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The presence of orbital degree of freedom in strongly correlated systems leads to unusual orderings. In this
paper we use a combination of density-functional theory calculations and various experimental investigations to
reveal a unique ground state for a Ti3+ containing spinel oxide, MnTi2O4, which hosts an exotic combination of
a rare tetramer orbital (associated with Ti3+ 3d1 electron) ordering along equivalent 〈111〉 directions involving
all three t2g orbitals, a ferrimagnetic Mn-Ti, and a ferromagnetic Ti-lattice spin ordering. A combination of
spin-orbital superexchange and Jahn-Teller-effect related strain-energy optimization provides a microscopic
understanding for the stabilization of the unique ground state, which is found to be also electrically polar. The
tetramer orbital ordering induces Ti-Ti bond length modulations and the short and long Ti-Ti bonds form helices
around the crystallographic c axis with a particular winding direction, causing the ground state structure to
become spatial chiral.

I. INTRODUCTION

Transition-metal (TM) oxides with orbital degrees of free-
dom constitute one of the most fascinating fields of research
in condensed-matter physics and hosts copious physical
phenomena, which include high-temperature superconductiv-
ity, colossal magnetoresistance, and multiferroicity [1–3]. In
transition-metal oxides with strong electron-electron correla-
tions, electrons are primarily localized on the atoms. Exotic
physics ensue when such localized electrons also possess or-
bital degrees of freedom, i.e., electrons can choose to occupy
between a set of equivalent and energy-degenerate atomic
orbitals. Octahedrally coordinated Mn3+ ions in LaMnO3

with 3d4 (t3
2g-e1

g) configuration constitutes a representative
example, where a single electron has a choice to occupy any of
the two degenerate eg orbitals. Often at a lower temperature,
the electron chooses one from the two eg orbitals, which
breaks the local charge symmetry and is accompanied by
differential oxygen-ion displacements, referred to as Jahn-
Teller (JT) distortion. In a solid, such choices on different
atoms are interdependent, which results in cooperative JT dis-
tortions associated with a spontaneous orbital-ordering (OO)
transition, wherein localized occupied orbitals on various ions
form a regular pattern [2,4–6]. Similar to the eg OO systems,
transition-metal oxides constituting ions possessing t2g-level
orbital degrees of freedom, such as in YTiO3 (one Ti3+ d
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electron in a subspace of three degenerate t2g orbitals) [7,8],
MnV2O4 (two V3+ d electrons among three degenerate t2g

orbitals) [9–11], also exhibit cooperative JT distortions and
various OO ground states.

Mostly, in these TM systems, either a ferro-OO state
(similar occupied orbital at all ionic sites) or an antiferro-OO
state (with alternate ions occupied by similar orbitals), or a
combination of the two along different directions is realized.
The presence of higher-order OO has very few examples, such
as CuIr2S4 [12,13], MgTi2O4 [13,14], and Fe3O4 [15–17],
and unlike the simpler examples discussed earlier, the forces
driving the OO largely remain a puzzle.

In this paper, we report a unique tetramer OO state in
spinel oxide MnTi2O4 (which contains Mn2+O4 tetrahedral
and Ti3+O6 octahedral units; the Ti sites alone forming a
pyrochlore lattice). As this is unusual, we use a combination
of theory and experiments to explore the driving mechanism
for the orbital ordering. The ground-state lattice and magnetic
structure of MnTi2O4, however, remains contentious [18–20].
We elucidate that the ferrimagnetic tetragonal P41 structure
is the ground state of MnTi2O4 and show that this structure
hosts a unique combination of tetramer OO, lattice-chirality
and spontaneous electric polarization. As the levels in one spin
channel on Mn are filled, superexchange interactions between
Mn and Ti sites result in an antiferromagnetic Mn-Ti coupling.
This in turn leads to a ferromagnetic coupling between the
spins on Ti. Ti3+ (3d1) ions in octahedral coordination are JT
active and so while one can envisage few patterns of orbital
ordering consistent with a ferromagnetic Ti lattice, in this
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system we find that the strain energy costs are lowest when
a tetramer ordering is favored. Thus, besides the identification
of an unusual orbital-ordering in MnTi2O4, we elucidate the
microscopic mechanisms that drive it.

II. METHODOLOGY

Ab initio density-functional theory (DFT) calculations
were performed using the all-electron full-potential aug-
mented linearized plane-wave method and taking the aug-
mented plane-wave basis as implemented in the WIEN2K code
[21]. In order to elucidate the ground state of MnTi2O4,
relative energies between various spinel structures were in-
vestigated and spin-polarized calculations with different spin
configurations were performed. Volume as well as internal
geometries were optimized for all the investigated structures
in the presence of on-site electron-electron correlation (U )
using the GGA-PBE exchange correlation functional [22].
Spin-orbit coupling was incorporated with GGA + U cal-
culations by the second variational code along with scalar
relativistic corrections [23]; however, its effect was found to
be negligible. Muffin-tin radii of 1.98, 1.80, and 1.50 a.u. for
Mn, Ti, and O, respectively, and a k-point mesh of 9×9×6
were considered for all the calculations. Rkmax, Gmax, and lmax

were set to 7.0, 14.0 Bohr−1, and 12, respectively. Throughout
the paper, the Ti orbitals are defined in the local TiO6 co-
ordinate system. The ferroelectric polarization calculations
were performed using the Berry-phase method [24,25] with
the Vienna Ab initio Simulation Package (VASP) [26]. For
the experimental investigations, polycrystalline samples of
MnTi2O4 were synthesized using a solid state reaction route
from a mixture of MnO, TiO2, and metallic Ti powders
[19]. The mixture was ground well and sintered in the form
of pellets at 900 ◦C under vacuum in a sealed quartz tube.
The phase formation of the sample, which contained ∼5%
of Ti2O3 as impurity phase (as reported earlier [18]), was
established using the temperature-dependent x-ray diffrac-
tion (XRD) technique and cell parameters were extracted
from Rietveld refinement of XRD data using the FULLPROF

package [27]. X-ray absorption near-edge structure (XANES)
and extended x-ray absorption fine-structure (EXAFS) mea-
surements were carried out to investigate the electronic and
local-crystallographic structures at various temperatures at the
P-65 beamline of the PETRA III synchrotron source, DESY,
Hamburg, Germany. The preprocessing and fitting of EXAFS
data were carried out over the k range of 3–12 Å−1 using
ATHENA and ARTEMIS softwares [28].

III. THEORETICAL RESULTS

A. Ground-state structure

Cubic Fd 3̄m as well as tetragonal I41/amd (which is a
simple elongation of cubic Fd 3̄m along the c axis) structures
have been proposed to be the ground state of MnTi2O4

[18–20]. We, however, find that the ferrimagnetic P41 tetrag-
onal structure possesses the lowest energy (56 meV/f.u.
smaller than the closest cubic Fd 3̄m structure; the U values
used for these calculations and energies of other competing
structures are detailed in Tables I and II of the Supplemental
Material (SM) file [29]). Between the cubic Fd 3̄m structure

TABLE I. Structural parameters of the ground state
of MnTi2O4—Space group: Tetragonal P41, a = 6.154 Å,
c = 8.699 Å.

Atom x y z Site

Mn 0.242 0.753 0.250 4a
Ti(1) 0.742 0.496 0.371 4a
Ti(2) 0.742 0.996 0.378 4a
O(1) 0.513 0.748 0.384 4a
O(2) 0.971 0.741 0.392 4a
O(3) 0.521 0.256 0.365 4a
O(4) 0.979 0.247 0.358 4a

and tetragonal I41/amd structure of MnTi2O4, the Fd 3̄m
structure is found to have a lower energy, which is consis-
tent with the earlier report [20]. Further, small changes in
the atomic positions from the corresponding high-symmetric
tetragonal I41/amd and I41/a structures, in the ferrimagnetic
GGA + U calculations, converges into the P41 ground state.
MgTi2O4 spinel oxide, which also contains Ti3+ ions, has a
chiral tetragonal P41212 ground-state structure containing Ti-
ion spin singlets [30], and all reported results are reproduced
well using our GGA + U calculations. As a further check of
the ground state of MnTi2O4, we have performed GGA + U
calculations without any symmetry restriction on the P41212
ground-state structure of MgTi2O4 after replacement of the
Mg2+ ions with Mn2+ ions and have obtained the symmetry-
reduced P41 structure. As shown in Table I, the obtained
ground-state P41 structure of MnTi2O4 consists of two in-
equivalent Ti sites, and thus has a lower symmetry than the
I41/amd and P41212 tetragonal structure, which has only one
Ti site. Interestingly, the P41 structure is noncentrosymmetric,
with both Ti and Mn ions displaced from the center of the
TiO6 octahedral and MnO4 tetrahedral cages, respectively.
The calculated ferroelectric polarization value of the P41

structure of MnTi2O4 is 0.5 μC cm−2.
Calculations performed using different U values, like (2,2),

(3,2), and (3,3) eV for (Mn,Ti) ions (U values taken in accor-
dance with earlier calculations on related systems [11,14,31]),
give similar density of states (DOS) and same OO pattern
but differ in their band-gap values. Figure 1 shows the spin-
resolved DOS in the ground-state P41 structure of MnTi2O4,
evaluated using a GGA + U calculation [U = (3, 2) eV for
(Mn,Ti) ions]. The total DOS near the Fermi level is domi-
nated by Ti DOS and its splitting gives rise to an insulating
band gap of 0.26 eV. As seen in Fig. 1(a), the up-spin channel
is nearly completely occupied for the Mn atoms, validating its
2+ (3d5) high-spin state. The up-spin channel for Ti atoms
is nearly empty, signifying the ferrimagnetic configuration
where Mn (with only up-spin levels occupied) and Ti spins
are aligned antiferromagnetically and the Ti spins arranged
ferromagnetically. The near-orthogonal superexchange inter-
actions between Mn-Ti ions (average Mn2+-O2−-Ti3+ bond
angle is ∼123◦) and Ti-Ti ions (average Ti3+-O2−-Ti3+

bond angle is ∼ 95.9◦) in MnTi2O4, following Goodenough-
Kanamori-Anderson rules [32], is also in accordance with the
obtained ferrimagnetic coupling between Mn2+ (with only
one hopping-spin channel available) and Ti3+ ions and a
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FIG. 1. Density-of-states (DOS) of the P41 structure of
MnTi2O4: (a) total DOS for all atoms (Mn, Ti, and O), (b) for Ti1
d levels, and (c) for Ti2 d levels in the down-spin channel.

ferromagnetic Ti3+ lattice. Further, Figs. 1(b) and 1(c) show
the orbitally resolved partial DOS for the two inequivalent Ti
atoms, Ti1 and Ti2. Clearly, the t2g-level degeneracy of the
TiO6 octahedra of the cubic state is broken in the tetragonal
phase through JT distortions and the single Ti3+-3d1 elec-
tron dominantly occupies a single t2g-d level, which varies
between the Ti atoms. The occupied t2g orbital is one among
the a1g (dxz or dyz) orbitals for the Ti1 atoms and the e′

g
(dxy) orbital for the Ti2 atoms. The dxz, dyz, and dxy orbital
occupancies are associated with the shortest Ti-O bond being
along the y, x, and z (c) directions, respectively. Instead of
two inequivalent Ti atoms, the presence of a single kind of Ti
atom would have either led to a spin-singlet pairing (indicated
by diagonal blue lines) among the Ti spins [30,33,34], as
indicated in Figs. 2(a) or 2(b), or resulted in an unsustain-
able piling of strain along certain crystallographic directions
from accompanying JT effects, as indicated in Fig. 2(c). The
presence of two distinct Ti sites, as shown in Fig. 2(d),
ensures a ferromagnetic coupling between the Ti3+ ions, and
also results in an effective distribution of the shortest Ti-O
bonds amongst different crystallographic directions, thereby
leading to a reduction of the cooperative JT-effect-related
strain energy, as shown in Figs. 2(d) and 2(f).

B. Orbital Ordering

The obtained charge-density plots of the occupied Ti d
orbitals (shown in Fig. 2 of SM [29]) illustrates the emergence
of OO in the ground state involving all three t2g orbitals (dxz,
dyz, and dxy). In the subsequent ab planes, the OO pattern re-
mains the same, only the character of the participating orbitals
vary between either the dxz-dxy or the dyz-dxy pairs. Interest-
ingly, a unique tetramer-OO, i.e., a dyz-dxz-dxy-dxy ordering, is
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FIG. 2. Illustration showing various possible distributions of Ti-
site orbital occupancies among the Ti tetrahedra resulting from Jahn-
Teller distortions for [(a)–(c)] a single kind of Ti atom and (d) two
kinds of Ti atoms in the spinel structure. For each Ti atom, the direc-
tion of the shortest Ti-O bond is illustrated by thick gray lines. Small
red balls are the O atoms. Direct overlap of similar occupied orbitals
in (a) and (b) would result in the formation of spin-singlet dimers,
which are highlighted by thick blue diagonal lines. (e) Illustration
showing the Ti d-level—dyz-dxz-dxy-dxy—tetramer orbital ordering
along the [11̄1] direction of the crystal unit cell of MnTi2O4. The
obtained Ti d orbital ordering is accompanied with Ti-Ti bond-length
modulations (the solid dark-blue, dashed blue, solid light-brown, and
dashed sky-blue colored Ti-Ti bond lengths are 3.010 Å, 3.13 Å,
3.14 Å, and 3.03 Å, respectively.) (f) The spatial distribution of
the shortest Ti-O bond distances in the corner-shared Ti tetrahedral
network of MnTi2O4. (g) Short and long Ti-Ti bonds, when joined,
form helices around the crystallographic c axis of MnTi2O4.

observed for the Ti chains running along the equivalent 〈111〉
directions [29]. The tetrahedrons comprising two distinct Ti
sites, as shown in Fig. 2(d), form interconnected chains and
a unique tetramer atomic ordering (Ti1-Ti1-Ti2-Ti2) along
the equivalent 〈111〉 directions [as shown in Fig. 2(e)]. Sim-
ilar considerations of the distribution of shortest Ti-O bonds
amongst three orthogonal directions and a reduction of the JT-
effect-related strain energy, are effective in giving rise to the
two distinct Ti sites in Fig. 2(d), also becomes effective for the
interconnected Ti chains along equivalent 〈111〉 directions,
resulting in a unique tetramer-OO (dyz-dxz-dxy-dxy) state, as
shown in Fig. 2(e). Modulations in Ti-Ti bond distances are
necessarily associated with such cooperative JT distortions.
We identify four Ti-Ti bond distances in the tetramer OO
state [shown in Fig. 2(e)]. Interestingly, among these four Ti
-Ti bonds, the short and the long Ti-Ti bonds, when joined
together, form helices with a particular winding direction
along the crystallographic c direction, causing the structure
to become lattice chiral [illustrated in Fig. 2(g)]. We also



FIG. 3. Temperature (T ) dependencies of (a) dielectric constant
(εr) and dεr

dT , (b) inverse susceptibility ( 1
χ

) measured with a magnetic
field (H ) of 0.1 Tesla (the solid line is a fit using a mean-field
ferrimagnetic model and the dashed line is a guide to the eye),
and (c) resistivity (ρ) and d lnρ

d (1/T ) of MnTi2O4. (d) Isothermal M-H
curves measured at 5, 25, 125, and 300 K with the inset showing an
expanded view of the hysteresis loop at 5 K.

find that a tetragonal P43 structure is degenerate in energy to
the P41 structure. These two structures vary in the sense of
the lattice chirality (one is left-handed chiral and the other is
right-handed chiral) but are similar otherwise.

IV. EXPERIMENTAL RESULTS

A. Electronic and Structural Properties

To corroborate the theoretical findings of a structural tran-
sition, we next discuss the results of experimental inves-
tigations on MnTi2O4. The temperature dependence of the
dielectric constant of MnTi2O4 is plotted in Fig. 3(a). The
dielectric constant rises sharply from low temperature and its
derivative exhibits a clear peak at ∼164 K. Importantly, this
peak position does not disperse with varying electric-field fre-
quencies, which is indicative of a ferroelectric transition [35].
A clear transition can also be easily discerned at ∼164 K in
the plots of the temperature dependencies of the resistivity and
scaled effective activation energy (in units of K), as shown in
Fig. 3(c). Temperature-dependent XRD studies were carried
out to investigate the presence of a structural transition around
this temperature range. Differential XRD peak broadenings
were indeed observed for MnTi2O4 with a lowering of temper-
ature. For some representative XRD peaks (the characteristic
right shoulder arises from the Cu kβ satellite), such as (311),
(400), (511), and (440), the peaks were found to be broader
at lower temperatures (15 and 100 K) compared to the 300 K
spectrum (the former comparison shown in Fig. 4(a) and the
latter three comparisons are shown in Fig. 2 of [29]). We note
that this behavior is opposite to what is expected from a usual

FIG. 4. (a) Broadening of (311) x-ray diffraction (XRD) peaks
measured at T = 15 and 100 K with respect to that measured at
T = 300 K. Inset shows that similar T -dependent broadening is not
observed for (111) XRD peak. (b) Fitting of XRD pattern at T =
15 K with a P41 tetragonal structure. The refinement also includes
∼5% Ti2O3 impurity phase, whose peaks are marked with asterisks.

thermal-broadening effect. The (111) XRD peak of MnTi2O4,
as shown in the inset to Fig. 4(a), however, exhibits no addi-
tional broadening with lowering of temperature. The observed
differential XRD peak broadenings are consistent with [18],
where through careful synchrotron-based x-ray diffraction
studies on MnTi2O4 the authors were able to unearth sub-
tle evidence of a structural transition from high-temperature
cubic to low-temperature tetragonal structure. Rietveld refine-
ments of the XRD pattern of MnTi2O4 at 15 K were performed
considering various structures, such as the cubic Fd 3̄m, or-
thorhombic Fddd , tetragonal I41/amd , and tetragonal P41.
We find that the best refinement for the low-temperature
(T = 15 K) XRD pattern [shown in Fig. 4(b)] is obtained
using the tetragonal noncentrosymmetric enantiomorphic P41

structure (χ2 of 1.50). To investigate the low-T structural
distortions in further details, we have carried out temperature-
dependent Ti-K-edge XANES and EXAFS spectroscopic
studies on MnTi2O4. First, we discuss the spectral shape of the
Ti-K-edge XANES spectrum which is a bulk-sensitive probe
for the valence state of the Ti ions. The comparisons of
the Ti-K-edge spectral shape of MnTi2O4 with the standard
reference spectra, as shown in Fig. 5, establish the presence
of Ti ions in the (3+) valence state in nearly stoichiometric
MnTi2O4, consistent with the estimated valence state. We next
discuss the corresponding EXAFS oscillations, an excellent
probe of local structural distortions, which is complementary
to the bulk-sensitive XRD technique. In the following, we
focus on analyses of EXAFS oscillations at the Ti-K-edge
recorded on either side of the estimated structural transition
temperature of ∼164 K, i.e., 32 and 200 K. The observed
EXAFS oscillations at 32 K, as shown in Fig. 6(a), were fitted
better (both qualitatively in terms of matching spectral shape
and quantitatively in terms of a lower fitting-related R factor)
when using the tetragonal structure than the cubic structure.
Also, at 200 K, the EXAFS oscillations were fitted better
with the cubic phase than the tetragonal structure [as shown
in Fig. 6(b)]. Thus, both bulk-sensitive XRD and local-probe
EXAFS investigations compliment each other well and sug-
gest a low-temperature P41 tetragonal ground-state structure
for MnTi2O4, in accordance with our theoretical results.
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with MgTi2O4 (which contains Ti3+ ions) [36] and TiO2 (which
contains Ti4+ ions) [37].

B. Magnetic Properties

The magnetization (M) of MnTi2O4 rises sharply by low-
ering the temperature (T ) around 50 K. A magnetic transition
around 45 K is estimated from the peak position in the
derivative of M-T data (the small impurity phase of Ti2O3,
which has a spin-singlet transition at ∼450 K [38], does
not affect the magnetic data in the investigated temperature
range), which is consistent with corresponding electron spin
resonance data [19]. The low-field magnetization value of
MnTi2O4, as observed here, is larger when compared to that
reported in Ref. [18], possibly due to the presence of addi-
tional magnetic disorder in the latter sample (both Ti2O3 and
MnTiO3 impurity phases have been reported along with the
main MnTi2O4 phase in Ref. [18]). The small low-field mag-
netization value recovered and increased through doping of V
in place of Ti ions [18]. To explain the above observations,
the magnetic ground state of MnTi2O4 has been reported to
be paramagnetic in Ref. [18]. To investigate the nature of the
magnetic ordering, we focus on the T dependence of the 1

χ

data, which exhibits a clear low-T hyperbolic shape and a
negative T intercept, as shown in Fig. 3(b), which, however, is

FIG. 6. Comparative fittings of Ti-K-edge EXAFS oscillations at
(a) T = 32 K and (b) 200 K with tetragonal and cubic structures.

in accordance with a ferrimagnetic ordering. The magnetic 1
χ

data, in the complete high-temperature paramagnetic region,
can be fitted well using a mean-field ferrimagnetic model,
which considers two magnetic sublattices [39]. In MnTi2O4,
these two magnetic sublattices are clearly identified with the
Mn and Ti lattices. Further, the negative temperature intercept
of the 1

χ
data (which can be extracted reliably from a sim-

ple linear extraplotaion of the high-temperature data and is,
thus, independent of the fitting protocol), i.e., −43 K, clearly
establishes an antiferromagnetic interaction between the two
magnetic sublattices [39] and a ferrimagnetic ground state.
Clear observations of M vs magnetic field (H) loops below
45 K [shown in the inset of Fig. 3(d)] further support the pres-
ence of a ferrimagnetic transition around 45 K for MnTi2O4,
which is in excellent agreement with our theoretical results.
The magnetization, measured at 5 K, continues to increase
at high fields, possibly due to the polycrystalline nature of
our sample due to contributions from magnetic domains with
magnetization directions perpendicular to the applied field
direction. We note that the collinear ferrimagnetic ordering
of MnTi2O4, as proposed here, is also consistent with the rise
in magnetization value with increasing V content observed in
the solid solution of MnTi2O4 and MnV2O4 [18] (since the
latter has a larger magnetization value due to spin-canting of
V moments away from the Mn moment [9]).

V. ROLE OF Mn

It is instructive to compare the obtained results on
MnTi2O4 vis-à-vis those of MgTi2O4. MgTi2O4 undergoes a
concomitant cubic to tetragonal (P41212 ground-state struc-
ture containing one Ti site) structural transition and a spin-
singlet magnetic transition [30]. The differences in the struc-
tural, electronic, and magnetic configurations between these
two systems are driven primarily by the Mn-Ti antiferromag-
netic superexchange interactions in MnTi2O4, which favors
a completely contrasting ferromagnetic Ti lattice. Such in-
teractions are absent in MgTi2O4 since the A-site Mg2+ ion
has a closed electronic shell and is, thus, diamagnetic. In
addition to Mn-Ti superexchange interactions, considerations
of the reduction of Jahn-Teller-effect-related strain energy, as
discussed earlier, plays a major role in selecting the unique
tetramer orbital-ordered ground state for MnTi2O4, as shown
in Fig. 2(e), which involve all three t2g orbitals.

VI. CONCLUSION

Using ab initio DFT calculations and a combination of
several experimental techniques we have elucidated a unique
P41 tetragonal ground state of MnTi2O4, which hosts a
unique combination of tetramer OO, ferroelectricity, and lat-
tice chirality. The obtained Ti-site spin and orbital configu-
rations are in good agreement with results from model cal-
culations involving spin-orbital-superexchange interactions
of threefold orbitally degenerate S = 1

2 ions on a general
pyrochlore lattice [33]. We find that a combination of SE
interactions among Mn and Ti spins and the minimization
of cooperative JT-effect-related strain energy become instru-
mental for the stabilization of the unique ground state in
MnTi2O4.
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