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Temperature-induced structural and electronic phase transitions in λ-phase Ti3O5
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We investigated changes in the structural and electronic properties of single-crystalline Ti3O5 films across
temperature-induced phase transitions. Based on resistivity and synchrotron x-ray diffraction measurements,
we determined the phase diagram of Ti3O5. The characteristic properties of Ti3O5 were classified into three
temperature regions: the insulating λ phase at T � 350 K, the conductive λ phase at 350 K � T � 460 K
via the metal-insulator transition, and the metallic α phase at T � 460 K. Detailed crystallographic analysis
revealed that the monoclinic λ phase exhibited a second-order structural phase transition to the orthorhombic
α phase, accompanied by a gradual deformation of the monoclinic angle. These results suggest that unusual
temperature-induced changes in Ti3O5 originate from similar atomic conformations of the λ and α phases. Our
findings provide guidelines for controlling multiple phase transitions in Ti3O5 polymorphs using external stimuli,
which is crucial for optoelectronic and heat-storage applications of Ti3O5.
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I. INTRODUCTION

Polymorphs are of great interest in materials chemistry
and engineering because of their distinct physical properties
originating from their individual atomic conformations [1–8].
Controlling polymorphs is crucial for designing functional
materials. For example, in widegap semiconductors such as
SiC and Ga2O3, the band gap and carrier mobility that govern
the performance of electronic devices differ among poly-
morphs [2,3,6]. In titanium dioxide (TiO2), photocatalytic
performance is controllable among the rutile, anatase, and
brookite polymorphs by changing valence and conduction
band positions [8].

Trititanium pentoxide (Ti3O5), which is an identical ti-
tanate class to TiO2, has five polymorphs of α, β, γ , δ, and
λ phases [1,9–14]. Among these phases, metastable λ-phase
Ti3O5 (λ-Ti3O5) with a monoclinic crystal structure (C2/m,
a = 9.838 Å, b = 3.787 Å, c = 9.971 Å, β = 91.26◦ [11]),
which can be stabilized in nanosized forms, has attracted con-
siderable attention for applications and fundamental research
because it undergoes phase transition to other polymorphs
by external stimuli, such as light, pressure, and temperature
[11–24]. Persistent and reversible photoinduced phase transi-
tion between the λ and β phases with a monoclinic structure
(C2/m, a = 9.752 Å, b = 3.802 Å, c = 9.442 Å, β = 91.55◦
[10]) was induced by irradiating nanosecond visible pulse
lasers at room temperature, which is unique to Ti3O5 among
other oxides. Ti3O5 polymorphs are thus candidate materials
for application in rewritable optical recording media [7,9].
In addition, hydrostatic pressure induced another persistent
phase transition from the λ to the β phase [17]. Also, λ-Ti3O5

can store the heat of 12 kJ mol−1 through the transition and
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release it by applying tens of MPa pressure, thereby also
making it a candidate material for heat-storage application
[17,18,24].

For temperature stimulus, the λ phase transformed into
the α phase with an orthorhombic crystal structure (Cmcm,
a = 3.798 Å, b = 9.846 Å, c = 9.988 Å) at ∼450 K [12].
The temperature-induced phase transition contrasts with the
photo- and pressure-induced ones, wherein the λ phase trans-
forms into the monoclinic β phase. Therefore, experimental
and theoretical studies have been conducted to reveal the
origin of the temperature-induced phase transition [12,22,25–
28]. However, electrical and structural behaviors across the
temperature-induced phase transition are still unclear because
no electronic properties across the structural phase transition
have been investigated yet due to difficulty in measuring
electrical properties of λ-Ti3O5 nanoparticles. Moreover,
structural information is limited in measuring polycrystalline
nanoparticles, which leaves a fundamental issue of how the λ

phase transforms into the α phase along the crystallographic
directions.

In this paper, we investigated the temperature-induced
phase transition in λ Ti3O5 using the advantages of a single-
crystalline film. Sizable single-crystalline λ-Ti3O5 films,
which we recently succeeded in synthesizing [29], enable us
to investigate the structural and electrical properties in detail.
Based on resistivity and synchrotron x-ray diffraction mea-
surements, we constructed a phase diagram of λ-Ti3O5, which
was classified into three temperature regions. The electronic
ground state of the λ phase was an insulator. A conduc-
tive λ phase appeared at 350 K � T � 460 K across a
metal-insulator transition (MIT) at 350 K. With increasing
temperature, the monoclinic λ phase showed the second-order
structural phase transition to the orthorhombic α phase, char-
acterized by gradual deformation of the monoclinic angle.
Eventually, the metallic α phase was stabilized >460 K. These
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results suggest that unusual temperature-induced structural
and electronic phase transitions of Ti3O5 originate from simi-
lar atomic conformations of the λ and α phases.

II. EXPERIMENTS

Here, λ-Ti3O5 films were grown on LaAlO3 (110) sub-
strates using the pulsed-laser deposition method. TiO2 single-
crystal substrates (3N purity, Shinkosha Co. Ltd.) were used
as a PLD target. A KrF excimer laser (1.1 J/cm2, 5 Hz) was
used for target ablation. The substrate temperature was set
at 1100 ◦C. Ar gas (6N purity) was continuously fed into a
PLD chamber to set the chamber pressure to 1 × 10−4 Torr.
After film deposition, samples were immediately quenched
while maintaining the chamber pressure, which prevented
film oxidation during cooling [30,31]. Details of the thin film
growth are described elsewhere [29]. The film thickness was
∼100 nm, as measured using cross-sectional transmission
electron microscopy (TEM) and a stylus-type profiler. The in-
plane and out-of-plane epitaxial relationships were λ-Ti3O5

[010]//LaAlO3 [001] and λ-Ti3O5 [100]//LaAlO3 [110], re-
spectively, which was determined in our previous report [29].

Synchrotron XRD measurements were performed from
300 to 520 K at BL4C of Photon Factory, KEK. Here, λ-Ti3O5

films were heated in a vacuum to prevent oxidation during
the measurements. The photon energy was set at 8 keV (λ =
1.5498 Å). Symmetric λ-Ti3O5 600 and asymmetric λ-Ti3O5

60 ± 1 reflections were recorded to determine the lattice
parameters of the films. A coplanar geometry, in which a fixed
χ angle (=0◦) and individual ω angles are set, was applied to
record the λ-Ti3O5 601 and 60–1 reflections.

Temperature-dependent resistivity (ρ-T) measurements
were carried out on λ-Ti3O5 films using a standard four-probe
method in a heating procedure up to 650 K. Here, Au (50
nm)/Ti (50 nm) electrodes were deposited on the films by a
sputtering method to form Ohmic contact at the film/electrode
interface.

III. RESULTS

Figure 1(a) shows the ρ-T curve of the λ-Ti3O5 film.
Thanks to the large area and single-crystal nature of the film,
a reliable ρ-T curve of λ-Ti3O5 was obtained. As shown
in Fig. 1(a), the ρ-T curve exhibited complicated behaviors.
The film showed an insulating behavior (dρ/dT < 0) at low
temperatures. With increasing temperature, a resistivity kink
was observed at 350 K, suggesting the occurrence of a MIT.
As the temperature further increased, the resistivity gradually
decreased, and eventually, metallic conductivity (dρ/dT > 0)
appeared above ∼590 K [inset of Fig. 1(a)].

To assess the complicated resistivity behaviors, we fit-
ted the ρ-T curve based on the Mott variable-range hopping
(VRH) model, which describes well the electrical conduction
governed by hopping of localized carriers in a strongly disor-
dered system [33,34]. Adopting this model is most appropriate
for λ-Ti3O5 film/LaAlO3 substrate specimens since localized
carriers may originate from possible charge/orbital order, as
discussed later, and the strong disorder might be caused by
defects in the films due to completely different crystal struc-
tures of the film and substrate. In the Mott VRH model, ρ in

FIG. 1. (a) Temperature-dependent resistivity (ρ-T) of λ-Ti3O5

films. The resistivity data of λ-Ti3O5 nanoparticles (marker) [11],
λ-Ti3O5/MgTi2O5 multilayer (black line) [32], and β-Ti3O5 bulk
(blue line) [27] are shown for comparison. The inset shows magni-
fication at high temperatures. The filled triangle indicates the data
point where dρ/dT = 0. Logarithmic resistivity ln(ρ) vs T −1/4 in
(b) high-temperature and (c) low-temperature regions. Dashed black
lines in (b) and (c) indicate the results of the linear fits based on the
Mott variable-range hopping model in three-dimensional conduction.

the three-dimensional system is described as follows:

ρ(T ) = ρ0exp

(
T

T0

)−1/4

, (1)

where ρ0 is a pre-exponential term, and T0 is a characteristic
temperature representing the strength of carrier localization
[34]. Figures 1(b) and 1(c) show the logarithmic resistivity
ln(ρ) as a function of T −1/4 in high- and low-temperature
regions, respectively. Here, ln(ρ) vs T −1/4 was well fitted
by a straight line with individual parameters (ρ0 = 1.2 ×
10−9 
 cm, T0 = 2.5 × 107 K in 350 K � T � 460 K and
ρ0 = 7.5 × 10−12 
 cm, T0 = 1.3 × 108 K in T � 300 K).
For T � 460 K, ln(ρ) vs T −1/4 deviated from the fitted
straight line, suggesting another transition. These results sug-
gest that the behaviors of the ρ-T curve are categorized into
three characteristic temperature regions. Hereafter, we define
the temperature regions T � 350 K, 350 K � T � 460 K, and
T � 460 K as regions I, II, and III, respectively.

To investigate the relationship between the structural and
electrical properties, we performed temperature-dependent
XRD measurements. Figure 2(a) shows the representative
temperature-dependent XRD patterns of the λ-Ti3O5 600 re-
flections. The λ-Ti3O5 600 reflections taken in the whole
measurement temperature are shown in Fig. 6(a) (see Ap-
pendix A). Variations in the peak intensity are seen in
Fig. 2(a). The peak intensity remained intact in region I (300–
350 K), whereas it drastically decreased in region II (from 350
to 460 K) and then reversibly increased in region III (from 460
to 500 K). The intensity variation was caused by the change
in the peak width along the ω direction, as discussed later
(Fig. 4). These results suggest a close relationship between
the transport properties and structural changes in Ti3O5.
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FIG. 2. (a) Representative temperature-dependent synchrotron
x-ray diffraction (XRD) patterns of λ-Ti3O5 600 reflections.
Temperature-dependent XRD patterns taken in the whole temper-
ature are shown in Fig. 6(a), see Appendix A. (b) Temperature-
dependent a-axis lattice constants of λ-Ti3O5 films. The data of
λ-Ti3O5 nanoparticles are also plotted for comparison [11]. The inset
shows the crystal structure of λ-Ti3O5 projected along the a-c plane
drawn using VESTA [35].

Closer inspection reveals that the peak position slightly
shifts toward higher 2θ angles in region I, indicating that the
a-axis lattice constant became smaller. In contrast, it shifted
toward lower 2θ angles in regions II and III, indicating that
the a-axis lattice constant became larger. The lattice elonga-
tion was consistent with a difference in the lattice constants
between the high-temperature α phase (b = 9.846 Å) [12] and
the low-temperature λ phase (a = 9.838 Å) [11].

The temperature-dependent a-axis lattice constants deter-
mined from the λ-Ti3O5 600 reflections were summarized in
Fig. 2(b). Although the overall feature is consistent with the
reported results of λ-Ti3O5 nanoparticles [11], a much smaller
temperature step in this paper reveals detailed temperature-
induced structural changes. The a-axis lattice constants were
continuous in temperatures, but the sign of a thermal lat-
tice expansion (da/dT ) was reversed ∼350 K, which would
be attributed to the MIT. The temperature-dependent a-axis
lattice deformation in λ-Ti3O5 is in sharp contrast to that
across the temperature-induced first-order phase transition in
β-Ti3O5 (from the monoclinic β phase to the orthorhombic α

phase), where the a-axis lattice constant was discontinuous at
a critical temperature [12].

Next, to investigate the change in the crystalline phase in
temperatures, we performed the temperature-dependent XRD
measurements around λ-Ti3O5 60 ± 1 reflections. Figure 3(a)
shows the representative temperature-dependent XRD pat-
terns of the λ-Ti3O5 60 ± 1 reflections. The λ-Ti3O5 60 ± 1
reflections taken in the whole measurement temperature were
shown in Figs. 6(b) and 6(c) (see Appendix A). The λ-Ti3O5

601 and 60–1 reflections were detected at each corresponding
2θ angle in region I (300–350 K), reflecting the monoclinic
crystal structure. In region II, they got closer with increasing
temperature and were almost overlapped at 460 K. Eventu-
ally, the λ-Ti3O5 60 ± 1 reflections reached an identical 2θ

angle at 500 K (region III). These results suggest a structural
phase transition from the monoclinic to orthorhombic crystal
structures.

FIG. 3. (a) Representative temperature-dependent synchrotron
x-ray diffraction (XRD) patterns of λ-Ti3O5 60 ± 1 reflections.
Temperature-dependent XRD patterns taken in the whole tempera-
ture are shown in Figs. 6(b) and 6(c), see Appendix A. The dashed
and solid lines indicate 601 and 60–1 reflections, respectively. (b)
Temperature-dependent monoclinic β angle. The data of λ-Ti3O5

nanoparticles are also plotted for comparison [11].

To discuss the structural phase transition quantitatively,
we determined a monoclinic angle (β angle) using the d
values of the λ-Ti3O5 60 ± 1 reflections (d60±1) and a-axis
lattice constants. Figure 3(b) shows the plot of the β angle
as a function of temperature. The β angle was 91.21◦ at 300
K, which was consistent with that of λ-Ti3O5 nanoparticles
(β = 91.26◦) [11]. Although it slightly became smaller even
in region I, it drastically dropped toward 90◦ in region II,
and eventually, it saturated to 90◦ in region III, confirming
the transition from the monoclinic to orthorhombic crystal
structures. The temperature-dependent β angle of the film was
in good agreement with that of λ-Ti3O5 nanoparticles [11]; the
change in crystal symmetry was attributed to the structural
phase transition from monoclinic λ-Ti3O5 to orthorhombic
α-Ti3O5. Thus, it is naturally concluded that the temperature-
induced phase transition in λ-Ti3O5 films is the second-order
one from the monoclinic λ phase to the orthorhombic α phase,
as in the case of the nanoparticles. The β angle was an or-
der parameter in the second-order structural phase transition
[36,37]. Its temperature dependence followed a relationship of
∝ |T − TC|1/2 below the critical temperature (TC) of ∼460 K,
as shown with the dotted line in Fig. 3(b). We thus determined
the phase-transition temperature identical to TC of ∼460 K
from the fitting results.

The unique second-order transition of λ-Ti3O5 was fur-
ther investigated from the broadening of diffraction peaks.
Figure 4 shows the temperature-dependent full width at half
maximum (FWHM) of the out-of-plane λ-Ti3O5 600 re-
flection along the 2θ (�2θ600), ω (�ω600), and χ (�χ600)
directions. The 2θ , ω, and χ directions corresponded to the
λ-Ti3O5 [100], [001], and [010] directions, respectively (inset
of Fig. 4). Thus, the variation in the FWHM reflects structural
changes along the crystallographic directions, which was first
accessible using single-crystalline specimens. Interestingly,
�ω600 was modulated in temperatures in sharp contrast to
the almost constant values of �2θ600 and �χ600. As shown
in Fig. 4, �ω600 remained unchanged in region I, began wider
at 350 K, took a maximum value at 460 K, and decreased in
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FIG. 4. Temperature-dependent full width at half maximum
(FWHM) of λ-Ti3O5 600 reflections along the 2θ (�2θ600), ω

(�ω600), and χ (�χ600) directions. The inset shows a relationship
between the λ-Ti3O5 crystallographic directions and the XRD con-
figuration used in this paper.

region III. Note that the �ω600 behavior is responsible for the
intensity variation in the λ-Ti3O5 600 reflections, as shown in
Fig. 2(a). These results indicate the existence of two character-
istic temperatures of 350 and 460 K. The former temperature
corresponds to that of the resistivity kink [Fig. 1(a)] and the
sign reversal of the thermal lattice expansion [Fig. 2(b)]. The
latter temperature was identical to TC determined from the β

angle [Fig. 3(b)]. The excellent agreement of the characteristic
temperatures between the electrical and structural properties
further supports that the modulation in �ω600 closely corre-
lates with the phase transition in λ-Ti3O5.

We schematically summarized the structural and electronic
phases of λ-Ti3O5 in Fig. 5. The resistivity of the monoclinic λ

phase followed the Mott VRH model with three-dimensional
conduction at low temperatures. Accordingly, the insulating λ

phase was stable in region I. The resistivity curve showed a
kink structure at 350 K, which was a signature of the MIT.
The crystal symmetry remained intact across 350 K, thereby
representing the conductive λ phase in region II (350 K �
T � 460 K). The resistivity in region II followed the Mott
VRH model with three-dimensional conduction, although the
characteristic parameters differed from those in region I. The
gradual β-angle deformation occurred in temperature, and the
orthorhombic α phase appeared at 460 K (regions II and III

FIG. 5. Structural and electronic phase diagrams of λ-Ti3O5.

border). Thus, the metallic α phase was stable in region III,
and the sign of dρ/dT became positive above ∼590 K. We
note that metallic conductivity in the α phase is demonstrated
in this paper, as predicted by the first-principles calculations
based on density functional theory (DFT) [25,38].

IV. DISCUSSION

Firstly, we discuss a plausible model for the structural
phase transition. Compared with the crystal structures of λ-
Ti3O5 and α-Ti3O5, Ti and O atomic positions are almost
identical, despite their individual polymorphs (see Figs. 5 and
S1 in the Supplemental Material [39]). The β angle, which is
the dominant distinction in the polymorphs, gradually became
orthogonal across the second-order structural phase transition.
The β-angle deformation was caused by shifting the Ti and O
atomic positions with thermal vibration, which was observed
as a fluctuation in the crystal lattice from the XRD analysis
(Fig. 4). Since we set the ω axis to coincide with the λ-Ti3O5

[001] direction (inset of Fig. 4), the broad �ω600 suggested
the dominant vibration of the atoms along the λ-Ti3O5 [001]
direction. Nearly constant �2θ600 and �χ600 in the whole
temperature also supported the dominant structural fluctuation
along the λ-Ti3O5 [001] direction. The beginning of broad
�ω600 and the sign reversal of the thermal lattice expansion
at ∼350 K suggested that the structural phase transition was
suppressed at the insulating λ-Ti3O5.

A maximal �ω600 suggested that fluctuation was most
intense at 460 K, corresponding to TC determined from the
β angle [Fig. 3(b)]. A monotonic increase in �ω600 with a
broad temperature range of ∼100 K suggested the gradual
structural change. It is worth mentioning that a gradual lattice
deformation is also observed for Ti2O3 in a broad temperature
range of ∼150 K accompanying a semiconductor-semimetal
transition [40–43]. Here, �ω600 decreased in region III with
increasing temperature, implying that slight fluctuation might
persist in the α phase. These results suggest that the observed
second-order structural phase transition between the λ to α

phases originates from lattice fluctuation along the λ-Ti3O5

[001] direction owing to similar atomic positions of the two
phases. We confirmed the reversibility of the structural phase
transition by comparing the XRD patterns before and after
heating, whereas 180◦ rotational domains slightly appeared
due to the lowering of crystal symmetry in the cooling process
(Fig. 8, see Appendix C).

Next, we discuss the electronic properties of λ-Ti3O5. As
shown in Fig. 1(a), the λ-Ti3O5 film showed an insulating
behavior (dρ/dT < 0) in region I. The film resistivity was
two orders of magnitude lower than that of β-Ti3O5 at 300 K
[27], which was consistent with the prediction of the first-
principles calculation [38]. Meanwhile, compared with the
λ-Ti3O5 nanoparticles [11] and the λ-Ti3O5/MgTi2O5 mul-
tilayer [34], the insulating λ-Ti3O5 showed higher resistivity
by an order of magnitude. The lower resistivity of the λ-Ti3O5

nanoparticles and the λ-Ti3O5/MgTi2O5 multilayer may be
due to difficulty in quantitative electrical measurements of
nanoparticle specimens and unintentional Mg doping from a
MgTi2O5 layer to λ-Ti3O5 films [26], respectively.

The insulating ground states of λ-Ti3O5 were confirmed
using hard x-ray photoemission spectroscopy (HAXPES)
taken at 300 K (Fig. 9, see Appendix D). For the valence-band
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spectrum shown in Fig. 9(b), a clear Ti 3d density of states
appeared ∼1 eV, and a finite energy gap opened at EF. The
observation of a small energy gap was consistent with the
insulating ρ-T behavior in region I [Fig. 1(a)]. It should be
noted that the Ti 2p3/2 core level shown in Fig. 9(a) consisted
of a dominant Ti3+ component and a shoulder Ti4+ one with
a peak-height ratio of ∼2:1. The consistency with the nom-
inal Ti3.33+ in Ti3O5 guarantees that the present HAXPES
measurements reveal intrinsic electronic structures of λ-Ti3O5

films.
To further discuss the electrical properties of the λ-Ti3O5

film, we analyzed ρ0 and T0 in Eq. (1). In the Mott VRH
model, they are expressed in the following equations [33,34]:

ρ0 = A

[
N (EF)

αkBT

]1/2

, (2)

T0 = 24α3

πkBN (EF)
, (3)

where N(EF) is the number of localized states around the
Fermi level (EF), α is a localization parameter, kB is the
Boltzmann constant, and A is a phonon-derived constant.
The equations represent that ρ0 and T0 are functions of α and
N(EF). We calculated the N(EF) ratio between regions I and
II from ρ0 and T0 values, as shown in Figs. 1(b) and 1(c).
Here, N(EF) in region II was ∼3 × 103 times larger than that

in region I, which was reasonable for the higher conductive
nature of λ-Ti3O5 films in region II. We thus concluded that
the electronic ground state of λ-Ti3O5 was an insulator incon-
sistent with a prediction from the first-principles calculation
[11].

The inconsistency in the electronic ground states of
λ-Ti3O5 between the experiment and calculation would orig-
inate from some charge/orbital order at low temperatures,
which is observed in various transition-metal oxides [44–46].
Although the existence of the charge/orbital order is not con-
firmed at present, the possible charge order of λ-Ti3O5 was
deduced from structural similarity to β-Ti3O5 (see Fig. S2
in the Supplemental Material [39]). In β-Ti3O5 having three
inequivalent Ti sites, a charge order occurred with the valence
of +3(d1), +3.33(d0.67), and +3.67(d0.33) at Ti1, Ti2, and Ti3,
respectively, [1,10] with an assistance of electron correlation.
Consequently, the Ti1−Ti1 distance (2.61 Å) became shortest
among other Ti-Ti pairs (>2.8 Å) owing to formation of
Ti1−Ti1 direct bonding via t2g orbitals. Because the dominant
structural difference between β-Ti3O5 and λ-Ti3O5 is the Ti3
atomic position, the Ti1−Ti1 distance is shortest in λ-Ti3O5

(= 2.73 Å) [11], suggesting the largest electron occupancy at
the Ti1 site for λ-Ti3O5 as well. This implies occurrence of
charge order in λ-Ti3O5 like that in β-Ti3O5.

Meanwhile, the possible orbital order was deduced from
similarity of the MIT behavior to MgTi2O4 [47–49] (see

FIG. 6. Temperature-dependent synchrotron x-ray diffraction (XRD) patterns of (a) λ-Ti3O5 600, (b) λ-Ti3O5 601, and (c) λ-Ti3O5 60–1
reflections. The colors correspond to those in Figs. 2(a) and 3(a).
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Fig. S3 in the Supplemental Material [39]). The temperature-
dependent resistivity curves across the MIT were similar
between the λ-Ti3O5 Ti3O5 films and MgTi2O4 although TMIT

differed by ∼100 K [47]. MgTi2O4 shows a one-dimensional
helical dimer pattern in an insulating phase [48], and the
dimer structure originates from a dyz/dzx orbital order [49].
These results imply that a similar orbital order occurs in
the insulating λ-Ti3O5. To verify the possible charge/orbital
order responsible for the insulating λ-Ti3O5, further structural
and electronic investigations are required. Detailed structural
analysis across the electronic phase transition would provide
crucial information about the charge/orbital order by observ-
ing superstructures.

V. SUMMARY

We investigated the structural and electrical properties
of single-crystalline λ-Ti3O5 films across the temperature-
induced phase transition. The synchrotron XRD measure-
ments revealed the second-order structural phase transition
between monoclinic λ-Ti3O5 and orthorhombic α-λ-Ti3O5

with the gradual β-angle deformation. The structural phase
transition was characterized by fluctuation in crystal lattice
along the λ-Ti3O5 [001] direction. The ρ-T measurements
revealed the resistivity kink at 350 K attributed to the MIT.
Based on the synchrotron XRD and ρ-T results, we draw the
electronic and structural phase diagram of Ti3O5 separated
into three temperature regions. The insulating λ phase was
stabilized at T � 350 K. The conductive λ phase appeared at
350 K � T � 460 K via the MIT. The metallic orthorhombic α

phase was stabilized at T � 460 K across the gradual second-
order structural phase transition from the monoclinic λ phase.
In this paper, we demonstrated the complex electronic and
structural phase transitions in Ti3O5 polymorphs. Our findings
provide a significant step for controlling phase transitions in
Ti3O5 polymorphs using external stimuli, which is crucial for
optoelectronic and heat-storage applications of Ti3O5.
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APPENDIX A: TEMPERATURE-DEPENDENT
SYNCHROTRON XRD PATTERNS

Figure 6 shows synchrotron XRD patterns of the λ-Ti3O5

films taken in a heating procedure ranging from 300 to 520 K.
The typical XRD patterns of the λ-Ti3O5 600 and 60 ± 1
reflections [Figs. 2(a) and 3(a), respectively] were selected
from Fig. 6.

APPENDIX B: HIGH-ANGLE ANNULAR DARK
FIELD-SCANNING TEM IMAGES
OF λ-Ti3O5/LaAlO3 INTERFACE

Scanning TEM (STEM) measurements using Titan (FEI
Company) were conducted at 300 K to observe crystal struc-
tures of the films on an atomic scale. An applied voltage
of 300 kV accelerated electrons to obtain high-resolution
high-angle annular dark field (HAADF)-STEM images. We
performed HAADF-STEM measurements on the as-grown
film and a film that once underwent a temperature-induced
structural phase transition. We refer to the latter as a heated
film hereafter. Both films were thinned down to electron trans-
parency using the focused ion beam etching technique. STEM
images of λ-Ti3O5 crystal structures were simulated using
Dr. Probe software [50] with parameters identical to those in
experiments.

Figure 7 shows the HAADF-STEM images of the λ-Ti3O5

films taken at 300 K along the λ-Ti3O5 [001] and [010] di-
rections. Bright zigzag chains were observed in the as-grown

FIG. 7. High-angle annular dark field (HAADF) scanning trans-
mission electron microscopy (STEM) images of (a) and (c) as-grown
and (b) and (d) heated λ-Ti3O5 films taken along the λ-Ti3O5 [001]
and [010] directions. The dashed lines indicate the λ-Ti3O5/LaAlO3

interface. The STEM simulations of λ-Ti3O5 are indicated by red
squares.
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FIG. 8. Synchrotron x-ray diffraction (XRD) patterns of (a) λ-Ti3O5 600, (b) λ-Ti3O5 601, and (c) λ-Ti3O5 60–1 reflections for as-grown
(red) and heated (blue) films taken at 300 K. The arrows in (b) and (c) indicate shoulder structures derived from 180◦ rotational domains.

[Fig. 7(a)] and heated [Fig. 7(b)] films along the λ-Ti3O5

[001] direction, which was expected from the configuration
of the Ti atoms in λ-Ti3O5 (see Fig. S1 in the Supplemen-
tal Material [39]). The honeycomb structures of bright spots
were aligned along the λ-Ti3O5 [010] direction for both as-
grown [Fig. 7(c)] and heated [Fig. 7(d)] films. To confirm
the λ-phase crystal structure, we performed STEM simula-
tions to λ-Ti3O5, and an obtained image was overlayed in
Fig. 7. The simulated images reproduced well the experimen-
tal ones, indicating that both the as-grown and heated films
were λ-Ti3O5. The λ phase of the heated film was also con-
firmed by synchrotron XRD measurements (see Fig. 8). These
results demonstrate that temperature induces the structural
phase transition and that neither degradation nor oxidation
in the heating procedure affects the structural and electronic
properties.

APPENDIX C: SYNCHROTRON XRD PATTERNS OF
AS-GROWN AND HEATED λ-Ti3O5 FILMS AT 300 K

Figure 8 shows synchrotron XRD patterns of the λ-Ti3O5

600 and 60 ± 1 reflections for the as-grown and heated films
taken at 300 K. The reflections were almost identical in both
films, suggesting the identical crystal structure between the
as-grown and heated films at 300 K. A slight increase in
the shoulder structures was detected for the λ-Ti3O5 60 ± 1

reflections in the heated film due to the 180◦ rotational
domains. In a cooling procedure, the films underwent the
structural phase transition from the orthorhombic α phase
to the monoclinic λ phase. Accordingly, the 180◦ rotational
domains would be partially formed in the heated film, which
was responsible for the shoulder structures.

APPENDIX D: HAXPES SPECTRA OF λ-Ti3O5 FILMS

HAXPES was conducted at BL09XU of SPring-8 at
300 K. To prevent surface oxidation in air, the λ-Ti3O5 film
was capped with 10-nm-thick amorphous Al2O3 layers. Fig-
ure 9(a) shows the Ti 2p core-level spectrum of the λ-Ti3O5

film. The Ti 2p3/2 core level consisted of a dominant Ti3+
component at ∼458 eV and a shoulder Ti4+ component at
∼460 eV with their peak-height ratio of ∼2:1, which was
consistent in the nominal valence of Ti3.33+ in Ti3O5. The
result suggests that the HAXPES measurements can reveal
intrinsic electronic structures of λ-Ti3O5 films [51]. We thus
recorded the valence band spectrum of the film [Fig. 9(b)].
The spectrum was composed of O 2p structures from ∼15
to 4 eV and Ti 3d ones near the Fermi level (EF). From
the magnification of Ti 3d states [inset of Fig. 9(b)], a finite
energy gap of ∼0.2 eV was clearly observed at EF, which
agreed with the insulating ρ-T behavior of λ-Ti3O5 films at
300 K [Fig. 1(a)].

FIG. 9. (a) Ti 2p core-level and (b) valence-band spectra of λ-Ti3O5 films taken at 300 K. The inset in (b) shows a magnification of Ti 3d
states near the Fermi level (EF).
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