properties is of great interest
for the design of functional magnetoelectrics, in which research is driven by the technologically exciting
prospect of controlling charges by magnetic fields and spins by applied voltages, for sensors, 4-state logic,
and spintronics. Motivated by the notion of a tool-kit for complex oxide design, we developed a chemical
synthesis strategy for single-phase multifunctional lattices. Here, we introduce a new class of multiferroic
hollandite Ba-Mn-Ti oxides not apparent in nature. BaMn3Ti4O14.25, designated BMT-134, possesses the
signature channel-like hollandite structure, contains Mn41 and Mn31 in a 151 ratio, exhibits an
antiferromagnetic phase transition (TN , 120 K) with a weak ferromagnetic ordering at lower
temperatures, ferroelectricity, a giant dielectric constant at low frequency and a stable intrinsic dielectric
constant of ,200 (1-100 MHz). With evidence of correlated antiferromagnetic and ferroelectric order, the
findings point to an unexplored family of structures belonging to the hollandite supergroup with
multifunctional properties, and high potential for developing new magnetoelectric materials.

C
omplex oxides have been of long-standing interest due to the extensive range of properties derived from
their electronic structure, and the library of metallic ions that can be intersubstituted in order to tune or
transform the electronic behavior1–14. Pursuing single phase multiferroic magnetoelectrics15, uncommonly

rare in high symmetry systems3,16,17, provides strong motivation to push further for synthetic exploration and
rational design15,18. In addition to the fascintating science that has emerged, the goal is to search for stronger
coupling between polarization (P) and magnetization (M), closer to room temperature, for device applications in
memory (FRAM, MRAM)3, magnetic tunnel junctions19,20 and electric field induced behavior21. Progress has been
partly limited by physical restrictions on the co-existence of substantive magnetic or electrical polarization in a
single compound1,3. Composite materials can produce magnetoelectric effects through strain-mediated coup-
ling22–25, and the reliance on emergent phenomena at interfaces5,26, but the prospect of intimate coupling in a
single crystal phase remains of great interest, since it relies on fundamental quantum mechanical interactions. In
recent years the investigation of single phase multiferroics has grown to explore, both theoretically and experi-
mentally, the means for placing lower constraints on the coexistence of ferroelectricity with ferromagnetism2. The
results continue to ignite the potential for finding field tunable magnetoelectric behavior in novel compounds.
Approaches have included the study of magnetically ordered improper ferroelectrics27–29, copper oxide30,31, mixed
lead-iron perovskites32,33, Aurivilius-phase manganites and cobaltites34,35, and hexaferrites13.

We targeted synthesis of complex manganese and titanium oxide frameworks since they present possibilities
for achieving direct spin-polarization coupling due to the diversity in magnetism of the manganese cations (S5

5/2, 2 and 3/2 for Mn21, Mn31 and M41 respectively), combined with the ‘‘d0-ness’’ of Ti41 cations, which can
facilitate long range ordering through LUMO hybridization with O 2p orbitals, and drive bulk electric polariza-
tion16. In nature, and excluding silicates, there are fourteen oxides that contain Ba, Ti, and O ions, and fifteen that
contain Ba, Mn and O ions (co-residing with a number of other metal cations such as Fe, Cr, V etc.). Synthetic
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Ba(Mn,Ti)O3 perovskites and polytypes have been prepared in the
1200–1600 K range to prepare high-permittivity compounds36–39,
but surprisingly, there are no natural minerals classified as being
composed of exclusively Ba, Ti, Mn and O ions, despite the fact that
these are, respectively, the 14th, 12th and 9th most abundant metals in
the Earth’s crust. A potential candidate crystal structure, where all
these four elements may reside, is a hollandite supergroup, with a
general formula of AII[MIV, MIII]8O16, which comprises a number of
mineral groups, including redledgeite. Redledgeite is a rare mineral
that contains Ti, with the formula BaTi6Cr2O16

40; hollandite is a
mineral that contains Mn, with the formula BaMn8O16

41. Thus, in
principle, there are no fundamental chemical limitations to the
formation of the Ba[Mn,Ti]8O16 hollandite.

Low temperature chemical synthesis and deposition methods for
preparing high quality inorganic oxide films and nanostructures,
especially ones that can be generalized42, are interesting for miniatur-
ization and integration, to serve the needs of the electronics industry.
Of particular interest is the use of atomic-scale building blocks that
can mimic the precision of epitaxial growth using physical vapor
deposition, and stimulate ordering within the lattice. The chemical
synthesis method we employ here is a precursor driven technique
derived from a combination of sol-gel43, non-aqueous44 and nuc-
leation/growth-mediated nanocrystal synthesis45. The term ‘‘solu-
tion-processed’’ is now widely used to cover novel techniques that
advance chemical alternatives to vacuum based physical deposition
approaches. Our procedure is a solution processing technique
described as gel-collection, due to the formation, collection and sub-
sequent processing of a gel of nanocrystalline matter formed from the

precursors with a preset stoichiometry (see Methods and Supple-
mentary Information). We applied gel-collection to the synthesis
of compounds of Ba-Mn-Ti-O. The first novel candidate structure
of notable interest, BaMn3Ti4O14.25, is abbreviated to BMT-134.

Results and Discussion
The structure of BMT-134 was solved by a combination of synchro-
tron X-ray diffraction, high resolution transmission electron micro-
scopy (HRTEM) and X-ray photoelectron spectroscopy (XPS). The
crystal structure belongs to the hollandite supergroup, AII[MIV,
MIII]8O16. In this instance the fractional oxygen of the unit cell bal-
ances the MnIV5 MnIII 151 ratio. X-ray powder diffraction data was
analyzed using atomic pair distribution function analysis, PDF46–48

(Fig. 1a and Supplementary Information). The refinement result
closely resembles the redledgeite structure (I4/m). The Mn and Ti
cations are located inside corner- and edge-shared oxygen octahedra
with Ba cations in the channels (Fig. 1b). The Ba atoms have local
displacements along the z-axis, with a fraction sitting off their equi-
librium sites, identifiable at low-r range (, 20Å). The spherical-
aberration corrected STEM image shows the hollandite-type lattice,
projecting down the channels (Fig. 1c, 1d). At lower magnification
there is evidence of a small (, 6u) lattice rotation, attributed to
possible local cation disorder, but not twinning. XPS confirms the
presence of stable Ti41 and mixed Mn31 and Mn41 cations (Fig. 2a).
No Ti31 or Mn21 is detected. The PDF refinement, EDX, EELS and
XPS analyses all corroborate the Ba5Mn5Ti stoichiometric ratio to
be 15354, identical to the initial reactant concentration.

Figure 1 | Structural characterization of BMT-134 (BaMn3Ti4O14.25) (a), Synchrotron X-ray powder diffraction and PDF refinement patterns (b), crystal

structure of BMT-134 projected down the c-axis, and a simple cartoon depiction of how spin and charge distribution in the lattice can cause

collective polarization. (c) and (d), the atomic images obtained by spherical-aberration corrected STEM, with the zone axis along [001].

www.nature.com/scientificreports
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Temperature-dependent DC magnetic susceptibility (Fig. 2a)
shows paramagnetic behavior from 120–300 K, with two distinct
magnetic transitions at lower temperatures. The paramagnetic beha-
vior fits classical Curie-Weiss behavior (Fig. 2a), x(T) 5 C/(T-h),
with C 5 2.44 and h 5 -107 K. The calculated effective moment
per Mn cations, 4.4 mB, further supports the presence of Mn31 and
Mn41 cations with a ratio of 151. The compound stoichiometry is
thus confirmed, consistent with all three independently verified
sources: structure refinement, valence and magnetic analysis. The
Mn sites in the lattice are all octahedral in coordination, with a
splitting of the d-orbitals giving rise to the eg/t2g crystal field
configuration.

We suppose that the MnO6 chains exhibit antiferromagnetic
(AFM) ordering along the c crystallographic direction, with weak
superexchange between the MnO6 chains through the Ti-O-Ti bonds
in between, as would be expected for such quasi-one-dimensional
structures. As a result, the first magnetic ordering takes place below
TN < 120 K, where a clear deviation from the Curie-Weiss law, and
an anomaly in the resistivity-versus-temperature behavior (Fig. 2c)
indicate the onset of antiferromagnetism of collinear spins along the
1-D chains and, possibly, provide initial evidence of a charge-ordered
state. A second magnetic transition appears at TN , 42 K (Fig. 2a).
This low-temperature transition may be the result of non-collinear
spin canting originating from Dzyaloshinskii-Moriya49 interactions
in slightly distorted Mn-O-Mn bonds, and/or spin reorientation
anticipated for a magnetically ordered, highly spin-frustrated hollan-
dite structure50,51 As a result, a long-range weak ferromagnetic order

is observed and gives rise to a hysteretic behavior of the net magnetic
moment (Fig. 2b). The saturation magnetization at 1.84 K is ,1 mB,
equal to the difference between Mn31 and Mn41 moments. As evid-
ent from the structural analysis of hollandites, the Mn-O-Mn bonds
in the chains of MnO6 octahedra have an angle ranging from about
80u to 100u, which could enable a superexchange toward ferromag-
netic order in the Mn31-O-Mn31 bond, based on the Goodenough-
Kanamori rule52,53. However, due to a considerable contribution from
the double exchange along the Mn31-O-Mn41 bonds, eg orbital
ordering as well as lattice distortions, the antiferromagnetic order
is frustrated50,51, and ultimately hard to predict.

In addition to the magnetic ordering described above, BMT-134
exhibits remarkably unambiguous ferroelectric switching (Fig. 3a–
d). Ferroelectric polarization hysteresis data were collected in meso-
scopic samples (see Methods) of 30-mm thick BMT-134 on heating
from 77 K to 300 K under vacuum with different poling rates.
Hysteresis loops with noticeable polarization saturation were
observed at temperatures of up to ,160 K, above which a significant
charge leakage contribution made the ferroelectric loops appear to be
those of a lossy dielectric. For T , 110 K polarization loops are
weakly saturated at a poling rate as low as 5 Hz, primarily due to
both an increasingly stronger polarization at lower temperatures and
to insufficiently applied bias during the measurements (100 V). In
this case a long poling rate (5 Hz) indeed resulted in slightly satu-
rated loops (Fig. 3a); however, decreasing the poling rate further led
to an undesirable leakage contribution making the saturation indis-
tinguishable. According to Landau theory for a typical displacive-

Figure 2 | Magnetic and electronic transport properties, and electronic structure of BMT-134. (a), Temperature dependent magnetic susceptibility

measured at 2 kOe under FC and ZFC conditions. The inset shows the inverse ZFC susceptibility with a Curie-Weiss fit; (b), magnetic hysteresis loops at

50 K, 20 K, and 1.84 K. Deviation from linearity at TN , 120 K and a local minimum at T , 42 K in x21 (inset) signal onset of the coupled CO-

antiferromagnetic phase transition and of weak long-range order, respectively, as described in the text; (c), X-ray photoelectron spectroscopy (XPS)

analysis indicating evidence of Mn31 and Mn41, and no evidence of Mn21; (d), resistivity as a function of temperature r(T) in samples of (Ba-Ti-Mn-O)

with differing Ba5Mn5Ti ratios A: 15255 (BaMn2Ti5O14.5), B: 15354 (BMT-134), and C: 15453 (BaMn4Ti3O14). The dramatic change in character of

r(T) in the case of BMT-134 provides additional evidence of the potential onset of a charge-ordering transition near 120 K.

www.nature.com/scientificreports
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type ferroelectric, the field at which polarization saturates is expected
to decrease for increasing temperature. Accordingly, ferroelectric
switching with a complete saturation was observed at temperatures
at and above 110 K (Fig. 3b) and up to ,160–180 K, the latter shown
by the red- and blue-colored loops in Fig. 3c. To the best of our
knowledge, there are no experimental reports of ferroelectricity for
the hollandite crystal class, with one theoretical prediction, that we
now confirm54

. We can attribute the observation of ferroelectricity in
BMT-134 to an off-center shift of Ti atoms inside TiO6 octahedra, in
the c direction, along the chain of edge-sharing octahedra, consistent
with the quasi-1D character. This can be compared to other multi-
ferroics with octahedral coordination of manganese ions (e.g.
BaMnO3

55), in which the neighboring MnO6 octahedra chains are
also presumed to have ferroelectrically active Mn-O covalent bonds,
but structure-property measurements are complicated by cation dis-
order. Another possible explanation for ferroelectricity in BMT-134,
that is not mutually exclusive to displacive behavior, is the onset of a
MnIII/MnIV charge-ordered state. The presence of Mn31 and Mn41

with 151 molar ratio, verified independently by structural, spectro-
scopic and magnetic characterization, provides a substantive basis
for interpretation of the sudden change in resistivity behavior, the
noticeably stronger ferroelectric behavior, and the close proximity of
these two events to the first antiferromagnetic transition at ,110 K.
A stable charge-ordered configuration of Mn41 and Mn31 (Fig. 1b) is
expected to be strongly bound to the spin order, supported by
Hartree-Fock calculations53. When combined with a certain orbital
order (as in Pr0.5Ca0.5MnO3

56) or spin order (as in TbMn2O5
57), or

being on a geometrically frustrated lattice (as in LuFe2O4
27), a charge-

ordered state was proposed to be the origin or a promoter of
ferroelectric order28. BMT-134 exhibits a remarkably large dielectric
response: The dielectric constant of a BMT-134 film, e is .105 at low
frequencies, .104 up to 1 kHz, . 103 up to 1 MHz, and maintains a

value of ,200 (190–200) from 1-100 MHz (DF, 0.1, Fig. 3e). At
higher frequencies (.1 MHz) the contribution to the real part of
permittivity is largely intrinsic, with no contributions from space-
charge or leakage. Again, we could attribute such a large intrinsic e to
the presence of significant electron correlations that result in charge
order, and/or Ti41- based dipolar distortion, below the critical field
strength for ferroelectricity. The giant dielectric constant at low fre-
quency range (,1 kHz) is related to internal barrier-layer capacit-
ance, in which the chains of edge-shared TiO6 octahedra act as
barrier layers, similar to the case reported for CaCu3Ti4O12

(CCTO)58. The critical difference between the CCTO and BMT-
134 is the presence of mixed-valence manganese ions in the latter,
such that the room-temperature valence of the Mn ions can alternate
between 13 and 14 to create a so-called charge disordered system.
The long distance conductivity due to hopping eg electrons (double
exchange) makes a decreasing contribution to the leakage with
increasing impedance frequency, whereas the contribution of
instantaneous dipoles to the permittivity, due to localized charge
ordering, increases when the dipolar relaxation time (t , 1026–
1029) approaches the period of the applied electric field.

In conclusion, the attractive prospect of combining switchable and
spontaneous magnetic and electrical polarization in a single-phase
system is known to be limited by physical restrictions on their co-
existence, as well as chemical limitations to the synthesis of novel
structures and compounds. In the quest for new multifunctional
materials composed of earth-abundant elements, we demonstrate
the coexistence of stable long-range ferromagnetic and ferroelectric
order in a hollandite crystal structure possessing a quasi-one-dimen-
sional character, evidenced by switching hysteresis. With the intro-
duction of this new family of non-perovskite oxide multiferroics, we
aim to stimulate further inquiry into the mechanisms for the evolu-
tion of coupled ferroic orders, in this and other single-phase materi-

Figure 3 | Ferroelectric and dielectric measurements of BMT-134. Ferroelectric hysteresis measured in BMT-134 at (a) 100 K and (b) 120 K, each

at a 5 Hz poling rate, exhibiting ferroelectric switching and saturation at 120 K; (c) at 160 K unambiguous switching and saturation can be observed only

at a higher poling rate due to stronger charge leakage. (d) Variation in P(E) loops in the same sample using identical voltage sweep rate of 5 Hz, indicating

an onset of leakage at this poling rate with temperature above ,150 K, below which ferroelectric switching and polarization saturation is observed. At

100 K and below, the value of saturation polarization for a given applied field is seen to decrease for decreasing T, presumably due to application of an

insufficiently large field and incomplete poling, consistent with Landau theory for a displacive transition. (e) Frequency-dependent dielectric properties

of the paraelectric phase in the ranges of 1–100 MHz and 100 Hz–1 MHz (inset) at 300 K, together with dielectric loss (shown in red).

www.nature.com/scientificreports
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als, and advocate for a wider search for compositions that retain or
improve upon the degree of multi-functionality.

Methods
Synthesis of Ba-Mn-Ti oxide frameworks. The method we employ here is referred to
by our group as gel-collection, due to the visible rod-like gel that forms naturally from
the mother solution (see examples in Supplementary information, Figure S1). This
solid gel, formed due to gentle aggregation of nanoparticles containing the correct
product stoichiometry, can be readily extracted from solution and further processed,
to obtain bulk or nanocrystalline products. In a typical synthesis for BaMn3Ti4O14.25

(BMT-134), mmol quantities of barium isopropoxide, manganese acetylacetonate
and titanium isopropoxide were mixed together in pure ethanol with the molar
atomic ratio 15354. After forming a clear and transparent solution with magnetic
stirring, the liquid was transferred to an autoclave and heated to 150uC for 24 h. The
gel-rod was removed from the supernatant and further sintered at 700uC. Pure phase
nanocrystal powders of BaMn3Ti4O14.25 were obtained that could be either (i)
redispersed in alcohol solvents for obtaining discrete nanocrystals or spin coated thin
films prepared by evaporatively driven assembly; or (ii) powder pressed and/or
sintered further to obtain nanostructured monoliths. By varying precursor
concentration, samples containing differing ratios of Ba5Mn5Ti are possible. This
resulted in the preparation of BMT-125 (BaMn2Ti5O14.5), and BMT-143
(BaMn4Ti3O14), for which the molar ratio of oxygen was deduced from the estimated
valence of the manganese present. Further information is provided in the
Supplementary Information.

Synchrotron radiation XRD and PDF refinement. X-ray powder diffraction data of
BMT-134 were collected at the X17A beamline at the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory at 100 K using the Rapid
Acquisition mode at an X-ray energy of 67.577 keV. The diffraction intensities ware
measured using a Perkin-Elmer flat-panel 2D detector. The experimental setup was
calibrated using data from a Ni Standard sample using Fit2D and then integrated to
1D intensities vs. Q (magnitude of the scattering vector) using the SrXplanar
program48. After background correction, the powder data were transformed to the
PDF using the PDFgetX3 software47. The coherent scattering intensity from the
measurement is normalized by the Q-dependent X-ray scattering factor f, to obtain
the total scattering structure function S(Q). Full details are provided in the
Supplementary Information.

Atomic-resolution scanning transition electron microscopy, STEM. Samples of
BMT-134 for STEM and electron energy loss spectroscopy (EELS) were prepared by
depositing dilute nanocrystal in ethanol solutions on ultrathin carbon grids. We used
JEOL ARM 200CF equipped with a cold field-emission gun and double spherical-
aberration correctors at Brookhaven National Laboratory. All STEM and EELS were
performed with 200 kV electrons. The collection angles for high-angle annular-dark-
field (HAADF) detectors were from 68 to 280 mrad. The energy resolution for EELS
was about 0.5 eV with 0.25 eV/ch dispersion.

XPS characterization. X-ray Photoelectron Spectroscopy analysis was carried out
with the ESCA1 system using a Al KR source (1386.6 eV) The powders were mounted
on non-conductive adhesive tapes on a stainless steel sample holder. The base
pressure of the deposition chamber was 1 3 1029 Torr. The survey spectra in the
range of 0–1386.6 eV were recorded in 0.1 eV steps for the sample. Curve fitting was
performed after a Shirley background subtraction by a Lorenzian-Gaussian method.
The binding energy scale of the system was calibrated using adventitious C 1s
284.8 eV from foil samples. This process has an associated error of 60.1–0.2 eV. The
spectrometer dispersion was adjusted to give a binding energy of 641.6 eV for metallic
Mn 2p3/2. The asymmetric Mn 2p3/2 main metal peak is found at around 640.40 with
a 2p3/2 to 2p1/2 splitting of 11.10 6 0.02 eV. This compares well to a NIST database
average of 641.6 6 1.0 eV and 11.15 6 0.15 eV. The identical peak of Mn31 has a
spectrum at 638.6 eV[CC]. The Mn41 (2p3/2) spectrum of BMT-134 displays a
narrow peak maximum near 640 eV, a distinct shoulder near 641.5 eV, which also
indicate there is no Mn21 in the oxides and a broad, pronounced shoulder
between 642 and 645 eV. These features are also present in the calculated
Mn41 spectrum.

Electric and magnetic properties measurements of BMT-134. Ferroelectric
measurements were performed on finely polished sintered BaMn3Ti4O14.25 pellets
(30 mm thick, both sides having Au electrodes deposited by thermal evaporation) at
77–300 K under 1026 torr in a probe station (Lakeshore Desert Cryotronics TTP4)
using a ferroelectric tester (LC, Radiant Technologies). Magnetic properties were
measured by Magnetic Properties Measurement System (MPMS, Quantum Design,
San Diego CA). Ferroelectric polarization was collected under ,1026 Torr from
77–300 K using a Lakeshore Model TTP4 probe station (Lake Shore Cryotronics,
Westerville OH) and a Precision LC Workstation (Radiant Technology,
Albuquerque NM) equipped with a high voltage source and amplifier.
Four-point DC temperature dependent conductivity were measured on
BaMn3Ti4O14 tablets using a Physical Property Measurement System (PPMS,
Quantum Design). Frequency dependent dielectric properties of BaMn3Ti4O14.25

tablets were measured by LCR Meter (Agilent, 4980A) and Impedance Analyzer
(Agilent, E4991A).
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