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We found that Ba2Ti13O22 with Ti3þ (3d1) ions on a triangle-based lattice exhibits a phase transition at

Tc � 200 K, below which the increase of electrical resistivity and decrease of magnetic susceptibility were

observed. Transmission electron microscopy and optical reflectivity measurements indicate that the low-

temperature phase of the present compound shares characteristics in common with a charge-density-wave

statewith remnant carriers, although a commensuratewavevector of themodulation and a linear temperature

dependence of the magnetic susceptibility below Tc suggest an exotic ordered state.
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Electrons in the t2g states of d orbitals with threefold

degeneracy exhibit various intriguing phenomena. One of
the most prominent ones is orbital ordering, where elec-
trons occupy specific states among the triply degenerate t2g
states at each site. This phenomenon is observed in various
vanadates with V3þ ions (3d2), for example, perovskite
RVO3 (R: rare earth) [1,2], spinel AV2O4 (A: divalent ion)
[3,4], and LiVO2 [5]. Recently, it has been shown that
many vanadates with V3þ ions on triangle-based lattices
exhibit V trimerization [6–8] induced by orbital ordering,
where electrons at specific t2g states form a spin-singlet

bond at each side of the triangle [9].
In contrast to these vanadates with 3d2 ions, not so many

compounds with 3d1 ions show a phase transition with
orbital ordering. For example, it was shown by resonant
x-ray scattering that perovskite titanates RTiO3 with Ti3þ
exhibits an orbital ordering [10], but this ordering occurs
only as a crossover without any phase transition [11].
Spinel MgTi2O4 exhibits a structural phase transition
around 200 K [12], and the crystal structure in the low-T
phase of MgTi2O4 has been studied [13] and explained by
an orbital ordering [14]. However, the details of the phase
transition are still unknown, partly due to the lack of the
single crystals.

In this Letter, we studied the physical properties of
Ba2Ti13O22 single crystals, in which Ti3þ (3d1) ions
form a triangle-based lattice [15,16]. We found that the
compound exhibits a phase transition at Tc � 200 K,
below which the electrical resistivity increases and mag-
netic susceptibility decreases. We investigated the change
of the lattice and electronic structure by the electron dif-
fraction and optical measurement and found that, though
the low-T phase resembles a charge-density-wave state,
there are several experimental results that are not consis-
tent with such a simple picture but suggest an exotic
ordered state in this compound.

The configuration of Ti ions in Ba2Ti13O22 is shown
Figs. 1(a) and 1(b). A ‘‘trilayer’’ structure shown in
Fig. 1(a) is the building block of the crystal. Here, the first
layer and the third layer of the trilayer are composed of five
Ti ions in a ‘‘boat’’ shape, which are a part of the triangular
lattice, as illustrated in Fig. 1(c). A second layer between
two boat layers is composed of three Ti ions in a ‘‘bar’’
shape, which are located also as a part of the triangular
lattice [Fig. 1(c)]. In other words, these are a trilayer slab of
the face-centered-cubic lattice of the Ti ions perpendicular
to the diagonal direction, from which several Ti ions are
periodically missing. One trilayer and the next trilayer is
shifted by half of the a (or b) lattice constant, as shown in
Fig. 1(b). The average valence of Ti is þ3:077; i.e., nomi-
nally, 12 out of 13 Ti ions are 3þ (3d1), and the remaining
one is 4þ (3d0). It should be noted that Ba2V13O22, which
has the same crystal structure as the present compound but
with V3þ ions (3d2) instead of Ti3þ, exhibits a V trimeri-
zation with orbital ordering below 290 K [7].
We have grown single crystals of Ba2Ti13O22 by a

floating-zone method, in which the mixture of BaTiO3,
Ti, and TiO2 was directly melted without presintering,
and obtained crystals with a flat surface along the ab plane.
We measured the electrical resistivity and Hall coefficient
by a four-probe technique with indium as electrodes. The
magnetic susceptibility was measured by a SQUID mag-
netometer. Strain measurements were performed by a
conventional strain-gauge technique. Synchrotron x-ray
powder diffraction measurements were performed with
an incident wavelength of 0.774 77 Å at SPring-8
BL44B2 [17]. Electron diffraction experiments were car-
ried out in the temperature window between 298 and 100 K
in a JEM-2010 and JEM-2100F (for high-resolution im-
ages) transmission electron microscope. Reflectivity spec-
tra [Rð!Þ] were measured on the cleaved surface along the
ab plane between 0.01 and 5 eV in phonon energies and
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between 5 and 300 K in temperatures, and the optical
conductivity spectra [�ð!Þ] and energy loss function
(Im½�1=�ð!Þ]) with E k a and b were obtained by the
Kramers-Kronig transformation of the reflectivity spectra.

The temperature (T) dependence of electrical resistivity
(�) is shown in Fig. 2(a) for three samples from different
batches of the single crystals. As can be seen, an anomaly
is observed in the resistivity along the a axis (�a) at Tc ¼
205 K for #1 and 220 K for #2, below which �aðTÞ
increases. With further decreasing T, �aðTÞ decreases
again and there exists an upturn below 20 K. The resistivity
along the b axis (�b) for #1 also exhibits a similar anomaly
at Tc ¼ 205 K and is approximately twice as large as �a in
its absolute values. The resistivity along the c axis (�c) for
#3 (Tc ¼ 205 K) is comparable in its absolute values to
�a for #1.

The magnetic susceptibility �ðTÞ of the two samples is
shown in Fig. 2(b). An anomaly is observed in �ðTÞ at
the same temperature (Tc) where the anomaly in �ðTÞ is
observed. Above Tc, �ðTÞ is almost T independent,
whereas below Tc, �ðTÞ decreases with T almost linearly,
and the values of �ðTÞ at the lowest temperature becomes
�70% of those above Tc. The �ðTÞ values along the a (�a)
and b axis (�b) are almost identical, whereas those along
the c axis (�c) are smaller than �a and �b. The absolute
values of �ðTÞ above Tc (� 1� 10�4 cm3=Ti mol) is
several times smaller than those of the vanadate with the
same crystal structure (Ba2V13O22, �� 5� 10�4 cm3=V
mol [7]) and those of perovskite titanates with Ti3þ
(LaTiO3, �� 5� 10�4 cm3=Ti mol [18]). This suggests
that the electron correlation effect in Ba2Ti13O22 is less

dominant for the electronic structure compared with those
vanadates and titanates.
Figure 2(c) shows the T dependence of the Hall coeffi-

cient (RH) for the two samples. The sign of RH is negative
at high T, whereas it changes positive and its absolute value
increases with decreasing T for both samples. Anomalies
are barely observed at Tc. The value of RH at the lowest T
is larger for sample #2, which has smaller values of �, and
it corresponds to �0:1 hole per Ti. The sign change of RH

with T suggests that both electrons and holes with different
mobilities exist below Tc. According to the two-carrier
model for the Hall coefficient, positive values at low T
indicate that the mobility of the holes is larger than that of
the electrons. Thus, the larger values of RH at the lowest T
for #2 is likely caused by the larger mobility of the holes
for #2 than #1, which results in the smaller resistivity (�)
values as shown in Fig. 2(a).
To clarify the characteristic of the phase transition from

the viewpoint of the crystal structure, we performed the
x-ray powder diffraction measurement on crushed
Ba2Ti13O22 crystals. However, we could not find any
changes of the diffraction patterns across Tc, except
for small anomalies in the lattice constants, as shown in
Fig. 2(d). Similar anomalies were observed in the strain
(�L=L) measurement as shown in the inset of the same
figure, where the back ground, i.e., a smooth decrease of
�L=L with decreasing T corresponding to a normal ther-
mal contraction, is subtracted. As can be seen, the a and c
lattice constants decrease, whereas the b lattice constant
increases with decreasing T below Tc.

−1

0

1

2

Temperature(K)

Ba2Ti13O22

R
H

(1
0−

9 Ω
m

/T
) #2 

#1 

(a) (b)

(c) (d)−8

−6

−4

−2

0

0 100 200 100 200

200 250
−1

0

1

Temperature(K)

a
b

Ba2Ti13O22

la
tti

ce
 c

on
st

an
t c

ha
ng

e 
(1

0−
3  Å

)

Tc

c × 1/2
T (K)

10
4 ∆L

/L
 b

a
c

Tc

0

0.5

1

0.5

1

1.5

Temperature (K)

χ 
(1

0−
4 cm

3 /T
i−

m
ol

)
χa

χb

χc

Ba2Ti13O22

χa
χb

χc
#2

#1

χ 
(1

0−
4 cm

3 /T
i−

m
ol

)

0 100 200 3000 100 200 300
0

1

Temperature(K)

ρ  
(1

0−
3 Ω

cm
)

Ba2Ti13O22

#1 ρb

#1 ρa
#2 ρa

#3 ρc

FIG. 2 (color online). Temperature dependence of (a) electrical
resistivity, (b) magnetic susceptibility, (c) Hall coefficient,
and (d) the change of the lattice constants for Ba2Ti13O22.
The dashed lines in (d) are guide to eyes. The inset in (d)
shows the temperature dependence of strain along the
three axes.
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FIG. 1 (color online). (a), (b) Configuration of Ti ions in
Ba2Ti13O22 in (a) the first trilayer and (b) the second trilayer.
(c) Illustrations of the boat structure (upper) and bar (lower)
structure as a part of the triangular lattice. The figures of the
crystal structure were drawn by VESTA [31].
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Though we could not observe a change of the diffraction
patterns in the powder x-ray measurement, we detected
new peaks appearing below Tc in the electron diffraction
measurement: The hk0 peak with hþ k ¼ even, as shown
in Figs. 3(a) and 3(b), the 00l peak with l ¼ odd, and the
h0l peak with l ¼ odd (not shown) appear [19]. These
results indicate the change of the space group from
Cmce to C2=m [20].

With this symmetry change, the local symmetry for the
cluster of the ‘‘boat-bar-boat’’ stacking, surrounded by a
rectangle in Fig. 1(a), remains as it is. Furthermore, the C
symmetry (the centered structure) also survives, and, thus,
two boat-bar-boat clusters along the ab plane, surrounded by
solid and dashed rectangles in Fig. 1(a), remain equivalent
even in the low-T phase. However, the equivalency between
a boat-bar-boat cluster on one trilayer [Fig. 1(a)] and that on
the next trilayer [Fig. 1(b)] disappears in the C2=m phase.

We also took high-resolution images of the transmission
electron microscope. In Figs. 3(c) and 3(d), we see the
alternate stacking of the bright and dark trilayers along the
c axis existing every 7 Å in the low-T phase. The modu-
lation of the intensity is more qualitatively seen in the
graph at each side of the images, where the intensity
integrated along the a axis is plotted.

Figure 4(a) shows the optical conductivity spectra for
Ba2Ti23O22 along the a axis [�að!Þ] and b axis [�bð!Þ] at
room temperature, together with those for BaV10O15 with a
similar structure (a bilayer version of 2-13-22 structure)
but having V ions [6]. It is notable that for both compounds
three peaks, at �0:5, 2.5, and 4.5 eV, exist in the spectra.
For BaV10O15, these peaks were assigned to the transition

from V2þ to V3þ (the excitation to the so-called in-gap
state), from V3þ to V3þ (Mott excitation), and from O2�
to V3þ (charge-transfer excitation), respectively. For
Ba2Ti23O22, the peak for the Mott excitation (� 2:5 eV)
is discernibly smaller, but the peak of the in-gap state
(� 0:4 eV) is larger than that of BaV10O15. Namely, the
Mott gap (from Ti3þ to Ti3þ) is collapsed, and more
spectral weight is transferred to the in-gap state (from
Ti3þ to Ti4þ) in Ba2Ti23O22. As can be seen in Figs. 4(c)
and 4(d), below the peak at 0.4 eV, a Drude-like spectrum
exists below 0.1 eV for both �að!Þ and �bð!Þ. These
results are consistent with the fact that the electrical resis-
tivity and Pauli paramagnetic susceptibility of Ba2Ti13O22

are smaller than those of BaV10O15.
As seen in Figs. 4(c) and 4(d), with decreasing T, the

Drude-like response for @!< 0:1 eV and the lower-energy
tail of the in-gap excitation spectra for @!< 0:3 eV are
suppressed. However, as seen in Fig. 2(b), where the reflec-
tivity spectra [Rð!Þ] at 5 and 300 K are plotted (left axis),
Rð!Þ at 5 K is suppressed for @!� 0:1 eV, but it increases
again for lower @! and merges with the Rð!Þ at 300 K for
@!< 0:02 eV with both E k a (Ra) and E k b (Rb). This
behavior is different from that ofRð!Þwhen a real gap (with
the value Eg) opens in the optical conductivity spectrum,

where Rð!Þ is suppressed for @!<Eg down to @! ¼
0 eV. Instead, the behavior shown in Fig. 2(b) suggests
the existence of a low-energy Drude component inside the
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FIG. 3 (color online). (a), (b) Electron diffraction patterns of
Ba2Ti13O22 taken from the [001] direction at (a) room tempera-
ture and (b) 112 K. (c), (d) High-resolution lattice image of
Ba2Ti13O22 at (c) room temperature and (d) 112 K. The graph at
each side indicates the integrated intensity along the a direction.
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FIG. 4 (color online). (a) Comparison of the optical conduc-
tivity �ð!Þ between Ba2Ti13O22 (solid lines) and BaV10O15

(dashed lines). (b) Reflectivity (R, left axis) and energy loss
function (LF, right axis) for Ba2Ti13O22 at 270 and 5 K for E k a
(dashed lines) and E k b (solid lines). (c), (d) Optical conduc-
tivity spectra for Ba2Ti13O22 at various temperatures for
(c) E k a and (d) E k b. The insets are expanded figures below
0.1 eV. Sharp peaks existing below 0.1 eV correspond to optical
phonon modes.
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pseudogap. This ismore clearly seen in Im½�1=�ð!Þ� [right
axis of Fig. 2(b)], called the energy loss function, which
corresponds to the excitation of the longitudinal modes
[21]. The evolution of a peak at �0:1 eV shown by a
rhombus, which corresponds to the longitudinal excitation
of the Drude component, is clearly observed in
Im½�1=�ð!Þ� at 5 K for both E k a (LFa) and E k b
(LFb), in addition to a peak at �2 eV shown by a triangle,
which corresponds to the longitudinal excitation of the in-
gap state at 0.4 eV in �ð!Þ. A Drude peak in �ð!Þ (corre-
sponding to the transverse mode of it) should exist at lower
than the experimental range (@!< 0:01 eV) and dominates
the behavior the dc resistivity below Tc.

Based on these experimental results, let us discuss the
possible origin of the phase transition in Ba2Ti13O22 at
�200 K. First, there is a clear difference from the phase
transition in the vanadates with similar crystal structures,
Ba2V13O22, or its bilayer version, BaV10O15, where V tri-
merization with Vorbital ordering occurs below Tc and �ðTÞ
diverges at the lowest T. The present Ba2Ti13O22 remains
metallic even below Tc, and this experimental result resem-
bles that of charge-density-wave (CDW) states [22]. The
existence of both electrons and holes observed in the Hall
measurement is consistent with the CDW formation, which
causes a reconstruction of the Fermi surface due to the open-
ing of a CDW gap and likely leads to the existence of both
hole and electron pockets belowTc. TheT dependence of the
optical conductivity �ð!Þ, i.e., the opening of a pseudogap
(� 0:2 eV) and the evolution of a Drude component inside
the pseudogap below Tc, also resembles that observed in the
CDW transition [21,23].

However, there are several experimental results that are
not consistent with a simple CDW picture. First, a conven-
tional CDW transition is caused by the nesting of the Fermi
surface, and the period of the CDW usually becomes
incommensurate against the unit cell, whereas the charge
modulation below Tc is commensurate in Ba2Ti13O22, as
shown by electron diffraction measurements. The com-
mensurate order in Ba2Ti13O22 suggests that the ordering
has a more localized character, such as charge ordering as
observed in perovskite manganites [24]. However, this
contradicts the metallic character in the transport proper-
ties of the present compound. Second, the behavior of the
magnetic susceptibility �ðTÞ is different from that of the
conventional CDW state. In usual CDW compounds, �ðTÞ
is T independent (Pauli paramagnetism) above Tc and is
suppressed immediately below Tc [25] caused by the dis-
appearance of a part of the Fermi surface, and then it
becomes T independent again at lower T. However, in
Ba2Ti13O22, �ðTÞ keeps on decreasing almost linearly
with T below Tc. It should be pointed out that such a T
dependence of � is similar to that of iron pnictide super-
conductors [26]. Finally, the anisotropy of the electrical
resistivity in Ba2Ti13O22 is�3, which is much smaller than
that observed in conventional CDW compounds.

At present, we do not understand what the ground state
of Ba2Ti13O22 is, and further experimental and theoretical
studies will be necessary for the full understanding of it.
Here, we show several theoretical models of the exotic
ground states that resemble a CDW state. One is an ordered
state with spontaneous orbital currents [27,28]. This can be
regarded as a density-wave state of nonzero angular mo-
mentum and is favored by spin-orbit coupling. Another one
is an excitonic insulator [29,30], where holes and electrons
arising from a semimetallic state form excitons and yield a
gap in the density of states. In both cases, we expect a
commensurate order at low temperatures, consistent with
the present experimental results.
In conclusion, we found thatBa2Ti13O22 with Ti

3þ (3d1)
ions on a triangle-based lattice exhibits a phase transition at
�200 K, where electrical resistivity increases but regains a
metallic conduction with further lowering temperatures. In
the low-T phase, (i) a modulation of the crystal structure
appears, (ii) a pseudogap is formed in the density of states,
but a remnant Drude component exists inside the pseudo-
gap, and (iii) both electrons and holes contribute to the
electrical conduction. These results suggest a CDW state as
the ground state of Ba2Ti13O22. However, the commensu-
rate wave vector of the structural modulation and the linear
T dependence of the magnetic susceptibility in the low-T
phase do not seem compatible with such a simple CDW
picture but suggest a novel ground state.
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